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Baryonic Acoustic
Oscillations
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J. Peebles
Nobel Prize in Physics 2019
Inaugural Lecture

Succes of ACDM

The Universe is described by:
- laws of physics
- ordinary matter — standard model particles
- “dark matter” that interacts only through gravitation
- “dark energy” in the form of a cosmological constant
-> responsible for the accelerated expansion of the Universe
first observed with SN1a — Nobel Prize 2011
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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 that depends on species densities
« Radius of the baryonic overdensity frozen at ry ~150 cMpc (comoving).
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BAO, a standard ruler

redshift space
B2295 galaxies

A special distance
« (Galaxies form in the overdense regions.
« Small excess of galaxies at ry~150 cMpc away from other galaxies.

 Measure this BAO “standard ruler” over cosmic history
=> Constrain the nature of Dark Energy
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Observation of baryonic acoustic peak

First observation s T T T TTTspss ¢
- In 2005: First observations of baryonic 150 ;iiiu E
oscillations by 2 teams (2dFGRS and i, F\ii;;iﬁ T H J E
SDSS) 3 50; Standard Ruler \\I% JJ ' J E

- SDSS observe a peak at ~150 MPC st N4 I ]
- SDSS: ~50 000 LRGs, <z> ~ 0.35 °F . Eisenstein et al, |I‘ -
“Luminous Red Galaxies” _s0 LApJ, 633, 560 (2005) i

100 1 P B .1 1501 MpC 1]

10 =0 40 60 8C 100 200

Comoving Separation (h-1 Mpe)

A 3D measurements

- Position of acoustic peak

- Transverse direction:

AD = r4/(1+2)/Da(2) = ry/Dy(2)

= Sensitive to angular distance D4(z)

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

= Sensitive to Hubble parameter H(z).
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SDSS GALAXIES
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Overview
of DESI
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DESI Project

- Scientific project ~ 8 deg?

= T——

5000 fiber positionei

Corrector

3D map for 0<z<4
Footprint ~ 14000 deg?
International collaboration
72 institutions (46 non-US)
~900 members

Mayall

Telescope 105 ectrographs
Y, * Instrument P grap

— 4-m telescope at Kitt Peak (Arizona)
— Wide Field-of-View (~ 8 deg?)
— Multi-Object Spectrograph

» 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>2.1
Tracers 0.9 <z < 2.

16 million ELGs
06<z<16

04<z<1.0

13.5 million

Brightest galaxies
0.0<z<04
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Focal Plane — 5000 robotic fiber positioners

Configuration
* 10 petals in focal plane
, 500 fibers each (5000
total)
* 10.4 mm pitch
« 2 motors per positioner |

Challenge

— Reposition the 5000
fibers in less than 2mns

— Position of each fiber
better than 10 um
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Ten spectrographs

Ten 3-channel spectrographs
A =360 nm to

e \\\ , P
temperature-

“l-~"controlled room™
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Ten spectrographs

Ten 3-channel spectrographs

Oll] 373 nm
% = 360 nm to uptoz=1.6
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Rolling observations — Redshift factory

Imaging Surveys: optical grz bands
P + NIR with WISE
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Status of DESI

Year One (Y1)
S @ irfu et oo e
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DESI| and DESI-II Timelines

[ SV ][ DESI — 5 year project ]
i i i i
[ Bright Time ] —
| | [ | Transition
—[ Dark Time ]—— Period

|
Year 1 Year 3 mness

A aension of footprin
|
DESI-Il upgrades — Construction

2021 2022 2023 2024 2025 2026 2027 2028 2029

— DESI-l is ~4 months ahead of schedule, DESI should finish in 2025

« Analysis of Year 1 Dataset

* Year 3 Dataset completed in April 2024
— ~ 2-year transition period with extension of the footprint and the passes
— DESI-Il starts in 2028-2029

m
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DESI Y1 footprint

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

Dec. [deg]

Fraction Expfaefraction
>0.00 9721 0.65 0.66

-45° =>0.25 6143 0.41 0.43
-60° =075 1985 013 0.14
Stats for the 20220611 night: =1.00 Z 0.10 0.11
Moon illumination: 0.94 °
1 DARK tiles completed -75

