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How does the Universe expand? How do structures grow?

H(Z)! W(Z), f(Z), 68(2)
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Gravity + pressure in primordial
plasma — sound waves

When baryons and photons
decouple (z ~ 1100), sound
waves stall

Characteristic scale imprinted in
matter distribution at sound horizon
scale, ry ~ 150 Mpc
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Ogao = 14/ Dy(2)

5ZBAO = I’dH(Z)/C

D\,(z) and H(z) encode expansion history of the Universe

C

< dZ/
sinh |4/€2 [ H>=H? (Q.a7 +Qra?+Qa*+Q
Hy/Qx [ * 0 H(Z’)/HO] U ( K A)

Dy =
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“Scaling parameters”:

fid fid
@ oA, = DM 'd and Ay = DH d
| = —
l"d Dlg/[d ” l’d lelld

OR
o, 1/3 B Dy Dll\cl/[d
Ko = ala“ and Aap = D Dﬁd
M ~H

OR

1/3
just o, ., = (afa”> (if SNR is low)
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Focal Plane Assembly with ——

Calibration Lamp
5000 Fiber Positioners

System

Six-lens, 8 sq. deg,
Wide-Field Corrector
on a Hexapod

Top Ring, Vanes,
and Cage

Ten Thermally-Controlled,

3-Channel Spectrographs
360-980 nm

Ten, 50-m long
Fiber Cables

Fiber View
Camera

in situ at KPNO
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All 5000 fibres can be positioned to accuracy of <5 um RMS in <120s



%l DARK ENERGY

: ,:ll". H °
S gl ecioscore | DESI: the instrument




B 1.:‘-, 1 DARK ENERGY
' B | SPECTROSCOPIC
A | ecroscore | DESI: the survey

U.S. Pevartment ¢f Energy O'fice of Science
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extragalactic
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Lya:z > 2.1



3 DARK ENERGY
s | DESI: spectra

U.S. Levartment cf Energy O'fics of Science

ELGs
1.0
VI quality=4 TargetiD:39627811392064941 4 \ (oll)
(ra,dec) = (149.411,0.998) [‘-"
| Best z=1.37 g mag = 22.95 1{ | A
0. 5 _',"nf ™ w‘-‘\)’ i
Fell. = Mgl ’ d N

Smooth spectrum

ridlina

ectrum

T T YT Yy - -

1N . : :




| DARK ENERGY

{ o snocere | DR2 — 3 years of data

-~ —e~]

DR2 BAO results: March 2025

DESI Y3 DA;{SIS : 6671/9929 completed tiles up to 20240409 (=67%)

Dec. [deq]

30° E f

_45° Fraction of final coverage

—_— —

60° 0.0 0.1 02 03 0.4 0.5 0.6.0.7 0.8 0.9 1.0

-75°
R.A. [deg]

>30 million galaxies and quasars, ~14 million of which are used for cosmology
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BAO measurements in DR2

Luminous Red Galaxies
0.6 < 7 < 0.8, 0.8% distance

LRG2
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- DR2 agrees beautifully with DR
* DR2 is 40% more precise

. There is a ~ 2.30 discrepancy
between DESI BAO and CMB

 The discrepancy has increased = 0.30 -

in DR2

- DESI BAO and CMB still agree
very well on the acoustic angular 0.98 -

scale 0.

 The discrepancy is roughly in

Q_h?

Flat ACDM model
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0.26 1
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pN CMB
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0.34
Can calibrate sound
horizon r4 with a BBN prior

0.32 -
Calibrated BAO then
prefers slightly larger H,, ]
than Planck, G .

H,=68.5+0.6 kms™' Mpc™!

