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Cosmological context

3§§ J;F'b
A e
W & W ;;zb
® ot
\th o W )
gyl o é‘b e

The Story of Our Universe - NASA

o
b o 5 q\G
pONROERYE IR K > o

N @"ﬁ‘ﬁo o Q-*‘p%@i@"@;‘*@“‘@@ < o & &

How did the Universe evolve to its current state?
What are the fundamental constituents of our Universe?
How is matter distributed in the Universe?
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Global content of our Universe

e Evolution of the Universe
described by the ACDM
model

adapted from Dijkstra et al. 2017

Dark matter

25%
» Composition today: B
ark energy . ()
® Only 5% of its content is e

known
® Properties of components
constrained by observations

Photons .

What is the nature of dark energy
and dark matter?
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La rge scale structures

“Walther et al. 2021 e |nitial density perturbations in the

R primordial Universe.

e Perturbations grows to form the
cosmic web: halos, filaments, walls

. . . | and voids
f”‘ﬂr | e Large-scale distribution of matter
3 s . :
s S e characterized by the linear power
2 — . J
?02_ Chabagleizfzglléjom _ Spectrum
1 pianck 2018 09 _ .
| sossoRTIAG How can we probe the cosmic web?
{ eBOSS DR14 Ly-a forest
e T e What can we learn from it?

Wavenumber k [h/Mpc]
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Baryon acoustic oscillations

—
Eisenstein et al. 2007
® Sound wave created by an 5 A  Oscillat BAG
overdensity of baryons aryon Acoustic Oscillations ( ):
and dark matter in the ® Sound waves in the primordial Universe ...

primordial plasma
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Baryon acoustic oscillations

e At recombination (z~1100)

= Baryon/photon decouples
® Sound waves froze at sound
horizon scale:

i

rq = 15OMpC Pl .  Eisenstein et al. 2007

e Effect of all overdensities in

the primordial plasma: Baryon Acoustic Oscillations (BAO):
m Statistical BAO signal in the ® Sound waves in the primordial Universe ...
matter distribution ® .. imprint a characteristic scale in the
density distribution

Corentin Ravoux DESI first year results - LPCA Seminar n



Baryon acoustic oscillations

BAO_r /D ( )

e BAO = Standard ruler

® Measurement of distance at a

given redshift

m Expansion history from
different redshift
measurements (encoded in
Du(z) and H(z))

Oz, =T H(z)/c

Corentin Ravoux DESI first year results - LPCA Seminar



2. The Dark Energy S‘pectfosicq_pic Instrument
2 The Lyman aforest '

4. DESI ﬂrst year BAO __cosmolof_al results.-" |

- ook |
e =
Z K 2 i g
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DESI instrument

® 4 m telescope at Kitt Peak Focal Plane Assembly with |
Observatory

Calibration Lamp

5000 Fiber Positioners System

Top Ring, Vanes,
and Cage

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

Ten Thermally-Controlled,

Te -m |
3-Channel Spectrographs enﬁisgr ngat?lg?j
360-980 nm

Fiber View
Camera

DESI collaboration 2022¢
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DESI focal plane

]

. ' -'.L‘-"};,;. ; , e 5 pum positioning in few sec. for 5000 targets
: "f‘ e All fibers connected to the spectrographs

oy o Ty . ]

Silber et al. 2022
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DESI spectrographs

e 10 Spectrograph modules containing

3 CCD each
Red Channel CCD \ma%e
AN

DESI collaboration 2022

Blue Channel
360-593 nm

Near Infrared Channel
747 -980 nm

Charge Coupled
Device Detector

Flux

4000 5000 6000 7000 8000 9000

Wavelength
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Targets of the cosmological survey

e BGS: Bright Galaxy Survey 3 million QSOs (g, I g

Lyman-alpha z>2.1 : o
AT W ol T e S

Tracers 1.0<z<2.1 % ol :k‘r,f;,;:) .

