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reaover - From images to redshifts

partment of Energy Office of Science

U.S. De

imaging surveys (2014 - 2019) + WISE (IR)
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2w Nsmomer - DESI run 1 galaxy samples
u.s.kge;a"r;se“n'tof Energy Office of Science & years ~ o03M ga| axy redshifts over 17k d eg2

QSO: 3.4M (SDSS: 500k)
Lya 1.8 <z
Tracers 0.8 <z < 2.1

ELG: 30M (SDSS: 200k)
0.6<z<1.6

LRG: 14M (SDSS: TM)
04<z<1.1
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| recose™ DESI data release 2 (DR2)

a¥is N

US| DeanmemofEnergyorf.ce osaence - OQPservations from May 14th 2021 to April 9th 2024

DESI Y3 DF_}FE{!( :6671/9929 observed tiles up to 20240409 (=67%)

30M galaxy and QSO redshifts in 3 years
14M used in the DR2 analysis (6M in DR1)
820,000 Lya QSO atz>2.09 (420,000 in
DR1)

> 2% increase in number of tracers

Dec. [deg]

R.A. [deg]
DR1 results, DR2 sample secured
construction started DR1 data sample DR2 results
approved firstlight  survey started | DR3

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 5
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DESI DR2 BAO measurements

lookback time [Gyr]
8 9

7

DESI DR2 BAO

Q= 0.2975 4 0.0086 (3.0%)
Hyrq = (101.54 £0.73) [100kms '] (0.7%)
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BAO vs CMB

SPA = SPT+Planck+ACT

/

‘/ 100Q2,,,

hrq [Mpc|

Distance to DESI

CMB-SPA  31.66 £+ 0.50
SPT+ACT 3277 £0.72
SPT+ Planck 31.89 £ 0.54
ACT DRG 33.01+ 1.0

SPT-3G D1 3247+ 0.91
Planck 31.45 + 0.67
DESI 29.76 + 0.87

98.89 £ 0.63
97.51 £ 0.87
98.63 £ 0.67
97.2 £ 1.2
97.9 £ 1.1
99.18 = 0.84
101.52 = 0.73
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We conclude that there is a growing discrepancy in the
ACDM parameter values favored by CMB and BAO data.,
even though ACDM provides an excellent fit to CMB
and BAO data separately. The magnitude of this effect
is borderline statistically significant, which motivates the
collection of more precise data as well as the search for
a cosmological model that better fits both types of data

simultaneously.


https://arxiv.org/abs/2506.20707
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L o TErosene Dark Energy Equation of State
US-Depenment of Energy Offce i saerce. DES| DR2 papers (2025) — with SN updates (2026)

Combining all DESI + CMB + SN 0.0 frfrrrmmmr
= —0.838 £0.055  w, = —0.6275%2 i
\ ~ J/ 051 E
DESI + CMB + Pantheon+ —> 2.80 — 3.20 e
wy = —0.667 +0.088  w, = —1.09'(3 5107 |
= —0.752 £ 0.057 w, = —0. 86+8 gg | NN DESI+CMB-+Pantheon+
i DESI4+CMB+Union3
DESI + CMB + DES- SN5YR — 420 — 3.3¢ —207 | EEE DESI+CMB+DESY5
~1.0 —0.8 —0.6
e Pantheon+and Union3.1: new host galaxy masses (Hoyt+26) Wy

e DESY5-Dovekie: re-calibration, numerical fixes (Popovic+25)



https://arxiv.org/abs/2601.19424
https://arxiv.org/abs/2511.07517
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We fit the "full shape" (FS) of the galaxy
power spectrum multipoles

kP(k) [(Mpc/h)?]

| SPECTROSCOPIC FU” Shape measurements

T ¢ monopole
® quadrupole
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I vseonear < Full Shape measurements

