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Introduction

Baryonic Acoustic
Oscillations (BAO)
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Context in Cosmology: ACDM

ACDM

- “Standard Model” of
cosmology o

 General Relativity (GR) % |

« Cosmological constant (A)
* Flat Universe

Qm+QA+QT=1

Extensions of ACDM
e Curvature of Universe

Qp =1— (Q,, +Q) + Q) Open que.stions
- Equation of state of Dark Energy * Hy tensions
* , tensions
_ p(2)
w(z) = ——
p(2)
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BAO, a probe for Dark Energy

Acoustic propagation of an over-density
« Sound waves propagates through relativistic plasma (baryons, electrons,
photons).
« Baryon and photon perturbations travel together till recombination
(z~1100) with a speed ~c/+/3
« Then, the radius of the baryonic overdensity is frozen at ry ~150 Mpc.
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BAQO, a standard ruler

redshift space
62285 galaxies

A special distance

Galaxies form in the overdense shells about 150 Mpc in radius.
For all z, small excess of galaxies at ry~150 Mpc (in comoving
coordinates) away from other galaxies.

= Standard Ruler
BAO method: we just assume that it is the same distance for all

redshifts, we don’t need to know its value!
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Observation of baryonic acoustic peak

First observation . RS P S
- In 2005: First observations of baryonic s ;ii{fu )
oscillations by 2 teams (2dFGRS and %‘\{; } T H J E
SDSS) s | Standard Ruler \\I_ /JI ]

- SDSS observe a peak at ~150 Mpc b N [ t
- SDSS: ~50 000 LRGs, <z> ~0.35 "t D. Fisenstein et al,, ‘IJ =
“Luminous Red Galaxies” _s0 [ ApJ, 633, 560 (2005) 1T

[ 150 Mpc
10010 210 l 410 l 610 l 810 l1(1)0 200

Comoving Separation (h-! Mpe)

! AR | -
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A 3D measurements

- Position of acoustic peak

- Transverse direction:

A = ry/(1+2)/Da(z) = ry/Dy(2)

— Sensitive to angular distance D,(z)

- Radial direction (along the line of sight):
Az =rqyH(z)/c

= Sensitive to Hubble parameter H(z).

SDSS GALAXIES

. Ch. Yéche
I rf U 35th Rencontres de Blois, October 25, 2024

N Slide 7




Another Tracer of Matter: Ly-a forest

Intensity

1000 1200 14_00 1600 1800
Wavelength/A

We expect low density gas (IGM)
to follow the dark matter density

Compute correlation function
between HI ‘clouds’

Measure the location of BAO

For z>2, no discrete tracer (galaxy)
observable with DESI

Use Ly-a forests of quasars (2.0<z<3.5)

HI absorption in intergalactic medium
(IGM) along the line of sight of quasars

Ch. Yéche
35th Rencontres de Blois, October 25, 2024
Slide 8



Dark Energy
Spectroscopic Instrument

Ch. Yeche
35th Rencontres de Blois, October 25, 2024
Slide 9




5000 fiber positionel

DESI Project

. g . Corrector
Scientific project ~ 8 deg?

— 3D map for 0<z<4
— Footprint ~14000 deg? (1/3 sky)
— International collaboration

— 72 institutions (46 non-US)

— ~900 members

Mayall

Telescope 10 spectrographs
* Instrument P rap

— 4-m telescope at Kitt Peak (Arizona)
— Wide FoV (~ 8 deg?)
— Robotic positioner with 5000 fibers

— 10 spectrographs x 3 bands (blue,
visible, red-NIR) —»360-1020 nm
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DESI tracers of the Matter

Five target classes

~40 million redshifts

in5 years

3 million QSOs
Ly-a z>21
Tracers 0.9 <z < 2.

16 million ELGs
06<z<1.6

04<z<1.0

13.5 million
Brightest galaxies
0.0<z<04
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Rolling observations — Redshift factory

Imaging Surveys: optical grz bands
B + NIR with WISE

Target Selection

=

MzLS+BASS N

R

i e S \
Mt SDEGALS Y |

4& -t : !