(again, very consistent in 6’*

but slightly shifted in Q_A~ 0.28-

)
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ACDM
---- DESI DRI BAO + CMB
10 —— DESI DR2 BAO + CMB (Baseline)
' —— DESI DR2 BAO + CMB (plik)
—— DESI DR2 BAO + CMB (L-H)
CMB
o
-
=
A, 0.5
0.0

0.00 0.05 0.10 0.15 0.20

2.y [eV]

Uncomfortably close to terrestrial lower bound?
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~— I 11
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If allowed, data would prefer even smaller (negative!) effective masses ...
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Dark energy w(z)
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“Equation of state” governs effect of DE on expansion:
PpEg

2
C*PDE

W =

Allow equation of state to vary with time, w = w(a). Baseline analysis uses
the “CPL parametrisation”
w(a) =wy+w, (1 —a)
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“Equation of state” governs effect of DE on expansion:
PpEg

2
C*PDE

W =

Allow equation of state to vary with time, w = w(a). Baseline analysis uses
the “CPL parametrisation”
w(a) =wy+w, (1 —a)

Remember. CPL is useful as it can match many physical models, but it is
not to be taken too literally!
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DESI BAO and Dark Energy
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e CMB

_______________________________________________________

B SNe

B DESI BAO

~1.0

05
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0.0
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Very hard to say much with 1 probe alone — combinations essential!
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46 4CNT1a0.02 (Chen+ 2020)

i

ClA4 (Hicken+ 2012)

LLOSS (Ganeshalingam+ 201( [ + '
44 Hand Stahl+ 2019) , { { MCT (Riess+ 2018)
HZT (Riess+ 2007)
* SCP (Suzuki+ 2012
* SCP (Amanullah+ 2070) and Rubin+ 2013)

DES Deep (Brout+ 2019)
DES Shallow (Brout+ 2019)
FSSENCE (Naravan+ 2016)
Pan-STARRS (Scolnic+ 2018)
SNLS (Betoule+ 2014)

SCP (Knop+ 2003 and Nobili+ 2009)

CSP (Contreras+ 2010,
Stritzinger+ 2011,

and Krisciunas+ 2017)
CT (Hamuy+ 1996)

CfAl (Riess+ 1999)

CfA3 (Hicken+ 2009)
Foundation (Foley+ 2018)
SCP (Kowalski+ 2008)
34 -E SDSS (Sako+ 2018)

Distance Modulus
N
o

LSQ+LCO (Baltay+ 2021)
LSO+ CSP (Walker+ 2015)
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A comment on SN datasets

- - -
o (SN Vo

)
oo

Distance modulus g

CfA/CSP + Foundation sample (194 SNe [a)
DES-SN (1635 SNe la)

Median y uncertainty
on a single SN

Redshift

36
,'
— D.'l | | | | | | | | | ) | | | | | | =
Z T | |
== Median g uncertainty on a single SN 4
o @ ® 0
"E 00 = —— "o e
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Level of discrepancy with
ACDM cosmological
constant DE from
_1 -
DESI + CMB: 3.1¢0
+ Pantheon+: 2.80 .
_2-
+ DES-SN5YR: 4.20
*deliberately frequentist statistic! Other metrics in 3

paper

Hints of dark energy weakening

DESI BAO and Dark Energy

B DESI+CMB+Pantheon+
DESI4+CMB+Union3

B DESI+CMB+DESY5

- == DESI+CMB

[t e

_0.8
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Understanding why the data pulls away from ACDM:

isotropic BAO

@ DESI

- ACDM: CMB

15

0.1 0.5 1
redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)

anisotropic BAO

3 B

1

1

0.5 1
redshift z

e

=
3

|
3

DESI BAO and Dark Energy

SN distance modulus: DESY)H
0.08 7

. 0 DESYs
0.06

0.04 1 %
0.02

0.00 - é

; m 1
—0.02 1

—0.04

—0.06 1

_0.08_IIIIIIII I I LI I
0.02 0.1 0.5 1

redshift z
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o sroscore | DES| BAO and Dark Energy