N ~1
U.S. Department of Energy Office of Science

We fit the "full shape" (FS) of the galaxy " S, I
power spectrum multipoles ) z:z R Sﬁ;'ﬁ'g"-......
é % 1000 -&QCdmha Qbhza Ng, Z fr;),.;y."
% 750 1
o~ * 500 1
250 1
observed redshift = Hubble flow %0.025 0.050 0.075 Oki[%?Mg'cl;ZS 0.150 0.175 0.200

growth of structure fog sensitive to the theory of gravity and dark energy

10
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Growth of structure: Sg consistent with the CMB,

|ecroscone DRI Full Shape + BAO

1.2
BGS
LRG1
104 LRG2
LRG3
ELG
0.8 @50
All
0.6 -
wy: BBN
ACDM ns ~ G(0.9649,0.0422)
0.4 : ; ; :
0.1 0.2 0.3 0.4 0.5 0.6
Qo
Qn = 0.2962 + 0.0095 (3.2%)
og = 0.842 + 0.034 (4.0%)

Hy = (68.56 + 0.75)kms ' Mpc ' (1.1%)
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| pecoso™ DR2 Full Shape analysis

U.S. Department of Energy Office of Science

To the power spectrum o< |§(k) /...

LRG power spectrum in 0.4 <z < 0.6

— =0
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projection on £g(IA~c - 2)

4

jaxpower
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| ecroscere DR2 Full Shape analysis o

U.S. Department of Energy Office of Science

. we're adding the bispectrum (d(k1)d(k2)d(kg))! 2usivamatis "TripoSH" basis

LRG bispectrumin 0.4 <z < 0.6

LRG power spectrum in 0.4 <z < 0.6 le6
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https://arxiv.org/abs/1506.02729
https://arxiv.org/abs/1803.02132
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Insmomes - DR2 mock challenge

U.S. Department of Energy Office of Science

PRELIMINARY

Fiducial and alternative-HOD boxes, c000

. | —_— Data: mean of 25 Abacus boxes, fiducial
u o = om o™ - ] and alternative HOD

2 *"A *ODA *° . O . *. - .*. N .*. N * N .*. | A e Models for P and P + B: 1-loop EFT,
A S S velocileptors, PBJ, Folps(-D), VDG,
w49 phgccoemu
Yog fo_ Ye s . wem  _o. “°a, e .° | e Requirement:bias < 0.50 per parameter
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| ol Nsmome < What does B constrain? “"x

PRELIMINARY

Fits of Pvs. P+ B,LRG 0.6 <2<0.8
(dashed: fiducial cosmology)

B pins down the nonlinear bias: o(b;)
reduced by ~10 times

Cosmology (h, weam, In(1019A4,)): ~9%
gain in precision

DR2 Full Shape: expected > 30%
improvement on o(og) compared to
DR1

15
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Full shape of the galaxy power spectrum (and now bispectrum!) sensitive
to:

e the survey %eometry

— no window
—e— with window
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Why is Full Shape challenging?

bispectrum

0.05

0.10 0.15
k [h/Mpc]

0.20

k?Bs02(k, k) [10°(Mpc/h)?]

2.0 1

1.5

1.01

0.51

005 010 015 020
k [h/Mpc] 16



DARK ENERGY

seecreoscorc Why s Full Shape challenging?

45 INSTRUMENT

U.S. Department of Energy Office of Science

Full shape of the galaxy power spectrum (and now bispectrum!) sensitive to:

e the survey geometry
e (mis)specification of the selection function n = "observational systematics"

1. photometry: "how many targets are selected depending on observing
conditions" (e.g. Rosado-Marin+25)

2. fiber assignment: "not all targets receive a fiber" (e.g. Bianchi+25, Pinon+25)

3. spectroscopy: "not all redshifts are measured reliably" (e.g. Krolewski+25) and
"uncertainty on the redshift measurement" (e.g. Yu+25)

17


https://arxiv.org/abs/2411.12024
https://arxiv.org/abs/2411.12025
https://arxiv.org/abs/2406.04804
https://arxiv.org/abs/2405.17208
https://arxiv.org/abs/2405.16657
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|Nsovent - Fiber assignment (6-cut)