Redshift

...of 5000 objects
every ~20mins...

nnnnn
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DESI Y1 footprint

Main/DARK : 27444%0929 completed tiles up to 20220611 (=28%, weighted=29%)

30°
15°
o)
3
—_ O°
U
]
@]
-15°
FracCov Fraction Expfaefraction
> 0.00 0.65 0.66
=025 0.41 0.43
-60° =>0.75 1985 0.13 0.14
Stats for the 20220611 night: =1.00 0.10 0.11
Moon illumination: 0.94 -75°
1 DARK tiles completed

R.A. [deq]

— Grey area: DESI footprint over 5 years ~14000 deg?
— On average 5 passes

— In Y1, only 1500 deg? with 5 passes
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Current Status of Observing

Main/DARK : 7496/71590160 completed tiles up to 20241014 (=74%, weighted=74%)
i
TR,

v-(..‘vv‘L g f

X6y .8
O 7 O

e
o A

Dec. [deg]

FracCov Area Fraction Expfagfraction
> 0.00 13604 0.89 0.87
=0.25 12707 0.83 0.82

-60° 04/ 10016 0.65 0.66
Stats for the 20241014 night:

1.00 918 0.60 0.61
Moon illumination: 0.94 -75°
1 DARK tiles completed

IV v

R.A. [deq]

— ~75% of the final dataset = Survey will be completed
in Nov. 2025, 6 months ahead of schedule

— Already ~10,000 deg? with 5 passes
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BAO
Measurements
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Methodology for DESI Y1

— Blind analysis to mitigate observer/confirmation biases
(catalog-level blinding)

— Unified BAO pipeline applied to all (discrete)
tracers/redshifts consistently

— Common modeling of BAO used for all tracers
— Reconstruction method applied to all tracers
— Analytic covariance matrices (validated with mocks)

— Wide-ranging tests of systematic errors, done before
unblinding

— Results given for 6 redshift bins over 0.1<z<2.1
— Additional measurement at z~2.3 with Ly-a forest

T Dark Energy Spectroscopic Instrument @
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Results: a few examples

LRG3+ELG1 2z=0.93

0.004 1 0.002 200 A
Significance
0.002 1
. 0.001 150 1201
= 0.000 = N LRG2: 6.8
é]p ’ »y = 10¢0| LRG3:8.70
<1 0.000 A ‘ <1100 \\ /{/ LRG3+ELG1:9.10
0,002+ 1Y et e Wenieinielenielentatay A ARy Angetats
BGS LRG3+ELG1 N 80 ELG2:7.00
Pre Post —0.001 1 q) Pre ¢ Post 50 ':::X\N-::A\\;\:::::::I:%;z{:::ji‘—/_ QS0: 420
T T T T T . ! I i ! 4
50 & hl?gd 125 150 50 75 100 125 150 x\%{%%//q
N 1 . ' ' '
s | pe] s [h~Mpc] 0.8 0.9 1.0 11 1.2

Significance: 9.1c
Precision: 0.81%
— Dilation compared to a fiducial cosmology

* Perpendicular or parallel to the line of sight, a; and g
3
+  Combined through ajso = (afa”)l/

— 6 bins in redshifts covering the redshift range, 0.1<z<2.1
— Bin with lowest significance 4.0c
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Systematics Error Budget

— Observational effects in data
(imaging, fiber assignment,...)

— Reconstruction algorithm
— Covariance matrix construction

— Incomplete theory modelling
— Choice of fiducial cosmology

— Galaxy-halo (HOD) model
uncertainties

| Dark Energy Spectroscopic Instrument @
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Example of systematics: Imaging

Dark Energy Spectroscopic Instrument

- R.A [deg]
BGS ¢ LRG3 ¢ QSO
1.04+ LRG1 ELG1 ¢  weighted
¢® LRG2 ¢$ ELG2 [ unweighted
1.02
_ J
75 ' £1.00+Fr---mmmmm et o - -
o 4 dex=?) - QuAsar target |
200 300 400 . o
density

0031 W &

0.96 B

02 04 06 08 1.0 1.2 1.4
Redshift

Non- homogénelty in target selection due variations of imaging
catalogs (depth, dust contaminants,...)

Regression methods developed to correct those effect
Same measurements of BAO with/without corrections

BAO almost insensitive to imaging effects
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Systematics Error Budget

— QObservational effects in data ™
(imaging, fiber assignment,...)

