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FLRW metric

Homogeneous and isotropic Universe =
Friedmann, Lemaitre, Robertson, Walker metric

dr?

T 2 + r%(d6? + sin® 8d¢°)

ds® = dt* — R*(t)

* isotropic
* scale factor R(t) due to expansion
 dimensionless scale factor : a(t)=R(t) / R(t,)
now a(t,) =1
in the past a(t) < 1
Big Bang a(t) =0



Friedman equation
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» Critical density today

* Einstein Eq => (Friedmann Eq.)

H2
Pe = 38—0 = 1.88 x 107*h? g/em® ~ 5 protons / m?
7i8
* We introduce = 'Om(t‘)), Q, = pr(to)) Q, = pu(to)

p)
(_) — Hg [Qma,_3 + Q.0 *+Q, + (1-— QT)a_Q]




Content of the Universe

Dark energy
69%

Dark matter
26%



Observational Cosmology - Part IlI

1. Standard candles
« SNLS

2. Cosmic Microwave Background
* History
» Planck Satellite

3. Standard ruler - BAO
« SDSS — BOSS/eBOSS
e DESI

4. The H, puzzle



Standard candles

SNI-a




SNLS:
SuperNova Legacy Survey

MegaCam:
> designed and built by CEA/Irfu
> Biggest camera CCD in the
world till 2010:
36 CCD 2k x 4.5k pixels.
> Wide field: 1 deg?
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> 3.6m telescope (CFHT)
at Hawai equipped with MegaCam
» 400 SN la over 2003-2008

SNLS:




SNLS: The method

SNLS Light curves
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15t Stage
» Measurement of photon flux every 3-4 days
» On-the-fly detection of SN explosions



SNLS: the method

Gemini J

2nd stage
» Observation of SN spectra with 8m telescope
(VLT, Keck, Gemini...).
» Confirmation of SN type (la, Ib..).
» Measurement of redshift.
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Standard Candles - Status
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Proof of Dark Energy

> Almost one thousand SNla used in
the new Hubble diagram

» Clear demonstration since 1999

» SNla machine in preparation with
LSST (first light in 2023) in Chile




A picture
of the primordial Universe

Cosmic Microwave Background




The
Big-Bang

~10-19-10s
Elementary

particles
= LHC

Cosmic First Stars, Expansion
Background Stars  Galaxies Accelerates
Afterglow Develop

Dark Matter Dominates ] Dark Energy Dominates
13.7 113.3 |5 0l

Billions of Years Before Today

» Expanding Universe is slowly cooling
» 3mns : End of nucleo-synthesis
» 380 000 years: Recombination : Universe becomes

transparent
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CMB discovery
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> 1964: Discovered "by chance” by Penzias and Wilson
(uniform radio “noise” at 7.5 cm — 2.7 K)

> 1989-1992: Satellite COBE
> Perfect black body with a temperature T=2.725K!
> Extremely small anisotropies of 0.00001 degrees....
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Planck more and more precise measurements

Planck maps

» Maps of the whole sky
for 9 different frequencies
> Separation of the
components (CMB,
galactic dust, experimental
noise...).

» ESA/CNES satellite launched in May
2009 toward L2 (1.5 M km from Earth)
» Measurement of Tp=2.7K

at 1/100 000
» Bolometers cooled at 0.1 K
» ~3-year observation program
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What do we learn with these maps?

CMB anisotropies
> Angular size of the

fluctuations
» Conversion : angle | |
0—multipole | = 1809/0 .
8000 [+ _
: \ 1st peak Planck TT spectrum
i Position: curvature and Dark Energy
4000 [ Amplitude: baryonic matter i

3000 f

Ratio 15t peak/3rd peak _
Dark Matter/baryon ]

2000

Temperature fluctuations

1000

0::.;.::{::::}:::::..::
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2500
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Universe content seen by Planck

» Starting from power spectrum (acoustic
oscillations), we derive the content of the
Universe, 380 000 years ago.

Light particles
relativistic

(neutrinos)

Radiation
(photons)
Atoms | Dark Matter
(ordinary matter, (S.U SY,
hydr()gen, axions..)

helium)

17



From CMB to today

» From Friedmann equation, we can predict the evolution
of Universe components

-\ 2 2 2
H2=(g) _35G ket | Ac e L
3 a 3 1+z

» Consistent with Universe observed by supernovae

Dark
' . Energy
Atoms ’ B Radiation
gas, stars, |l =
planets) \g ) ==

Dark Matter
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Standard Ruler

Baryonic Acoustic Oscillations
See DESI

J

25

\ »pidooso¥yir>




A probe for Dark Energy:
Baryonic Acoustic Oscillations

Acoustic propagation of an overdensity:

» Sound wave through relativistic plasma (baryons, electrons,
photons).

