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What is dark energy ?

The acceleration problem

Spoiler: we don't know yet



The Universe is expanding, and accelerating !
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The Universe is expanding, and accelerating !
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The Universe is expanding, and accelerating !
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Past: z> 0 (galaxies appear to be redder)
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General Relativity
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Model for the expansion
General Relativity

Space-time
properties

o
dr

Expansion-rate

Energy content
of the Universe

+ smooth Universe

ohotons, dark energy

neutrinos (cosmological constant)

0.008% 20%

The only one causing acceleration of the expansion! /‘
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Model for the expansion

General Relativity
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Model for the expansion
General Relativity

Space-time
properties

Energy content
of the Universe

+ smooth Universe

QA[CZ(I)] —3(1 +w0+wa)63wa[ 1—a(?)]

No fundamental origin for A | dark energy

(quintessence, phantom force)

70%

The only one causing acceleration of the expansion! J‘




Physically motivated theory ? Alternatives or extensions of General Relativity
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Physically motivated theory ? Alternatives or extensions of General Relativity

Massive
Gravity
mg > 0

General
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What is dark energy ?

The acceleration problem
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What is dark energy ?

The acceleration problem
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Structures of the Universe

and how can they teach us about dark energy
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https://www.tng-project.org/
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smooth Universe
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Model for the structures
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smooth Universe
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Model for the structures
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Model for the structures
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Model for the structures

%
\\

AN

do
—(t) ~ Growth-rate

dt

—— With DE
44 ---- NoDE -

Acceleration damps
growth of structures ||

10° 10’ 108 10°

/
Space / 04
A /| g 4 4
ﬁ A Y 4 Y
/}' / L/ / 0.2 -
/| 1 /1 /
V% 49%
/ /
// / /
) 4
[ I ( ) o \
expansion, :
5 + pressure 5 T gravity

& _J

v

Time t [years]

o = 0

1010



expansion, 5 — : 5 — O
5 + —

Structures

do
—(t) ~ Growth-rate
dr
—— With DE
0.4 -———- NoDE /\’
0.3 - ’

0.2 -

Acceleration damps

growth of structures !

0.1 -

0.0 A

e
-
-
-
-
—”
-
-
—

10°

Time t [years]

10’ 108 10°

1610



Smooth Universe

2 ( \
\d—a(t)] ~ Q. [a()]~* HONEL0) B Ul O)
dt
Expansion-rate photons, dark energy
neutrinos (quintessence, phantom force)
0.008% 70%

-/

da |
—(t) = Expansion-rate
dz

500
— With DE
200 ---- No DE
300 A
200 A
100 - S N
Acceleration ! \/
O ' L ' L ' LR | ' LR |
10° 10’ 108 10° 1010

Time t [years]

Structures

expansion, 5 — : 6 — O
6 + —

do
—(t) ~ Growth-rate
dr

0.4 -

0.3

0.2 -

0.1 -

0.0 A

- With DE
---- No DE

Acceleration damps
growth of structures !

-
-
-
-
—”’
-
—_—

10° 10’ 108 10° 1010

Time t [years]



Smooth Universe Structures
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Statistics of the structures

One Universe, 5(X) not so useful by itself,

one realisation: so we look at statistical properties !
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One Universe,
one realisation:

Average:

Variance:

Correlation function:

Statistics of the structures
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Statistics of the structures

One Universe, 5(X) not so useful by itself,

one realisation: so we look at statistical properties !
Average: <5(X)> = () by definition... not very useful
Variance: <52(X)> useful! but there is more...

(Correlation function: <5(X)5(Y)> \

. contain most information
Fourier Transform

\ Power-spectrum: <5(k)5(k,)>

(most used)

S

Higher-order: <5(X1)5(X2) e 5(Xn)> also very interesting



Correlation function: <5(X)5(y)>

< : > — average over all pairs in the volume

(6(x)6(x + 1)) = &(r) = &(ry, 1))




Correlation function: <5(X)5(Y)>
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Correlation function: <5(X)5(Y)>
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Structures of the Universe

and how can they teach us about dark energy
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Structures of the Universe

and how can they teach us about dark energy

Umverse s not smooth

and their statistics
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Structures of the Universe

and how can they teach us about dark energy

and their statistics
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Observations

and how we measure
the expansion and growth-rates



Observing redshitts
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Redshifts are 'easy' to measure



Observing the expansion-rate
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Observing the expansion-rate da

Cosmic microwave background (CMB) dt
z ~ 1100 or t ~ 380 000 years
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Type-la Supernovae (SNla) Baryon Acoustic Oscillations (BAQO)
as standard candles as standard ruler
O<z< 15 01<z< 25
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Observing the expansion-rate