Understanding why the data pulls away from ACDM:

isotropic BAO anisotropic BAO SN distance modulus: DESY5
1.04 0.08
@ DESI LO75 - ] 0 DEsys
1.03 4 —— ACDM: CMB ' 0.06 -
. —— ACDM: DESI o ]
= == 1.050 _ 0.04 -
7 1.02 A S )
\ .
2> 1 1 4 Zx 1.025 - 5 0027
g = S
= T | = 1.000 == 0003 1
=< 1.00 E & 1= ]
= Q —0.02 1
> 0.99 - ~ 0.975 A ]
) S —0.04
~ 0.950 A j
0.98 —0.06 -
0-97 I I I I L I 0'925 ] I I I I L I _0.08 : LU I I I LI I
0.1 0.5 1 3 0.1 0.5 1 3 0.02 0.1 0.5 1

redshift z redshift z redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)
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Understanding why the data pulls away from ACDM:

isotropic BAO

DESI BAO and Dark Energy

@ DESI

1.034 — ACDM: CMB

Py m— ACDM: DESI _OE
. =

=
Q 1.01 -
<
“< 1.00
~
~—
< 0.99 -

0.98 4

0.97 T T T T 1 T T T

0.1 0.5 1 3

redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)

anisotropic BAO

0.5 1
redshift z

)

=
3

|
<

SN distance modulus: DESY)H

0.08 1
0 DESY5

0.06 1

0.04 %
0.02

0.00 1
1 1
—0.02 1
—0.04 -

—0.06 1

_0.08_IIIIIIII I I LI I

0.02 0.1 0.5 1
redshift z
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Understanding why the data pulls away from ACDM:

isotropic BAO anisotropic BAO SN distance modulus: DESY5
1.04 0.08
@ DEsI LO75 - ] 0 DESYs
1.03 4 —— ACDM: CMB ' 0.06 -
. —— ACDM: DESI o ]
<1024 — ACDM: DESItCMB ‘”QE 1.050 7 _ 0.04 5
e . 0.02
=l i
Q 1.01 - :
< 0.00
“= 1.00 )
% —0.02 -
Q 0997 —0.04
0.98 1 ' —0.06 1 »
0-97 I I I I L I 0'925 ] I I I I L I _0.08 : LU ‘/.'-" IV - | | ‘.l I - I
0.1 0.5 1 3 0.1 0.5 1 3 0.02 0.1 0.5 1 3
redshift z redshift z redshift z

BAO and SN distances agree in
the range of redshift overlap!

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)
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o sroscore | DES| BAO and Dark Energy

Understanding why the data pulls away from ACDM:

isotropic BAO anisotropic BAO SN distance modulus: DESY5
1.04 0.08
@ DESI i ] 0 DESY5
1.03 4 —— ACDM: CMB 1075 0.06 -
. —— ACDM: DESI o ]
Z< 109 — AcDM: DESI+CMB ‘”QE 1.050 1 _ 0.04 2
= ACDM: DESY5 ~ ]
= = - 0.02 A
1.01 - = -
2 ——;1;— = 0.00]
~— | : J
= 100 o 1 |= ] |
\> —0.02 -
Q 0997 —0.04
0.98 1 ' —0.06 1
097 I I I I L I 0'925_ I I I I L I _0.08 _IIIIIIII I I I LI I
0.1 0.5 1 3 0.1 0.5 1 3 0.02 0.1 0.5 1
redshift z redshift z redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)
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Understanding why the data pulls away from ACDM:

isotropic BAO anisotropic BAO SN distance modulus: DESY5
1.04 0.08
@ DEsI 1075 - wCDM: DESI+CMB+DESY5 ] 0 DEsys
1.03 4 —— ACDM: CMB ' 0.06 -

£ 1.02 - Q i oL

~ T~ i

= T 1.025 - L 0.027

N 1.01 1 Q Ny ]

= T | = 1.000 f=———eemm = e ez | 0007 = —
=< 1.00 = & 1= ]
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> .60 - = 0.975 - :