R.A. [deg]

— 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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DESI Y3 footprint

Main/DARK : 66714%929 completed tiles up to 20240409 (=67%, weighted=68%)

ARV e T

Dec. [deq]

FracCov Area Fraction ExpfaefFraction
> 0.00 13262 0.89 0.88
=0.25 12038 0.81 0.81

0.55

-60° =.0.75 8236 0.57
Stats for the 20240409 night: =1.00 , 0.49 0.52
Moon illumination: 0.04 -75°
28 DARK tiles completed

R.A. [deq]

— In April 2024, Y3 dataset is completed and frozen
— ~70% of the final dataset (much more ELGs)
— In Y3, already 7300 deg? with 5 passes
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DESI Y1 dataset

4.0
o : BGS
2, 351 ! — IRG
) , ) 2 : — ELG
Main/DARK : 2744/9929 completed tiles up to 20220611 (=28%, weighted=29%) :
75° S~ ¢ —— QSO
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g wn
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1 DARK tiles completed RA. [deg] : : : : : : d
0.0 : + N — — + — + —
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redshift

— Already biggest ever BAO dataset (both in N;.,.., and volume)
- 5.7M discrete tracers (BG, LRG, ELG and QSO)
- Effective cosmic volume V= 18 Gpc3

— 3 times bigger than SDSS (20 years of data)
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BAO
with galaxies
and quasars
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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)

— Extensive tests of systematics, done before unblinding
— Results given for 6 redshift bins over 0.1<z<2.1
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Density Field Reconstruction
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— BAO peak distorted by movements of tracers due to density field

— Estimation of the Zel’dovich (15t order) displacements from the
observed field

— Reconstruction: correction of the displacements
— Improve both precision and accuracy
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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
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Example of systematics: Imaging

R.A. [deg]
75° =
; s BGS ¢ LRG3 ¢ QsO
1.04+ LRG1 ELG1 ¢ weighted
E ¢ LRG2 ¢ ELG2 B unweighted
E 1.02
T~ /. J
[ i £1.00 +Fr-----mmmm oot - - =
e [# 4ee~*] - QuUASAr target o
200 300 400 . o
den5|ty 0oz & B
0.96 H
1.0 1.2 1.4

0.2 04 0.6 0.8
Redshift

[ —
— Non- homogenelty in target selection due variations of imaging

)

catalogs (depth, dust contaminants,.
— Regression methods developed to correct those effect

— BAO almost insensitive to imaging effects
E. Burtin

LHC Split Days, Sept. 30, 2024
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Systematics Error Budget

— Observational 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
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Systematics Error Budget

— Observational effects in data ™
Imaging, fiber assignment,...
(R 9 gt . Ig h ) — Negligible effect
— Reconstruction algorithm on BAO
— Covariance matrix construction —

=

— Incomplete theory modelling 440, = 0.1%
— Choice of fiducial cosmology ;4 = 0.1%

T Ocve = 0.25%
_ Galaxy-halo (HOD) model oygp = 0.2% e

—

All systematics much smaller than statistical errors
Oiotal = 1.050 4.
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Stablllty of the results

LRG1 LRG2 LRG3 ELG1 ELG2 QS0
baseline : p—-0— p——O0— p—-O— p——0——
pre_recon H - 0 —0—
power | | —e—i —— —o0— —o0——
spectrum
NGCt e —0— ——0— —0—— p—o0—
flat prior on| i —o—i ——i —o0— ——o0——
g, Yy, X1
polynomial | i o o o o
broadband
Reclsof - —0— p——O0— —O0— p—0——H
smaller Zsm - . —o0— —o0— —O0— —o0—
N D D ) A Q o Q » \) » Q o) \)
Qog\z QQD QQ’\ QQ QQ Q()q) Q o Q% \_Q Q% \/Q Q% \/Q Q('g\ \/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)

— Robust results
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DESI Year 1: BGS

DM T'Cfild
aJ_ = — :
rq DI{}[d

lookback time [Gyr]
8 9

a =

10
1

id..fid
H 'y

HTd

0.0 0.5 1.0 1.5
Redshift

2.0

2.5

0.6 1

0.21

Uiso = (“iall)

1/3

ACDM

BGS

80

100 120
Hyrq [100 kms™!]