— Reconstruction algorithm

— Covariance matrix construction —

— No effect on BAO

— Incomplete theory modelling

— Choice of fiducial cosmology
— Galaxy-halo (HOD) model

. Ch. Yéche
I rf U 35th Rencontres de Blois, October 25, 2024

N S a0

a1 Dark Energy Spectroscopic Instrument @




Systematics Error Budget

— QObservational effects in data ™
(imaging, fiber assignment,...)

— Reconstruction algorithm

— Covariance matrix construction —

— No effect on BAO

—

— Incomplete theory modelling 6450, = 0.1%
— Choice of fiducial cosmology o;q = 0.1%

e = 0.25%
_ Galaxy-halo (HOD) model aygp = 0.2% "

—

All systematics much smaller than statistical errors
Ototal = 1.050¢q¢
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Stablllty of the results

LRGl LRG2 LRGB ELG1 ELG2 QS0
baseline F —o0— —o0——i —o0— —o0—f
pre_recon - —_—— ——
power | | —o— —o— —o— —o0——
spectrum
NGCF - —0— ——O0— —— ——o0—
flat prior on| i o ~ ——i ——
Zsa 2||a EL
polynomial | _ ° ——i —o—i —o——
broadband
ReclsofF E —o0— —O0— —o0—i —o0—
smaller Esm + E —o0— ——i —O0— p—o0—H
Q O oD O Q \e) Q N0 Q o) Q o Q
Q@) QQ% Qq(\ Q% Q‘;) QQ Q D Q% N QQ \,Q QQ \Q QQ’\ \’.QQ
Qliso Qiso Qliso Qiso Qiso Qiso Qliso

— Comparison with the baseline analysis for different configurations
(with/without reconstruction, power-spectrum, without SGC, priors
damping parameters, broadband modeling and reconstructions)

— Extremely stable results
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DESI Year 1: BGS

fid ' id
o _Dmryg f{f”in{
1 = fi an =
Td Dl\}[d ] HTd
lookback time [Gyr]
012 3 4 5 6 7 8 9 10 1
1.20 ———————— : ' ' '
1.15 -
'if\uo
£ 105
>
9<1.00 da
30.95—
S 0.90 1
0.85 4
2 s . . . .
0.0 0.5 1.0 1.5 2.0 2.5

Redshift

0.6 1

0.4 1

0.21

1/3
_ 2
Aiso = (aiq))
BGS
ACDM
&0 100 120 140

Hyrq [100 km Sil]

— Friedman equation for ACDM H(z) = Hoy/Qpm (1 +2)3 + (1 — Q)
— Limitation due the cosmic variance (small part of the visible Universe)

Dark Energy Spectroscopic Instrument
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DESI Year 1: BGS + LRG

lookback time [Gyr]
01 2 3 4 5 6 7 8 9 10 1
1 1 1 1 1 1 |L‘]}(;2 1 1 1 BGS

1.15 1 0.6 - B LRG1+LRG2
£ 1104
=
= i
>

0.21

ACDM
80 100 120 140
Hyrq [100kms™!]

0.0 0.5 1.0 1.5 2.0 2.5
Redshift

— LRG: Main tracer in SDSS, precise measurement
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DESI Year 1: BGS + LRG + ELG

lookback time [Gyr]
8

01 2 3 4 5 6 7 9 10 1
120 +———""56 ' TRG2 B '
1.15 1 ﬂ
= t 1
= 105
o
Z 1.00 g
= v r =
Z 0.95
~
Q> 0.90 -
~— t
0.85 -
g 0.50 . LRG+ELG . .
0.0 0.5 1.0 1.5 2.0 2.5
Redshift

0.6 1

0.4 1

0.21

ACDM

BGS
B [LRG1+LRG2
B LRG+H+ELG
Bl ELG

80

100 120 140
Hyrq [100kms™!]

— ELG: Main tracer in DESI, precise measurement, but
only a small fraction was observed in DESI Y1
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DESI Year 1;: BGS + LRG + ELG + QSO

lookback time [Gyr]
012 3 4 5 6 7 8 9 10 I8

1 1 1
LRG2 ELG

BGS

1.15 + b 06 B LRG1+LRG2
§ 0 + N LRGHELG
> T ¥ B FLC
= 105 — B QSO
2100 | 50.4
= ' =
iO,QQ * +
§090 * | w * \

0.85 3 0.2
§ 050 LRGELG QSO . ACDM

Redshift Horg [100kms Y]

— QSO: huge volume but small density (shot noise limitation)
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DESI Year 1: BGS + LRG + ELG + QSO + Ly-a

lookback time [Gyr]

012 3 4 5 6 7 8 9 10 11

1.20 = I I ILRGZ I I ELG I Ly-a BGS
% Y | B LRGHELG
9:5110 Ty H | T B ELG
%105 - B QSO
SRR € 204 Ly«
= i r < . Al
& 0.95
= L
S , L AT

0.85 Hy 0.2
EA 0.80 . ILRG+ELG . QSO . ACDM

0.0 0.5 1.0 1.5 2.0 2.5 80 100 120 140
Redshift Hyrq [100 kms™!]