S o) —0.04

0.98 - 09507 —0.06 1
0-97 1 1 1 | L 1 0'925 ] 1 1 1 1 1 LI 1 _0.08 ] TTrrrenl 1 1 1 I T T T T 1
0.1 0.5 1 3 0.1 0.5 1 3 0.02 0.1 0.5 1 3
redshift z redshift z redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)
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DESI BAO and Dark Energy

Understanding why the data pulls away from ACDM:

isotropic BAO

@ DEsI

- ACDM: CMB

0.97 T 1

anisotropic BAO

0.1 0.5 1
redshift z

CMB can be encapsulated in 3 parameters: ((9*, Wpcs a)b)

= = wCDM: DESI+CMB+DESY5
== wowe CDM: DESI+DESY5
== wow, CDM: DESI+CMB+DESY5

0.5 1
redshift z

SN distance modulus: DESY)H

0 DESY5

0.02 0.1 0.5 1 3
redshift z
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How robust is this result?

----- DESI
BN DESI+(0,, wh, we)ous i DESI+CMB+DESY5 (= > 0.1)

BN DESI+CMB+DESY5

Bl DESI+CMB+DESY5
DESI+DESY3 (3 x 2)-pt

wo

wo

Swapping out different datasets changes the significance, but
the results stay in the same part of parameter space
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(secroscore | K w robust is this result?

3.0
od Lodha et al (2025)

It is not specific to the CPL parametrisation
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U.5. Devartment of Energy O'fics of Science

i
—0.67 [ — wow,CDM

—0.8- "é" Binned ’LU(Z)

10— - -

—1.2 1

S —1.41

—1.6 1

—1.81

—2.0 1

_22 ! I T — T T T T
0.0 0.5 1.0 1.5 2.0 2.9 3.0 3.9 4.0

Z

It is not specific to the CPL parametrisation
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- Hard to see any effects that could shift DESI BAO results

. CMB Q,_h?*: ACT and SPT recently confirmed Planck results,
hard to see much room for shifts

- SN data certainly could have some offsets (especially
calibration across surveys and historical low-z samples)

- big new SN data efforts on the horizon, esp. Rubin/LSST

Perhaps some room for non-flat curvature?
Shift in optical depth to reionization, 7, could help ACDM?

Modification of recombination history?

Interaction between DE and DM components?

Non-minimal DE coupling to gravity?



:;',Z;fb':é?;ﬁaii.?"'c What information has DESI added?

q======-

-==- January 2024 (before DESI)
B March 2025 (DESI DR2)

e e, e e e e e e e e e e e e e ==

0 0.8 —0.6 —0.4
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What comes next?
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What’s next? — full DESI data

Dark energy without SNe uncertainties:

1.5 A

1.0 -

0.5 1

0.0

W3

—0.5 -

-=1.9

. ——— T ——— — -

'Q Y1l BAO+CMB+Pantheon Plus
¥ Y1 BAO+CMB+Union3
% Y1l BAO+CMB+DESYS

—-]..2

|
S o
l
o
™
l
o
o
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From DESI:

- Adding full-shape information to BAO (for DR2 and beyond)
- Higher-order clustering statistics (3-pt, 4-pt, ...)

- Simulation-based / emulator approaches

» Lensing and cross-correlations

From other surveys:

- Euclid — DR1 in late 2026, DR3 in 2031 (ask me about Euclid BAO)
« ZTF and LSST SNe

- LSST and Euclid weak lensing (and DES Y6 soon)

- Roman, SO, SphereX, ...
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Thanks to our sponsors and
MOORE 72 Participating Institutions!
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Frequently Asked Questions for DR2

DESI Cosmology FAQ,

78
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1. Are there any BAO outliers? / Tension between DESI and SDSS BAO?

. Why do you use only a 1D BAO fit to BGS at z = 0.3?

. | heard DESI DR2 is more consistent with Planck than DR1, is this true?