L N ZWnyis NE

U.S. Department of Energy Office of Science
Close pairs (< 0.05°, the positioner patrol diameter) cannot all receive a

fiber: pairs are lost at small separation

NGC
z 10 : - Pinon+25
=08 f-cut = remove all pairs <
: ‘g 06 0.05°, and model itin the
|—= = oG window matrix
P — LRG
%? 0.4 . QS0
5 02k pairs lost - altMTL
_. CQ:] f-cut —— data
Flber positioners, patrol radlus - 0'0101—3 10'—2 '10'—1 lE]“ 161

6 mm: close targets compete for

< 0 [deg]
the same posmone rs

18


https://arxiv.org/abs/2406.04804
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Fiber assignment (6-cut)

L N ZWnyis NE

U.S. Department of Energy Office of Science
e Close pairs (< 0.05°, the positioner patrol diameter) cannot all receive a fiber: pairs are lost at

small separation

k [h/Mpc]

k [h/Mpc]

k [h/Mpc]

. of close pairs, instead of the #-cut
power spectrum bispectrum
7007 >07 1.75 1
T 451 =
. 16001 — 6007 S ol < 150
< < s S 15
g g o 3.57 s
£ 1400+ £ 500+ = S
= = :' 3.0 : 1.00
~ = x x
& 12001 o 4001 ¥ 251 £ 0.75
x g g
22,071 & 0.50
1000 3007 = =
1.5' 025 4
g
& 11 11 14
3
g oA
2 0 o-w
\ . . T ] . | . . | | | N 1] | | | |
= 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
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= complete = —— altMTL, no AUW  --- altMTL + AUW AUW + AMR templates (fit model)

LRG 0.6 < 2 < 0.8, mocks with fiber assignment (altMTL) vs. without (complete) 1o
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U.S. Department of Energy Office of Science

LRG1
z=0.5

LRG2

LRG3

0.725

zZ=

0.95

z

box window, EZmock cov.

data window x box, EZmock+window cov.
data window x box, holi cov.

complete, orientations 0-3, holi cov.
on-the-fly complete, holi cov.

altMTL, holi cov.

on-the-fly complete, GLAM cov.

altMTL, GLAM cov.

box window, EZmock cov.

data window x box, EZmock+window cov.
data window X box, holi cov.

complete, orientations 0-3, holi cov.
on-the-fly complete, holi cov.

altMTL, holi cov.

on-the-fly complete, GLAM cov.

altMTL, GLAM cov.

box window, EZmock cov.

data window x box, EZmock+window cov.
data window x box, holi cov.

complete, orientations 0-3, holi cov.
on-the-fly complete, holi cov.

altMTL, holi cov.

on-the-fly complete, GLAM cov.

altMTL, GLAM cov.
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Validation on realistic mocks

PRELIMINARY

e Joint fits of P + B to the

mean of 25 mocks

e Tests: survey window, fiber
assignment, integral
constraints, covariance

(shaded: +0.50, £10)
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W 8l Nswovent - DESI DR2 X CMB lensing

U.S. Department of Energy Office of Science

e CMB lensing k: projected matter; cross-correlation Planck PR4 CMB lensing DESI spectroscopy
with DESI galaxies recovers the redshift evolution, ACT DR6 CMB lensing DESL-LS photometry
robust against galaxy systematics

e Joint analysis: DESI DR2 3D clustering (BGS to QSO)
+ C,? with ACT DR6 and Planck PR4 lensing

e Model: Lagrangian PT / hybrid EFT, analytic
covariance

Dec [degd]