140

— Friedman equation for a flat Universe H(z) = Hyy/Q (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]
012 3 4 5 6 7 8 9 10 1
1 1 1 1 1 1 1 I‘RC"Z 1 1 1 BGS

1.15 A 06 | [ LRG1+LRG2
..i;j\ 1.10 A

I 0.4

0.21

ACDM
80 100 120 140
Hyrq [100 kms™!]

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]

01 2 3 4 5 6 7 8 9 10 1
1.20 ) ) ) : ) ) ILRG2 ) ) ELG )
i }
i 1.15 + |
2 1.10
= S
= 105
S
= 1.00 g
= ¥ r S
 0.95
~
Q> 0.90
SN— *
0.85
g 0.0 . LRGELG . .
0.0 0.5 1.0 1.5 2.0 2.5
Redshift

0.6 1

0.21

ACDM

BGS
B LRG1+LRG2
B LRG+ELG
Bl ELG

80

100 120 140
Hyrq [100 kms™!]

— ELG: Main tracer in DESI, precise measurement, but
only a small fraction was observed in DESI Y1

Dark Energy Spectroscopic Instrument
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DESI Year 1: BGS + LRG + ELG + QSO

lookback time [Gyr]
8

012 3 4 5 6 7 9 10 1

L204———"F5 ' TRGz e ' BGS

1.15 + b 0.6 B LRG1+LRG2
g o { B LRGH+ELG
E Hh H Bl ELG
105 ~ B QSO
= 1.00 r g
= ] T c 0.4
= 0.95 [/
£ T
g 090 . by 1 \ \

{
) 0.85 * 0.2
% 00 | LRG+BLG | QS0 ACDM
0.0 0.5 1.0 1.5 2.0 2.5 30 100 120 140
RedSh|ft HOTd [100 km S_l]

— 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 I : I I ILI{GQ I I ELG I Ly-a BGS
% Yy | B LRG+HELG
e__a 1.10 i H T H Bl ELG
% 1.05 - B QSO
Q 1.00 f EO 4 - Ly—Od
< 1 T G —
= 095 [/ Al
= X
Q0 * L AT

0.85 H 0.2
E_ 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 (€2,,,ry)
— Break the degeneracy without knowing ry
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DESI Year 1 - Hubble diagram

— ~6 million discrete tracers
— 01<z<21
— 3 times bigger than SDSS

— Measurement with Ly-o forest
of QSOs at higher redshift

/—-+N
P ~
e Ss
/
/,
/’

Planck £ 1o
best-fit ACDM
BGS

LRG

LRG
LRG+ELG
ELG

QSO

Dv/(?”dz2/3>

— Total precision on BAO: 0.52%
— Consistent with ACDM

T1.02 .
=  — . } — Agreement with Planck: 1.9c
= 100———————————— — :
= [ — BAO ~very low systematics
=0.98 + : :
S — Cosmological constraints
0.5 1.0 1.5 2.0 2.5
Redshift » —=Next talk by Dragan Huterer
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Additional Slides
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Evolution of density perturbations

L e e e LA e e e e e S B e s e I B B i

| Dark Matter, Gas, Photon, Neutrino 14433 yrs [ Dark Matter, Gas, Photon, Neutrino 0.23 Myrs |
_g z=6824 E 80 L z=1440
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Mass Profile of Perturbation
Mass Profile of Perturbation
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Results: a few examples

LRG3+ELG1 z=0.93

0.004 ] 0.002 ]
200 -
0.002 1
. 0.001 -
- = 150 1 1244
S 0.000 - =
A b . LRG2: 6.80
0.000 = s los| LRG3:8.70
—0.002 - o 100 LRG3+ELG1:9.10
BGS LRG3+ELG1 et o Wit A
Pre Post —0.001 b Pre & Post X < ELG2: 7.00
T T T T T 50':&‘{::%::::::::://#:::% QSO—lQO’
0 10 1 150 50 75 100 125 150 NN i
S [h MpC] s [h—lMpC] Nj/ /'
0.8 0.9 1.0 1.1 1.2
Significance: 9.1c Qiso

Precision: 0.81%

— Dilation compared to a fiducial cosmology

* Perpendicular or parallel to the line of sight, a, and «;,
- Combined through ajs, = (afa”)l/?’