~ W N

. Are BAO and SN in conflict (either distances or inferred parameters)?

Ul

. How much do DE results depend on low-z SN?

. Why does the data give w ~ — 1 in fixed wCDM?
. Does it matter which CMB likelihood you use?

. Can systematic errors in CMB change the DE conclusions?

O 00 N O

. Is non-zero curvature an explanation?
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Isotropic BAO Distance
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Q: BAO outliers/tensions with SDSS?

A: No evidence of unusual outliers; discrepancy between DESI and SDSS
at z = 0.71 has decreased (~1.5 to 2.50) in DR2

80
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A: No evidence of unusual outliers; discrepancy between DESI and SDSS
at z = 0.71 has decreased (~1.5 to 2.50) in DR2

—— eBOSS LRG
--- DESI DR1 LRG2
mm DESI DRZ LRGZ

16 - ai

18 19 20 21 22 16
Dp/rs Dfre

-~
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M ol croscore | Q) |s DR2 closer to Planck than DR1??

A: Judge for yourself!

0.34
) ---- DESI DR1 BAO
( i) B DESI DR2 BAO
0.32 Wy \\x CMB
= 0.30 1
G
0.28 1
0.26 1

08 100 102 104 106
Hyrq [100 km s™1]

DESI Cosmology FAQ 82
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Q: Why only 1D BAO for BGS?

A: We made a conservative decision before unblinding

Factors considered:

- Blinded posterior for a,p suggested
possible non-Gaussianity

. ~ 5 % precision on a,p at BGS
redshift adds very little

cosmological information anyway

Wanted to avoid any changes after
unblinding

DESI Cosmology FAQ,

BAO measurements from (BOSS & eBOSS) and DESI

| »  (BOSS & eBOSS)
. “ e DESI
‘l e 2D BAO
l‘ 1D BAO
g 3. “‘ ----- X 1/\/@
o 21 N\
* \\! *
O
1 4 "'t""“;‘i ---------------
. e
O | | .
: : 10 15
Verr [Gpc’]

DESI DR2 BGS
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A: No, in the overlapping redshift range they are very consistent!

From the paper: E.Q.
SN distance modulus: DESYH

pernovae. For supernovae at z > (0.1, which partially 0.08

overlap the redshift range of DESI. the ACDN mode! :
that best fits the DESI data is also a good fit to the 0'06-:
SNe data. Relative to models that best fit each of the 0.04 -
DESY ), Union3 and Pantheon+ SNe samples alone, over :
the full redshift range, the DESI best-fit model gives only
small shifts in the quality of the fit to the SNe data, with
Ax* = —1.2, 1.5 and 2.3 respectively. Unfortunately, no

L I

0 neEsys

0.02 A

0.00 A

I — #'litl

—0.02 1
—0.04 -

—0.06 -

_().()8 ] LB RARLA 1 1 I LI L |

0.02 0.1 0.5 1 3
redshift z

Note: Some mistaken claims in the literature come because they compare calibrated SN (using SHOES H,)) to calibrated BAO
(using Planck H,)) — this is just the Hubble tension again.
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Bl DESI
B DESY5

A: In ACDM, parameter N
constraints (on €2 ) from BAO
and SN are in tension; but in <
wow,,CDM they are . |
consistent with each other
n
- O_ )
S
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Residuals from
hest fit FlatwCDM

- - -
- (SN Vo

)
oo

Distance modulus g

—0.1

Q: How important are low-z SN?

1.0
] CfA/CSP + Foundation sample (194 SNe [a)
4 DES-SN (1635 SNe la)
] _ , 0.8
| . Median x uncertainty
1 ~ on a single SN
— o
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] 0.6 =
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: 0
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] S
- | I I | I 1 I Q‘
Median g uncertainty on a single SN i
Q
i B AL A (S ——— — 0.2
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Redshift
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. --= DESI-CMB+DESY5
Without the low-z SN, constraints E DESI-CMB+DESY5 (> > 0.1)
are much weaker. But central I __________________________________________
value doesn’t really shift.