RA [deg]
— 2 2
& ng(xbgafi\a — BGS —— LRG3 —— Spectroscopic
5 — LRG1 ELG --- Photometric
g — LRG2 —— QSO - o CMB lensing
4
g m':_'logl“'ll"'l“r']“'rl
o | ;
£ 99 2 2 2 sl
= C)” x b oy g 10°
= Cﬁ.g b 2 [ E
&) ¢ X Ug0g kg 9
w 2 [
C,” xbog $ 107
¢ =
Galaxy Bias (by) T

Adapted from G. Farren (DESI CMBx), Cosmic Rhythms, Sep. 2026 z 21
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| nsroment — Constraining power to expect
e PRELIMINARY, BLINDED

U.S. Department of Energy Office of Science

mm Pik) (R-1=0.002)
mm Plk)+Clkg (R-1=0.003)
mm Plk)+Clkg+xi (R-1=0.006)

e Model validated on lightcone mocks
e Extragalactic CMB foregrounds mitigated
to < 0.20
G ozsp e Projection effects under control
.
5 080f {

I I I I I I 1 1 I
69 70 71 7 T3 027 028 029 075 0.80 0.85

Hq Om Oz

Adapted from G. Farren (DESI CMBx), Cosmic Rhythms, Sep. 2026 22
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U.S. Department of Energy Office of Science

eromes - DESI Run 2 (2029 - 2035)

( DESI Run 1a Runlb |

Completeness + area increase

entation upgrade
| Run 2 Imaging

‘21 '22 '23 ‘24 '25 '26 '27 '28 '29 ’30 ’31

e Blue channel: MAS skipper CCDs,
read noise 3.6 e~ - <1 e-
e Mirror cooling

a3 | raa | ras e Collimator actuators

75°

Rubin/WFD (18k deg2)

IBIS (4.5k deg2)

HSC-NIJI (0.7k deg2)

[ High-z Dark Energy Survey (5k deg2)

157

Dec. [deg]

-15°

-I5°
R.A. [deg]

High-z Dark Energy Survey: 2 <z < 3.5, 5000 deg?, LAEs +
LBGs -

Rubin/WFD (18k deg2)
DESI with Extension (19k deg2)
[ Cosmic Growth Survey {12k deg2)

15°

et R.A. [deg]
Cosmic Growth Survey: z < 0.85, 12000 deg?, dense XLGs

23
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aleomer© Conclusions

1
U.S. Department of Energy Office of Science

DESI: Run 1 extended to 8 years (~ 63 M extragalactic redshifts); DESI Run 2
from 2029
DR2 BAO: "discrepancy" with CMB (lower €2,,,, higher Hy)); preference for time-

varying dark energy when combined with CMB and SN
Full Shape: DR1 FS + BAO constrains og and modified gravity (consistent with

GR); DR2 adds the bispectrum: expected > 30% improvement on o (og)
compared to DR1

X CMB lensing: joint P + C,; analysis of DR2, ~ 20% gain on o (0%s)

x galaxy lensing: KIDS, DECADE, DES

See Eric's talk on Ly-a Full Shape, and Domitille's talk on DR2 PNG

24
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Full shape of the galaxy power spectrum and bispectrum sensitive to:

e the survey geometry
observed density of galaxies

s
F(r) = ny(r) — ?T‘%(r) = 7(r)d,(r)

selection function

25
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U.S. Department of Energy Office of Science

Full shape of the galaxy power spectrum (and now bispectrum!) sensitive
to:

e the survey geometry observed density of galaxies

F(r) = my(r) - ar) = n(r)3,(r)
T

selection function __Q_Lixlo-“ No completeness corrections

)3

- o
Ny (R.A., Dec. S a0l Ty Bos
£ —— LRG
90 ; 1.0 43135 "",'|'\|.qu —— ELG
60 1 ‘A 3.0 — QSO
08 & — NGC
§ w0l N T 25 ~ ---- SGC
S, 15 ) é 2.0 nI'ELd(
2 ol 0.4 515
o o
15 0.2 2 1.0
30 ' ' \ , 00 305
00 250 200 150 100 50 0 -50 = e
Q
R.A. [deg] O %002 04 06 08 10 12 14 1.6 18 20 2.2