— 6 bins in redshifts covering the redshift range, 0.1<z<2.1
— Bin with lowest significance 4.0
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Comparison DESI/SDSS

= 1.051
Z aJ_
= |
redshift £ 1.00
03 0.4 0.5 0.6 0.7 E t T
__1.04 a DESI fiducial cosmology %U,ggy +
T e L BOSS fducial cosmology = LRG04<2<06 —#— LRG+ELG 0.8<z <11 SDSS
N # BOSS/eBOSS published S —— LRG0G6<:<08 —4— ELGLI<z<16 DES Y6
EQ: 1.00 . i BOSS/eBOSS desilike fit : : : : : : : ‘
= 508 T H $ pyrecon+desilike w/ BOSS fid. cosmo. =
N H {  pyrecon+desilike w/ DESI fid. cosmo. 7 1.057 al I
N 0.96 S +
s S 1
8 0.4 E 1.00 + '
Gaussian priors =
0.92 =095
1.04 1.04
£ a s -
%1.02 IH || 12X S 00
N
2:1.00 I R 8 OO I II JE TSRS T I TI £ 1,00 2> = BGS 6dFGS WigaleZ
= ]| | O {_ ! 2 - : ggl
= 098 \ “ i } t Il 0.98 X 2 105 4 @0 SDSS
S = =
N 0.96 096 N = 1
C) . < £1.00 9
S oea ’ H Xiso 0se S g . &1
0935 04 05 06 07 03 04 05 06 07 0-92 > 0.957 a;
redshift redshift S Lso
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Redshift z

— 2.50 to 3.0c discrepancy depending on the correlations
between the two samples

— Same redshift for the overlap catalog
— SDSS measurements identical when we use DESI pipeline
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Main science at DESI

Baryonic Acoustic Oscillations (BAO)
— o(BAO) ~0.2 % for 0.0<z<1.1

lllllllllllll—

s
— o(BAO) ~0.3% for 1.1<z<1.9 -0 E
— o(BAO) ~0.5% for 1.9<z<3.5 o b
— E post—recon ]
. . . B T P T
« Redshift Space Distorsion (RSD) 50 100 150 200
— Multiple few % measurements over wide s (h=' Mpc)
redshift range (z<2) 150%
 Neutrino masses B
— o(Em,) ~20 meV :
- Non-Gaussianity (fy,) &
— o(fn)~4 with k dependence of bias | e MR ———
s2&(s1,s)) [h"2 Mpc?]
= . E. Burtin
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Baryonic Acoustic Oscillations (BAO)

- BAO distance B ]
— Non-uniform distribution of galaxies, i ~1M galaxies
. 40 —
they form in overdense shells about .
100 Mpc.h" in radius. 20 |
— Excess in the correlation function at o -
~100 Mpc.h” BOSS-DR11 -
- I Anderson et al., 2014 -
:> Standard RUIer 20 TR T T TN T NN TN M M N N NN NN AN A N

50 100 150 200
s (h-!' Mpc)

' Looking back in time in the Universe

3D measurement
— Position of acoustic peak
— Transverse direction:
—Sensitive to angular distance D,(z)
Radial direction (along the line of sight):
= Sensitive to Hubble parameter H(z)

SDSS GALAXIES

. E. Burtin
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Redshift Space Distorsion (RSD)

— Peculiar velocity ° RSD Origins
— Acceleration toward overdense regions

— Flattening in radial direction from real
space to redshift space (over tens Mpc)

— Allow us to measure action of gravity (10-
40 Mpc) at cosmological distance (Gpc)

overdense

region

Hubble
£ Real Space
ow 150 BOSSDR12-0.5 < 2 < 0.75
100 -
= 50
=
T BOSS
4 A 550 collaboration
1_: = Alam et al. (2016)
—150 — ‘
—150 —100 —-50 0 50 100 150
8 s1 [h~' Mpc]
N [ o — ||
v . —-80 —40 0 40 80 120
Redshift Space $2€(s.,5)) [h"2 Mpe?]
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