E T
Another view: DESY5 and o E AT
Pantheon+ do differ in low-z i § S N
treatment. -1 DN N

i N
3rd view: DESI + CMB with no ; h
SNis ~ 3.1c away from ACDM

) ¢

1.0 =09 —08 —07 —06 —05

({8}
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M s | Q: Why w = — 1 in fixed wCDM?

Related Q: Why is w(z) =~ — 1 at the pivot redshift?

—0.2
EEN DESI BAO ~=~ Union3
. |mmooMB 0 e DESY5
—U0.47 . pantheonPlus DESI BAO | CMB | PanthoonPlus

A #1: wCDM gives a (poor)
compromise b/w high-z
CMB and low-z SNe

0.1 0.2 0.3 0.4 0.5

DESI Cosmology FAQ,
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Related Q: Why do you find w(z) >~ — 1 at the pivot redshift?

https://arxiv.org/pdf/0708.0024.pdf
The Mirage of w = —1

Eric V. Linder
A #2: This was Berkeley Lab, Universily of California, Berkeley, CA 94720, USA

answered in 2007

Thus a high redshift distance measurement consistent
with LCDM virtually forces (within the picture so far)
the value w(z = 0.4) = —1, irrespective of true time vari-
ation. However, low redshift measurements insufficiently
sensitive to time variation measure only an averaged EOS
that corresponds strongly to the value at a sweet spot or
“pivot” redshift with the pivot near z ~ 0.4. That is,

DESI Cosmology FAQ,


https://arxiv.org/pdf/0708.0024.pdf

3 DARK ENERGY

seeciroscoric | s Does it matter which CMIB likelihood?

U.S. Levartment cf Energy O'fics of Science

A: Not important for DE:

BN DESI+CMB [CamSpec]+DESY5
| 7 DESI+CMB [P1ik]+DESY5
| --- DESI+CMB [L—H]+DESY5
0 b
S |
S |
-
ol . . . .
—1.0 —0.9 —0.8 —0.7 —0.6 —0.95

W
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AN — CMB-SPA
- SPT4+ACT
ACT DR6
- * vt Perhaps the Planck value of
e Planck ernaps tne rlanck value o
— ar Q_ (or thfi s slightly off?
N
N | ; i But recent ACT and SPT
0.36 VAN results confirm Planck and in
0.34 N\ - fact increase the tension with
— DESI in ACDM (now
& 032 ' ~~ ~ 2.80 for CMB-SPA)
0.30 ' I
0.28 - N
9.4 917 1(.)0 1(;3 O..l30 0..35
h’rd Q'm
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Q: Possible systematic errors in CMB?

Another possibility: perhaps the optical depth 7 is much higher than
believed? 0.09 vs 0.06 — this would need a ~4-5¢ shift, still doesn’t work well

with SN

0.28
0.03

- CMB, 7 = 0.06

Hl CMB, 7=0.09
006 0.09 0.12 918 l(l)O l(l)2
T Hyry [100 km s™!]
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|recoseorc 1Q: Is curvature a possible explanation?

U.5. Devartment of Energy O'fics of Science

Dinda & Maartens and Chen & Zaldarriaga suggest non-zero curvature can

resolve BAO vs CMB tension instead of evolving DE

But not strongly favoured (only ~ 2o preference for curvature over ACDM
from DESI+CMB alone) and in any case cannot fit the SN data

isotropic BAO
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wow,CDM: DESI4+CMB+DESY5
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DESI Cosmology FAQ,
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SN distance modulus: DESY5S

0.08

0 DESY5
0.06
0.04

g

0.02 4 N

0.00 +—

~0.02 -
0.04 1

~0.06 -

().()(\ ] THrreem 1 | 1 | |
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redshift z
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