e ’ "". -

e LRG: Luminous Red Galaxy
e ELG: Emission Line Galaxy
e QSO: Quasar 16 million ELGs

0.6<z<1.6

m z>2.1:with a Lyman-a forest

m 7<2.1:as tracers 8 million LRGs
0.4<7<1.0

A . B 14 million BGSs
40 million redshifts in 5 years 0.0<2<0.4
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DESI in a nutshell

o Zhou et al. 2022 . [(é'h]aussidon etal. 2022
Target _.Galaxi;e_s'
Selection . ) £y
(BGS, LRG, ° ) s
ELG, QS0) e
L — = Mol e R 1
Photometry
Silberetal. 2022° ' _° = o
Observing WSS Wm
(5000 spectra [ )
simultaneously) & M‘H
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Survey progress

Y1 completion
Main/DARK : 2744/9929 completed tiles up to 20220611 (=28%, weighted=29%)
e Full coverage: "
14,000 deg?
e Y1 data set used
in the results

presented here

Dec. [deg]

FracCov Area
> 0.00 9721
=0.25 6143

=0.75 1985
=1.00 22

R.A. [deg]
DESI collaboration 2024
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Survey progress

Y3 completion

e Full coverage: Main/DARK : 6541/9929 completed tiles up to 20240327 (=66%, weighted=67%)
14,000 deg?

e Y1 data set used
in the results
presented here .

e Y3 data set 2

secured

Dec. [deq]

FracCov Area Fraction Expfaefraction
>0.00 13243 0.89
=0.25

11952 0.80

-75°

R.A. [deg]
DESI collaboration 2024
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DESI science goals:

- Galaxy and quasar clustering

- Lyman-a forest

- Clusters and cross-correlations
- Galaxy and quasar physics

- Milky way Survey

- Transients and low-z

Corentin Ravoux DESI first year results - LPCA Seminar



2. The Dark Energy Spectfosicb__p_ic I_-nstrum'ent |
2 The Lyman aforest ST
4. DESLES year BAO cosmaological results.

g

o _.r P
L
e
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The Lyman-a forest

® Lines in quasar spectra at Aqhs = (1 + zabs) ALya Caused by absorbers in
the intergalactic medium (IGM) at zaps

Ravoux et al. 2023 Lya —— Flux
60 - DESI quasar z = 3.42 Noise
o Ny
|
o 50 .
~ ya forest SB1 SB2
|
£ 40 LyB
D Si
7] @) 1l )
-E’ 30 Lye . Siy Civ
T O Gy
7
S. 20-
™
k=)
m 10+
0 e i R IR eTsiatah apmy | peeres. 28 T 0 L R A R ENSS————
4000 4500 5000 55|00 6000 6500 7000 7500
/\obs[A]
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Lyman-a physics

— - n=4
e Optical depth (degree of Ao =121.567 nm n=3
transparency of the medium): clectron
excited
o (r) N f}_II (T)‘O'a (’I“\))d’l’ | hydrogen atc?r?;l
| level
Density of neutral Cross SECtlon. Qf energy levels
hydrogen Lyman-a transition
e Fraction of transmitted flux: B

F(r) = exp (—7a(7)) "

Lyman-a forest = non-linear tracer of neutral hydrogen in the intergalactic medium

Corentin Ravoux DESI first year results - LPCA Seminar




Contaminants

® Near the quasar:

B |ntrinsic continuum

B Broad absorption line
quasars (BAL)

¢ Along the line-of-sight:

® Metal absorptions (C, Si,
O, N...)