Baryon Acoustic Oscillations (BAQO)
as standard ruler

astro.ucla.edu




Observing the expansion-rate

Baryon Acoustic Oscillations (BAQO)
as standard ruler

~ 100 Mpc/h

astro.ucla.edu



Observing the expansion-rate

Baryon Acoustic Oscillations (BAO)
as standard ruler

f(”na”l)
—— e

0.00 0.01 0.03 0.08 0.19 046 1.14 281 693 17.12

120 &(r)
— 60
8
= ’ \
e Ty
— O
. 60 BAO ruler
120 ~ 100 Mpc/h

—120 —60 O 60 120
ri [h~! Mpc]



Observing the growth-rate do
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Cosmic microwave background (CMB)
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Observing the growth-rate
with redshift-space distortions (RSD)
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Observing the growth-rate
with redshift-space distortions (RSD)

Peculiar velocities modify redshifts and True positions
squeeze structures in the radial direction
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Observing the growth-rate
with redshift-space distortions (RSD)

Peculiar velocities modify redshifts and True positions Observed positions
squeeze structures in the radial direction
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eBOSS

and the state-of-the-art map of the Universe's structures



20 years of redshift surveys with SDSS

https://www.youtube.com/watch?v=KJJXbcf8kxA (by EPFL.ch)
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20 years of redshift surveys with SDSS

https://www.youtube.com/watch?v=KJJXbcf8kxA (by EPFL.ch)
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Flux

eBOSS Spectra

Luminous Red Galaxies (0.6 < z < 1.0)

LRG 11087-58488-109
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Wavelength [Ang]

4000 5000

Quasars (z > 2) for Lyman-alpha forest

QSO z > 211087-58488-156
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Emission Line Galaxies (0.7 <z < 1.1)

ELG 10454-58135-203

o.o—
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Wavelength [Ang]

5000

4000

Quasars for clustering (0.8 <z < 2.2)

QSO z < 211087-58488-110

6000 7000 8000 9000 10000

Wavelength [Ang]

4000 5000

Redshifts obtained with PCA templates, neural networks

and some visual inspection (for QSOs)



Extracting cosmological overdensities
(Ross, Bautista, Tojeiro et al. 2020)
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Extracting cosmological overdensities
(Ross, Bautista, Tojeiro et al. 2020)
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Extracting cosmological overdensities
(Ross, Bautista, Tojeiro et al. 2020)

Galaxy overdensity:
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1000 simulated surveys used to test methods, covariance, systematic errors
(Zhao, Chuang, Bautista, et al. 2020)



Correlation tunction &(r) of galaxies
(Bautista, Paviot, Vargas-Magana, de la Torre, et al. 2020)
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Correlation tunction &(r) of galaxies
(Bautista, Paviot, Vargas-Magana, de la Torre, et al. 2020)

BAQO - Expansion-rate
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Correlation tunction &(r) of galaxies
(Bautista, Paviot, Vargas-Magana, de la Torre, et al. 2020)

BAQO - Expansion-rate
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Expansion-rate
with Baryon Acoustic Oscillations (BAO)

SDSS BAO Distance Ladder

1.15 1

1.10 +

-

1.05 A
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Growth-rate
with redshift-space distortions (RSD)
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Cosmological
constant

Cosmological implications
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Expansion-rate photons, dark energy
neutrinos (cosmological constant)
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(eBOSS Collaboration, 2020)
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Cosmological
constant

Cosmological implications

da 1?
[d—t(t)] ~ Q,[a®)]™
Expansion-rate photons,
neutrinos
0.008%
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dark energy
(quintessence, phantom force)

70%
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(eBOSS Collaboration, 2020)
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Cosmological implications

5 + expansion, 5 — | gravity 5 — O
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(eBOSS Collaboration, 2020)
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Cosmological implications

Stage Il — —— -0-
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(eBOSS Collaboration, 2020)

Stage Ill: SDSS final, Planck CMB, Pantheon SN la, and DES 3x2pt
Stage Il: SDSS DR7, WMAP CMB, JLA SN la




Future

and making high-resolution maps



Satellite with 2m mirror

~30 million galaxies
2022 2028
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Telescope with 4m mirror A Telescope with 8.4m mirror

5000 spectra at a time
~ 20 million galaxies

Largest camera in the world
~ 300k supernovae

2021-2026 = 2023 - 2033
| DARK ENERGY Rubin
|| SPECTROSCOPIC Sk
f INSTRUMENT Observatory

L N IWadLs N

Key participation of CPPM in these projects




DARK ENERGY |
SPECTROSCOPIC Expansion-rate

@ INSTRUMENT
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Conclusion

QA [a(t)] -3(1 +w0+wa)e3wa[ 1-a(?)]

dark energy or
(quintessence, phantom force)

What is dark energy? We don't know yet

70%

Empirical dark-energy?

Statistics of the structures of
our Universe can inform us

Yy

-
/Ys

Alternative to GR?

HONL ' oACDM
SDSS produced the state-of-the-art map of the structures — B T

measuring expansion-rates and growth-rates oo

0.0 - , : . S
0.0 0.2 0.4 0.6 0.8 1.0
Q,
Future is promisin :
P J euclid

with next-gen surveys

VERA C.RUBIN
OBSERVATORY