» Baryon and photon perturbations travel together till recombination
(z~1100).

» Then, the radius of the baryonic overdensity is frozen at 150 Mpc.
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Baryonic Acoustic Oscillations

redshift space
B2285 galaxies

A special distance:

» Galaxies form in the overdense shells about 150 Mpc in radius.

> For all z, small excess of galaxies 150 Mpc (in comoving
coordinates) away from other galaxies.

— Standard Ruler
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Observation of baryonic acoustic peak

First observation: : y I-; SDSS -
» In 2005: First observations of baryonic [~ fiua 1 ;
oscillations by 2 teams (2dFGRS and topig \} ' } J o
SDSS) Z sof Standard Ruler "\ t \E
> SDSS observe a peak at ~150 Mpc -ﬂ_o'__> | ;j |
» SDSS: ~50 000 LRGs i ] D. Eisenstein et al., \\ " =
“Luminous Red Galaxies” T ApJ, 633, 560 (2005) :

1005 20 20 80 80 100 200

Comoving Separation (h-1 Mpec)

A 3D measurements:

» Position of acoustic peak

> Transverse direction:

AB = r/(14+2)/Da(2)

— Sensitive to angular distance Dy(z)

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

— Sensitive to Hubble parameter H(z).

22



SDSS: 2009-2019

Sloan Telescope
@b:2m oV ~7deg?

|

BOSS (2009—2014)
> 1.2 millions of Luminous
Red Galaxies (LRG)
- 0.15<z<0.7
» 170 000 quasars
- z>2.1, HI absorption)

eBOSS (2014—2019)
> Redshift of LRG extended to 0.8

» Emission Line Galaxies (ELG): star
forming galaxies, z~0.85

» Quasars direct tracers
- 0.9<z2.2
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SDSS Observation Strategy

,_Photometry from SDSS-II List of targets
lu g r i R SDSS J112253.51+005329.8

| SDSSp J120441.73-002149.6
I | SDSSp J130348.94+002010.4

{\ SDSSp J141205.78-010152.6

L | ‘, U | M ' SDSSp J141315.36+000032.1
T T . W P |

M'*W ,v*lv | [ %q

4000

5000 8000 7000 8000 9000  1000¢
Wavelength (A®)

1000 optical fibers
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Several steps (~3 months)

> Target selections

> Dirill plates (1000 holes per plate)

> Plug plates on cartridges during day

> Observation of 5-9 cartridges per night.

2R



BAO with galaxies and quasars

Confirmation with BOSS in 2012
» Redshift range 0.15<z<0.7

» BOSS-only 8-c observation 40

of BAO 20

60
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Even better with eBOSS in 2020  °
» Redshift range 0.15<z<2.5 -20

~ 1M Luminous
Red Galaxies

—
—
—
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s (h~' Mpc)
@ ssiag Agreement with Planck
gi 1 {ﬂ »BAO scales consistent with
Sem] LT Planck
_ ...| »Consistency of cosmological

0.0 0.5 1.0 15 2.0 25 measu rements

Redshift



5000 fiber positioner

DESI Project

- Scientific project Cf;rzztg(z’r
— 14000 deg? 3D survey for 0<z<4
— International collaboration
— 74 institutions (46 non-US)
— 650 members

Mayall
Telescope

10 spectrographs
* Instrument

— 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

in 5 years

3 million QSOs
Ly-a z>2.1
Tracers 0.9 <z < 2.1

16 million ELGs
0b6<z<1.6

04<z<1.0

13.5 million
Brightest galaxies
0.0<z<04




5000 robotic fiber positioners

Configuration
'—-.':33'!5‘3;?.:""7 , = 1
PR %= ° 10 petals in focal plane
£+ 500 fibers each petal
* 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 15 mm

29



Ten spectrographs

Ten 3-channel spectrographs
| =360 nm to

3 te_rﬁ‘”"“pé:’i“" ,

“wlcontrolled room®



Flux

Ten spectrographs

Ten 3-channel spectrographs Oll] 373 nm
A =360 nmto

uptoz=1.6
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Flux
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Dec. [deg]

Stats for the 20220611 night:
Moon illumination: 0.94

1 DARK tiles

completed

Current status of DESI

Main/DAR7KS; 2754/9929 (=28%) completed tiles up to 20220611

Area
9745
6170
1995

-75°

R.A. [deg]