Redshift 20
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| Nsmomenr ~ Fiber assignment (6-cut)

U.S. Department of Energy Office of Science

Close pairs (< 0.05°, the positioner patrol diameter) cannot all receive a

fiber: pairs are lost at small separation Mathilde Pinon

complete 200 ——— f-cut complete

T

400F ~—- altMTL ~== f-cut altMTL
200 1or
oL 0
0 _I 1 1 _25
0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4
k [h/Mpc] k [h/Mpc] k [h/Mpc]
f-cut = remove all pairs < 0.05°, Pinon+25

and model it in the window matrix

27


https://arxiv.org/abs/2406.04804
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SPECTROSCOPIC
|FECROSCOPC Cross power spectra
U.S.&Dwe,[.mnr:er:t of Energy Office of Science PRELIMI NARY, BLINDED
BGS SNR=17 (11) LRG1 SNR=18 (15) LRG2 SNR=24 (17)

—e— spec —&— photo

excluded in ACT

LRG3 SNR=28 (22) ELG SNR=29 QSO SNR=28

102 10° 102 10° 10? 10°
! ! !

Signal-to-noise 15 - 30 per spectroscopic sample

ACT and Planck cross-spectra co-added for visualisation only

Adapted from G. Farren (DESI CMBx), Cosmic Rhythms, Sep. 2026 29



il DARK ENERGY
SPECTROSCOPIC
* INSTRUMENT

LN IWoNis NT
U.S. Department of Energy Office of Science

e 30M galaxy and QSO
redshifts in

. used in the DR2 analysis
(6M in DR1)
e |ncluding
at z > 2.09 (420,000 in
DR1)

DESI data release 2 (DR2)

1072 - : BGS
] . — LRG
- - - — ELG
2.  dxtendedimag } — QS0
2, 1074 5 Y © DR1
= cut i i/ =
~ ; /
<
S higher -
€107 {completeness:
| (deeper).
o1 05 1 3

redshift z
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4 DARK ENERGY .
| nsovenr ~ FUll Shape Analysis
U.S. Department of Energy Office of Science

In November 2024: DR1 Full-Shape results (probing the growth of structure)

4 :

R BN DESI + BBN + ng

CMB-nl e . CME i

CMB - —0— W DESI+ CMB |
W DESI + CMB-nl +!DESY3 (3 x 2-pt)

DESY3 + KiDS-1000 —0— 21 5

HSC-Y3 + BOSS (3 x 2-pt) - | ° - 3

]

KiDS-1000 + BOSS + 2dFLenS (3 x 2-pt) - —e— = |

DESY3 (3 x 2-pt) 00— Y

SDSS (RSD+BAO) A | ® i '

DESI (FS+BAO) + BBN + n 1 ( o > / 5
0 1

T T T -2 T f
0.70 0.75 0.80 0.85 0.90 —1/
Sg EO

B 0.5
Ss = 08({m/0.3) General Relativity



il DARK ENERGY

EET

U.S. Department of Energy Office of Science

.. we're adding the bispectrum (d(k1)d(k2)d(ks))! scoccimarro1s basis

kPy(k) [(Mpc/h)?]

LRG power spectrum in 0.4 <z < 0.6

~

1500 A

~
A N O

1000 ~

500 A

—500 A

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
k [Mpc/h]

projection on Ly(k - 2)

linearity of clustering

non

AN

k1kzk3Bj(k1, k2, k3) [(Mpc/h)®]

k [Mpc/h]

0.0

e’ DR2 Full Shape analysis “"x

LRG bispectrumin 0.4 <z < 0.6

800000 ~

600000 ~

400000 A

200000 A

0_

0.2 A

— k]_ — kz k3

0 50 100 150 200 250

bin index

projection on Ly (ks - 2)
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https://arxiv.org/abs/1506.02729