® Damped Lyman-a
(DLA)

® Near the telescope:

B Atmospheric absorption
and emission
Instrument noise

B Spectrograph resolution

{ /h

Corentin Ravoux

W B %S RS Y g :
. s b 7 X \( ‘\\‘. ( : s ~
Y N ; 3 A LAt e " ; v, ‘ay
: e A S e R e . ; ' h
B > ,.'.\:j\, X ‘,_ 7 “i."" {
Quasar Intergalactic medium Circumgalactic medium
= 2 =ii> S _ihs /
E E R 5 %
Z = = g - £ z z ]
c ”‘ \V € . i \\_\ /,‘\ £ \ | /,\\‘
"é ,/"\ / ~ N\ 1 E 4\\\ N — N\ \\;7\\ £ N ~ N\
— | L g7 ey A IN)
o—f—/— rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 0,,,,;«,1[fﬂ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 0,,,4,4,.1" r\p ,,,,,,, M ,,,,,,,,,,,,,,,,,,,,,,,
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800  gop 1000 1300 1400 1600 1800
Wavelength Wavelength Wavelength
Quasar emission Lyman-alpha absorption HCD absorption
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Lyman-a clustering

Quasar Lyman-a forest

Observer

P>

Corentin Ravoux DESI first year results - LPCA Seminar



Lyman-a clustering

Correlation Observer

F' = Fraction of

F
transmitted flux A F) e

§a(F) =< 0r(Z)0p(Z +7) >,

Corentin Ravoux DESI first year results - LPCA Seminar



Lyman-a clustering

AT

Correlation

Observer

- | i
F Fr.actlon of X SANLS 5 dSc |
transmitted flux (F) % N S
§aq(T) =< 0F(Z)dgs0(Z +T) >,
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Lyman-a BAO Y1

Corentin Ravoux

DESI collaboration 2024

Lya(A)xLya(A) Lya(A)x QS0
4 0.00<u<0.50 ¢ 095<pu<1.00
4 050<p<0.80 { 0.80<p<0.95
0.50 1 ' 0.80<y<0.95 i 151 4 050<p<080
% 0.95<u<1.00 ’ 4 0.00<p<0.50
0.25 !
107
L 0.001 ; Y
s : =
= —0.251 s s
" —0.501 L
U-
-0.75 1
~1.001 -5 4 |
BAO scale T |BAOscale
0 25 50 75 100 125 150 175 200 0 = 20 7 100 123 130 173 200
Separation (Mpc/h) Separation (Mpc/h)

Measurement of the BAO scale with the Y1 data of DESI
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"he Dark a;nergy Spectroscoplc instrumm it
St The: Lyman a forest ;
4. DES| first year BAO_cos_moIOI cal resultS--" '
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BAQO Y1 signal on galaxies

e 3D auto-correlation of galaxies for BGS, LRG, ELG and QSO as tracers

e BAO scale measured over different redshifts

s*£(s) :h“’.\l[u-!]

H‘EE‘I'_« ) [h "_\I[H -2]

~;"’E‘[' g) [f.l“‘z_\[pr-z]

Gl 30 1 120 140

s [h~"Mpe]

DESI collaboration 2024
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All BAO signals from DESI Y1

LRG ELG

Distance measurement relative to ACDM

1.2 4

1.1 -

-
1.0 v _______;7/ ___________

--—- DESI wyw,CDM

0.9 4
IN
W i
0.8
LRG+ELG | {{‘}H()
133 4 8 8 7 & ; o

lookback time [billions of years|

DESI collaboration 2024
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Cosmological constraints

QBAozrd/DM(Z)

Oz =r H(z)/c

BAO d

e Qverall BAO scale:

e BAO anisotropy:

Dyi(2)H ()

Corentin Ravoux DESI first year results - LPCA Seminar

O

18

== Planck £ lo
— best-fit ACDM
BGS
LRG
—$— LRG
—$— LRG+ELG
—4— ELG
—4— QSO
—4— Ly-a

1.0 1.5
Redshift =z

DESI collaboration 2024

Redshift z-

2.0 s,
1.8
=
Cﬁ 1.6
=
< == Planck £ 1o
Q14 — hest-fit ACDM
LRG
o 1"2 + LR(- ‘
—4— LRG+ELG
—4— ELG
1'(} + L\*(l
Q11
=
-------------- L] 2 :
I e E— —— —
N e Tf I
% *
)
2.0 2.5 0.5 1.0 1.5 2.0 2