— Different dependence as a function of redshift (Q,,rq)
— Break the degeneracy without knowing ry
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Interpretation
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DESI Year 1 - Hubble diagram

= = — ~6M discrete tracers
— 0.1<z<2.1
— 3 times bigger than SDSS
— Total precision on BAO: 0.52%

Planck + 1o
best-fit ACDM
BGS

LRG

LRG
LRG+ELG
ELG

QSO

Dv/(TdZ2/3>

— With Ly-a forest of QSOs at
z~2.3 . precision on BAO 1.1%

£1.02 + } — Consistent with ACDM
= | T ] Tesss— .
= 1.00 i — — Agreement with Planck: 1.9¢
§0.98- + — BAO ~almost systematic free
- 05 10 15 20 25 measurements
Redshift z
. Ch. Yéche
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Hubble constant in ACDM

SDSS: BAO+BBN 1 ——@—

DESI: BAO + BBN - —e—
DESI: BAO + 6. + BBN - —&—1
Early
Late
CCHP: TRGB A I
SHOES: Cepheids - —e—
66 68 70 72 74

Hy [kms™! Mpc™]
— Main tension in cosmology: 5c discrepancy between CMB and
late measurements (SNla)

— Big Bang Nucleosynthesis (BBN) can be used to measure r
— Consistency with CMB: 2.1c
— Consistency with SNIla (SHOES): 3.7c

' T,;‘ ) . Ch. Yéche
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Beyond ACDM: Spatial Curvature

0.3
BN DESI BAO
CMB
0.21 EEE DESI BAO + CMB
20 ACDM
G Flat Universe
0.0 45 Qg 2 IIVEDSE
_0.11
—0.2

025 030 035 040  0.45

— With CMB alone, hints of non-null spatial curvature
— With CMB alone, ~ 2 to 3c deviation from O
— With CMB + DESI, flat Universe

(= 0.0024 £0.0016
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Beyond ACDM: Dark Energy Equation of State

01- -t Dark Energy Equation of State
p(2)
e w(z) = —=
3 p(2)
(2) = wo + —
; | ‘ w(z) = wo Wq
1 SI B!/ N, - PantheonPlus
. 1+z
B DESI BAO + CMB + DESY5
AT, 0.8 —0.6 —0.4
W

— For ACDM, we expect w=-1, i.e. wy=-1 and w_,=0
— Combining DESI+CMB+SN: 2.56 to 3.9c effect
depending on the SN sample

— Indication of dynamical dark energy with DESI???
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Sum of neutrino masses

0.6 IB (no CMB lensin
— CMB is sensitive to ¥ m, o e <
. 0.51 W CMB + DESI BAO ”g:
— Degeneracy with (£, or Hy) 9 ¥
— BAO measures ©,, and z :
breaks the degeneracies 5
0.2
0.1
0.0

62 64 6 63 -
Limits at 95% CL.: Ho [kms™ Mpc™]
— For ACDM with CMB alone: Y “m, <0.21eV

— For ACDM with CMB + DESI: Zm,, < T72meV

— For wyw,CDM with CMB + DESI,
it provides a conservative bound! -
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Summary: Results from DESI BAO Y1

— BAO results with Y1

« With only one year (Y1), DESI provides the most
precise measurement of BAO over 0<z<2.5

* In ACDM DESI is consistent with CMB (~2c), but DESI
prefers lower Q,,, or higher H!

« Some hints of time-varying Dark Energy equation of
state, especially when SNla are added

— a 2.5¢ to 3.90¢ effect

— Near Future for DESI
« Full shape analysis mid-November 2024
= Better constraint on ), m, and test of GR.

« BAO with 3 years (~70% of the survey) in Spring 2025
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