DARK ENERGY

INerover - DESI DR2 X CMB lensing

U.S. Department of Energy Office of Science

e Joint analysis: 3D clustering of DESI DR2 tracers
(BGS to QSO) + 2D cross-correlation C,¥ with ACT
. Planck PR4 CMB lensing DESI spectroscopy
DR6 and Planck PR4 lensing ACT DR6 CMB lensing DESI-LS photometry
* Photometric samples (BGS, LRG) on the Legacy
Imaging footprint, without spectroscopy

* Model: Lagrangian PT / hybrid EFT, analytic o
covariance, for P, + C;¥ + post-recon. BAO 3
O
<
—— BGS —— LRG3 —— Spectroscopic Q
—— LRG1 ELG ——- Photometric

—— LRG2 QSO e o CMB lensing

............................................................. RA [deg]

dN/dz [deg2]

Adapted from G. Farren (DESI CMBx), Cosmic Rhythms, Sep. 2026 33
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sl SPECTROSCOPIC
i INSTRUMENT

L N ZWnyis NE

U.S. Department of Energy Office of Science
75°

Rubin/WFD (18k deg2)

IBIS (4.5k deg2)

HSC-NIJI {0.7k deg2)

[ High-z Dark Energy Survey (5k deg2)

15°

Dec. [deg]
Q

-15%

-75°

R.A. [deqg]

* 5000 deg?, 2 < z <3.5: Ly-a emitters (~800 deg),
Lyman break galaxies (~900 deg—2), Ly-a forest
(quasars)

e Targets from Rubin/LSST (u, g, r) + medium bands (IBIS,
POLU, Niji)

. ,o(fxe) - 23,
> m,at> 30

0.04 1 =¢ LAE *
% LBG
f_b 0.03 4 - LAE+LBG B
3
o 0.02 1
©
® 0.01
0.00
0.04 1 LYA(QSO)
LYA(LBG)
§ 0.031 LYA(QSO+LBG)
3
o 0.021
°
© 0.011
0.00
0.04 1 4@~ LAE+LBG
LYA(QSO+LBG)
= ] -o- Al
§ 0.03
a
'g’, 0.02
) 0.01 ._::.\.\F%

0.00

2.75
redshift z

225 250

3.00

3.25

BAO precision forecasts

ollog(Du/Dr)]

o[log(Du/Dp)]

0.04 -

0.02 4

0.00

0.08 4

Run 2: High-z Dark Energy Survey

s——

/

2.25

250 2.75

redshift z

3.00 3.25
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DARK ENERGY
sl SPECTROSCOPIC
) INSTRUMENT

L N ZWnyis NE

U.S. Department of Energy Office of Science
75¢

Rubin/WFD (18k deg2)
DESI with Extension (19k deg2)
[ Cosmic Growth Survey (12k deg2)

15°

Dec. [deg]

-15%

-75°

R.A. [deq]

e 12000 deg?, Extreme emission Line Galaxies (XLGs: Hq,
[Ol11]), ~1500 deg2, 0.07 < 2 < 0.85

e At z ~0.3: 3 times the density of BGS, bias ~3 times
smaller:

for
small scales and multi-tracer

Run 2: Cosmic Growth Survey

\

z Cosmic Growth Survey High-z DE Survey
X 100 1\ $ Ly .

3 ?

~— 0.98 al

s —— ACDM: CMB ISO

Q 0.96 4

—— wow;CDM: DESI Run 1-DR2 BAO + CMB

]
—

T
Q
=

1.02 -

) t |
~
— 1.00

T

¢ DESIRun 1-DR2 BAO
1.04 4 ¢ DESIRun 2 BAO

R L T

AP

fcg

00
\E . + 1
:5—: \* | T T
O 091
# DESIRun 1-DR1 Full-Shape
0.8 ]| ¢ DESI Run 2 Full-Shape
0.0 0s 10 15 20 25 30 35
redshift z

Run 2 forecasts (red) vs. DESI DR1 / DR2 (blue)
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