A word on blinding

Example for Lyman-a forest:
e Blinded analysis to avoid

: : : %>6 DESI:collaboration 2024
confirmation bias: E
S 1.1
= For galaxies: shift of all 8
redshifts based on a random S
©
ACDM model S
= For Lyman-a forest: £
(-
unknown shift of the BAO =
>
peak § 0.9 —— DESI DR1
e Unblinding after passing an % --=- DESI DR1 blinded
) ) q‘{_’ —— SDSS DR16
extending list of tests § — - =
I Transverse deviation from fiducial cosmology

Corentin Ravoux DESI first year results - LPCA Seminar




Hubble constant

ACDM model with baryon information from BBN
74 Sound horizon scale Hy = (68.52 £ 0.62)kms 'Mpc~!| DESI+ BBN

0. CMB angular acoustic scale

B DESI BAO+BBN B DESI BAO+ry
i DESI BAO+BBN+¢ CMB
0.34 ' 1 DESI BAO
DESI : BAO+BBN+4.
0.32-
DESI : BAO+BBN A
= DESI : BAO+r -
_£0.30 o
~1 (DESIHSDSS) : BAO+BBN+6, —e—
DESI+SDSS) : BAO+BBN 4 —e—
0.281 e
SDSS : BAO+BBN 4
Supernovae .y
0.26

1 Late
CCHP : SNIa + TRGB A I L i
SHOES : SNIa + Cepheids -
0.24 - ‘ T T T . . . ‘

66 67 68 69 70 71 72 . . : . . . . .
_1 ) 1 . 66 67 68 69 70 71 72 73 74
Hy [kms™" Mpc™] DESI collaboration 2024 Hy [k /s/Mpc]

In tension with late time measurements (Supernovae)
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Curvature

0.3
B DESI BAO
. CMB
/\CDM mOdel Wlth free (.2 1 BN DESI BAO + CMB
spatial curvature (K)
(0.1
o
Ok = 0.0024 £+ 0.0016 =
R
DESI + CMB
_[:]1 J
In favor of a flat Universe . DES! collaboration 2024
o 0.25 0.30 0.35 0.40
o 28
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Dark energy

—0.2

e Dark Energy equation of BN DESIBAO  --- Uniond
CMB e DESY5
State ('1 for /\CDM): —0.4+ PantheonPlus DESI BAO+CMB+PantheonPlus
w — P/p —0.6 1 -
—0.81
e wCDM model: 3
—1.04
_ +0.15
w = —0.99_0'13 DESI 191
w = —0.997 £ 0.025 | DESI+ CMB+SN |
DESI collaboration 2024
R . 0.2 0.3 0.4 0.5
Assuming constant EoS, compatible o

with a cosmological constant

Corentin Ravoux DESI first year results - LPCA Seminar



Dark energy

e Varying equation of state

(CPL);
EH 1.025 - I—-—[J—li]
w(@)=w +(1-ajwe & e
S o
e Can mimic wide range of S

viable cosmological L0

models (phase transition, E "

scalar field, modified 2

grav | ty) C;S ' I 0.40
e ACDM: Y 0.5 1.0 15 2.0 25

redshift z

|

|
ol
S
S

]
S

Wy =
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Dark energy

--=-- DESI BAO U
5 DESI BAO + CMB i
14 ('---"“*-._: B DESI BAO + PantheonPlus |
' DESI BAO + Union3 i
N\, DESI BAO + DESY5 i
U ______\'i: ‘‘‘‘‘ Nttt _1 i
—1+ i\ S E
_ 9 i \\::\ EEE DESI BAO + CMB + PantheonPlus
i NN E DESI BAO + CMB + Union3
| . N ! BB DESI BAO + CMB + DESY5
—3 ! — ST — i : . :
—-1.0 —0.5 0.0 —-1.0 —0.8 —0.6 —-0.4
. . - DESI collaboration 2024 ,
ACDM tension: Wo wo
DESI + CMB + Pantheon+: 2.50 First hint of varying dark
+ + i : .
DESI + CMB + DESY5: 2.50
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Neutrino mass