1st two months of DESI LRGs; 262269 with 0.4<z<1.1

s2 x configuration-space monopole

—-— a simplified BAO model (not a fit)
® data with jack-knife errors

..

scale (s; arbitrary units)

[ Survey Progress [%]
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Dark Time

Survey
Forecast

20250206

0 T
2022

T T
2023 2024

Very promising start

T ! T
2025 2026

— ~30% already observed in only

one year

— But it has been stopped since the
end of June (fire at Kitt peak)

— Nice BAO peak observed with
only the first two months (LRGs)
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The H,puzzle

Future standard sirens




Local measurement of H,,

Distance ladder

> Parallaxes
» Cepheids
» SN-la

Comparison to CMB
> Indirect measurement of
H, through the evolution of
the Univers assuming
LCDM since CMB
(z=1100)

4.4c tension
» CMB: Hy=67.4 £ 0.5
» SNla: Hy=74.0+ 1.4

SN-la with
cepheids
in their host
galaxy

Cepheids — Type Ia Supernovae

Type Ia Supernovae — redshift(z)

u (z,Hy=73.2,99.jo)

SN Ia: m-M (mag)

Geometry — Cepheids

36 38 40
SN Ia: m-M (mag)

Distant SN-la
providing the Hy

#FMH% 44400 E

Jos mMeasurement

<
1-04

Cepheid: m-M (mag)

10 15 20 25
Geometry: 5 log D [Mpc] + 25

Cepheid: m-M (mag)

Local cepheids

calibrated by their parallax

SHoOes, Riess et al., 2019
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HOlicow — lensed quasars

4 Images
HE0435-1223 |
of the same
quasars
Source P o Observer
The lens: R
a galaxy

[ [ ]
PrlnClpIes 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

> Study of the time-delay /4 , .,v;ﬂ A ‘IiEi“) = i
for each image g st o3\ W !:: M b WL gl i
> Several lensed quasars ~ § " “M \"” i \ \ Vil

» Quasar variability makes # " ¥y Nl i
time delays measurable i 0 O D L.

HID - 2400000.5 ldavl

> Time delays: ~10 days
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Comparison late/early Universe

flat ACDM
Late
67 411 Universe
BAO+BBN o— M
Early 7/1.0:H SN|a
Universe s
Planck (Planck Collaboration 2018) 7331%; .
® DES+BAO+BBN (Abbott et al. 2018) ® Quasar LenSI ng
@® SHOES (Riess et al. 2019) 73 8+1‘1
@® HOLICOW 2019 (Wong et al. 2019) Q1.1 I
@ Late Universe (SHOES + HOLICOW) ® Combl ned
68 70 712 74
Hy [kms ' Mpc ']
Interpretation

> Significant discrepancy >5¢, so-called the “H, tension”
» Underestimate of systematic uncertainties

» New models to describe cosmology, typically with
evolving Dark Energy model... Early Dark Energy
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H, and Gravitational Waves!?

x10~18

.9

-0.5 1

~ 200
3 100

0 r T T r T r T T
-0.8 -0.7 -0.6 ~0.5 ~0.4 -0.3 -0.2 ~0.1 0.0 0.1
time (s)

strain

(Hz)

S

Principles

» Binary neutron star merger

» Measurement of distance with
the GW amplitude (strain)

» Measurement of the redshift
with the optical counterpart (host

galaxy)
> Standard sirens

p(H, | GW170817) (km™" s Mpc)

0.04

0.03 +

0.02

0.01 +

0.00

Planck
SHoOES

Ho = 70124

With onlyg one event
GW170817

50

T
60

T
70

I I I II I I
80 90 100 110 120 130
H, (km s7' Mpc™)

140
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Future with standard sirens

82.5 - — T
KP GW170817 St
80.04 T _—
-l B CPH HST+ Hgm_\
- = SHoES | GAIA2

T 75.0- *
= @ x %

& 72.5 N * . = I

E e

= 70.0 - L s I X

o

I W3

WS 15 x BNS
67.5 - 1 e I I [)
w1 ey e Pl%I P18 P;4

65.0 1 P13 “BAQ

62.5 - % Dist. Ladder e ACDM X  Std. Sirens

2000 2005 2010 2015 2020
year
Prospects

> Measurement at 10% with one BNS (GW170817)
> Several BNS merger expected by year

> Expect a few % of accuracy within a few years

» But, in O3: April 2019-March 2020 only 2-3 BNS alerts
» None with EM counterpart
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