¢ NeUtrInO Mass ImpaCtS 0-67 Bl CMB (no CMB lensing) i
CMB i
cosmology 0.57 s CMB + DESI BAO ‘é
e CMB degeneracies broken :
— 04
by BAO, through Hubble =
constant measurement s 04 :
[
0.2
) “m, <0.072eV| DESI+CMB
0.1
Z m, < 0.195eV DESI+ CMB 0.0 |DESI collaboration 2024
with (wg, wy) 62 64 66 68 70

Hy [kms™ Mpc™?]

Strong constraint on neutrino mass
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rHe Dark Energy Spectroscop|c Instrumem |
2 The Lyman aforest I
4. DESI. flrst year BAO __cosm,olo ' cal results.
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Lyman-a clustering

Quasar Lyman-a forest

Observer

P>
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Lyman-a clustering

Quasar Lyman-a forest
*
f

Correlation in Fourier space
*

Observer

P>

F' = Fraction of B i ¥ a 5
transmitted flux 0 O (F) Ty | LivEs <‘5F(k)‘ >f0rests
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One dimensional power spectrum

e Correlations along

ndividual lines-of.sightin | wenaity hyd
individual lines-of-sight in ++*I+l++*+ O i {H |22 oo
Fourier Space S E At e T | 1 roae oot e
o, 0 bre ‘ j;SO (5343chEnks)
e Sensitive to small-scale . i+ - H:::::::HHIH P l + 52 (3267 chunkey
. = ,.,.,’ pettan bt 2=3.6 (1006 chunks)
matter clustering and e ,+.H,++++++u1++++lf+|Hi b 22 (500 chamke
IGM thermal state
: et Ravoux et al. 2023
e Unique probe to AR |
: , p
COﬂStraln neUtran 10700 0425 050 095 1.00 125 150 195  2.00

kA

masses and dark matter
properties (WDM, FDM...)
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Lyman-a clustering

Quasar Lyman-a forest

*

Interpolation s

Observer

*

\
\
-
N
A Y
v ;
’
P
SE
3

F' = Fraction of
transmitted flux

F
) O~ =l Sy

5Fmap
3D tomographic map of
Lyman-a absorption
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Tomographic map

° Gives a3b map tradng Ravoux et al. 2020
matter at redshift z > 2 R .

e Applications:

® |dentification of proto-
cluster candidates

m Cross-correlations with
cosmic voids, tracer of
velocity flows in the
cosmic web

eBOSS DR16
measurement

B
LA
[ ]
- .
mw
I °
(= o
w
ya X voids cross-correlation Exr

-
|

=

=)

-15

ot
.I_

-2.0

r “Ravoux et al. 2022
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‘Conclusion

e Hint of varying dark energy from DESI Y1 BAO data

e Strong constraints on ACDM and neutrino mass

e Lyman-a forest yields a lot of applications

| | DARK ENERGY
| SPECTROSCOPIC
H INSTRUMENT

U.S. Department of Energy Office of Scie@
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BAO for different species

Interplay between
different species in
the primordial
plasma and after
recombination

bt
o

o
0

Mass Profile of Perturbation

=

0.4

I I T T | T T T T I T T T T | T T I I
- Dark Matter, Gas, Photon, 110 yrs A
s z=82007 —
11
| |
= | | | | | 1 [l L I 1 1 1 1 I 1 | 1 1 =
0 50 100 150 200

Radius (Mpc)
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Cosmological probes: RSD

e Redshifts precisely measured by (1 + Zobs) = (1 + Zeosmo) (1 + Zpeculiar )
spectroscopic surveys:

® Universe expansion + peculiar velocity
m Position shifted by the line-of-sight
peculiar velocity

e Redshift Space Distortions (RSD):
Distortion of cosmological observable
due to peculiar velocities )>

48



Neutrinos in cosmology

e Matter power spectrum impacted by:

® Sum of neutrino masses Zmy
® Dark matter model (e.g. warm dark matter)

Unique probe to constrain neutrino
masses and dark matter properties

0.00
_0.02- P1D range
g —0.04-
S
N?b:—o.oe-
avg
—-0.08- Y, m,= 50 meV
>, m,= 100 meV
—0.101 »,m,= 150 meV
104 1073 10~2 10! 10 10!

k [h/Mpc]

T2(k)

HDM : 0.1 keV WDM : 0.5 keV

Transfer Function

10[]

101
cdm

—  wdm 2.5 keV

—  wdm 0.5 keV

— wdm 0.1 keV /
10-2 L . I ‘ ‘ =

w04 107 1w? 1w’ 10" 1wt 10? CDM
k / h Mpc™!
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Latest constraints with eBOSS

e Neutrino mass (P1D +CMB): 1 — Lyman-a+H, prior
== P18+lens+BAO
Z m, < O]_]_ eV i . Lyman-a+P18
at9s% C.L. fq N Lyman-a+P18+Lens+BAO
e Warm dark matter model: Palanqlu;bgzl?jbcrzg)ﬂle
et al.
mx > 5.3 keV| .. .
e Other constraints: Fuzzy § o )
dark matter, sterile
neutrinos, running of the

0.925 0.95 0.975 0 0.5 1

primordial power spectrum 2 >m,

50



Forecasts for DESI

e Constraints on WDM improved
by a factor 1.6 vailuri et al. 2022

e |GM thermal parameters by a
factor 2.

e Neutrino mass, in association
with BAO and CMB:

o () m,)=0.03eV

0.75

0.70

B Planck

N + DESI P1D

I + DESI BAO

I + DESIBAO & P1D

Credits to A. Font-Ribera

7
Vi
S\
A\JN
w
0.130 0.I34 U.I38 0!2 074 016
Qm Zmu
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Wiener filter map on eBOSS data

600 %

500 |

Redshift z

400 4|

300

200 {4

Relative comoving distance in the Z direction [h~1-Mpc]

| i
0 200 400 600 800 1000 1200 1400
Relative comoving distance in the X direction [h~1:Mpc]

Ravoux et al. 2020

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Reconstructed Lya contrast 6gmap

Lyman-a forest

*

Quasar

e

Reconstructed Lyman-a

contrast

O

Void
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Applications

Ravoux et al. 2020

e |dentification of proto-cluster
candidates:

® Densest regions of the map with density
threshold
B Criteria on the number of crossed lines-of-sight

Ravoux et al. 2020
e High redshift cosmic voids:

B 3D spherical void finder
® Void can be used to probe the dynamic of the
cosmic web
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Lyman-a / Void cross correlation

Ravoux et al. 2022

e Distance between void . 20
centers and Lyman-a flux 15
contrast: 10 £

20 c
0.5 %
Void = 0 00 g
n é
6 U = cos6 —20 Iy é
r Quasar
Lyman-a forest " * a0 -15
| {\( -2.0

eBOSS measurement
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Multipole expansion

e Use of a spherical
decomposition to measure
deformation of voids

e Effect of velocities seenin
eBOSS data

B="0 =0.5240.05

View of velocity
flow around voids atz> 2

r x Monopole

Hexadecapole Quadrupole

1.5-
1.0-
0.5-
0.0-

—-0.5-

0.00-

-0.02 -

-0.04 -

0.02+

0.00-

-0.02-
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Growth rate forecasts
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Methods

e Growth rate measurement methods with peculiar velocities:

Density/momentum
power spectra

(9g(K)dg(K)) (dg(k)v(K)) (v(k)v(K))

Density-velocity
comparison

Vmeasured €< V- Vpred X —aH f 0

Forward modeling

) (5g7 V)

Maximum likelihood
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Covariance mat

rix
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