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

• isotropic
• scale factor R(t) due to expansion
• dimensionless scale factor : a(t)=R(t) / R(t0)

now a(t0) = 1
in the past a(t) < 1
Big Bang a(t) = 0

FLRW metric
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• Einstein Eq => (Friedmann Eq.)    

• Critical density today

~ 5 protons / m3

•We introduce

ΩT = Ωm + Ωr + Ωv = ρ0 / ρc

Friedman equation

We introduce the density parameters by normalizing to the critical density:
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and �T = �m + �r + �v = ⇥0/⇥c, since ⇥0 = ⇥m(t0) + ⇥r(t0) + ⇥v(t0).
If we set t = t0 in Eq. 120 we get
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Inserting the resulting value of k in Eq. 120 gives:
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We can decompose ⇥(a) = ⇥m(a) + ⇥r(a) + ⇥v(a) and introduce the a dependance of each
density:

⇥(a) = ⇥m(t0)a
�3 + ⇥r(t0)a

�4 + ⇥v(t0) = ⇥crit(�ma
�3 + �ra

�4 + �v) , (125)

which gives another form of the Friedmann equation:
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This formula is extremely useful. Many quantities can be computed by expressing them
in terms of a and ȧ/a and then using Eq. 126. For instance to compute the age of the

Universe we write dt =
dt

da
da =

da

ȧ
=

da

a(ȧ/a)
and

t = H�1
0

⌥ 1

0

da
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. (127)

If we consider our Universe, it is flat so the term 1��T disappears. In addition, in many
calculations the contribution from �r = 9⇥ 10�5 can be neglected.
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• The radiation that is important from a cosmological point of view is the relic CMB
photon radiation, the photons emitted by stars are negligible. The CMB has a black
body spectrum with a measured temperature of 2.75 K, which gives a density of

⇢r = g
⇡2

30

(kBT )
4

(~c)3
, (109)

i.e. 4⇥ 10
8 photons m�3 (the number of spin states is g = 2 for photons). For radi-

ation, thermodynamics gives pr =
1
3⇢r. So Eq. 107 implies dt [⇢ra3

] = �1
3⇢r dt [a3

],
i.e. d⇢r/⇢r = �4da/a and

⇢r / a�4 . (radiation) (110)

When the Universe expands, there is a factor a�3 for the density of photons and
an additional factor a�1 because the wavelength of the photons scales as a and
E / ��1. Combining Eqs. 109 and 110 gives:

T / 1/a . (111)

This is the reason why, although the temperature of the Universe at decoupling
(z = 1100) was 3000 K, the temperature of the CMB today is 2.7 K.

• Quantum vacuum is not empty, antiparticle-particle pairs appear and disappear.
This gives a vacuum energy that depends only on the volume, so a vacuum energy
density ⇢v independent of time and space. Eq. 107 gives ⇢vdt[a3

] = �pvdt[a3
] and

then
pv = �⇢v = constant < 0 . (vacuum) (112)

The vacuum pressure is negative. We will see that the vacuum energy is equivalent
to a cosmological constant that can be added in the Einstein Equation and it is one
of the possible origins of dark energy (section 10.7).

10.3.4 Friedmann equation

In cosmology, the Einstein equation implies
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which is known as the Friedmann equation. There exists a critical density today, ⇢c,
for which the Universe is flat (k = 0):
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Note the h2 factor in the value of ⇢c. If a new measurement updates the value of H0,
this automatically updates the value of ⇢c. This critical density corresponds to about 5
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Content of the Universe
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Dark matter
26%

Ordinary
matter

5%Dark energy
69%
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1. Standard candles
• SNLS

2. Cosmic Microwave Background
• History
• Planck Satellite 

3. Standard ruler - BAO
• SDSS – BOSS/eBOSS
• DESI 

4. The H0 puzzle

Observational Cosmology - Part III



Standard candles

SNI-a



SNLS:
SuperNova Legacy Survey 

MegaCam:
Ø designed and built by CEA/Irfu
Ø Biggest camera CCD in the 
world till 2010:

36 CCD 2k ´ 4.5k pixels. 
Ø Wide field: 1 deg2

SNLS:
Ø 3.6m telescope (CFHT) 
at Hawaï equipped with MegaCam
Ø 400 SN Ia over 2003-2008
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SNLS: The method

1st Stage
Ø Measurement of photon flux every 3-4 days
Ø On-the-fly detection of SN explosions

Explosion 
of the SNIa

SNLS Light curves 
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400 600 800 l (nm)

SNLS: the method

2nd stage
Ø Observation of SN spectra with 8m telescope 
(VLT, Keck, Gemini…).
Ø Confirmation of SN type (Ia, Ib..).
Ø Measurement of redshift. 

Gemini
Keck

VLT
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Standard Candles - Status

M
ag
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tu

de
 

0.2        0.4        0.6        0.8         1         1.2        1.4  

Matter only 

Proof of Dark Energy
Ø Almost one thousand SNIa used in 
the new Hubble diagram
Ø Clear demonstration since 1999
Ø SNIa machine in preparation with 
LSST (first light in 2023) in Chile

Redshift 
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A picture 
of the primordial Universe

-
Cosmic Microwave Background



The 
Big-Bang 

ØExpanding Universe is slowly cooling 
Ø3mns : End of nucleo-synthesis
Ø 380 000 years: Recombination : Universe becomes 
transparent

~10-10-10-5s
Elementary 

particles
⇒ LHC

13



CMB discovery

Ø 1964: Discovered ”by chance” by Penzias and Wilson 
(uniform radio “noise” at 7.5 cm ⟶ 2.7 K) 

Ø 1989-1992: Satellite COBE
Ø Perfect black body with a temperature T=2.725K !
Ø Extremely small anisotropies of 0.00001 degrees….

COBE-FIRAS

COBE-DMR

14



Planck more and more precise measurements
Ø ESA/CNES satellite launched in May  
2009 toward L2 (1.5 M km from Earth)
Ø Measurement of TFDC=2.7K 

at 1/100 000
Ø Bolometers cooled at 0.1 K
Ø ~3-year observation program 

2.7K
~160 GHz

Planck maps
Ø Maps of the whole sky 
for 9 different frequencies
Ø Separation of the 
components (CMB, 
galactic dust, experimental 
noise…).  
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What do we learn with these maps?

CMB anisotropies
ØAngular size of the 
fluctuations
Ø Conversion : angle 
q®multipole l = 180O/q
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1st peak
Position: curvature and Dark Energy
Amplitude: baryonic matter

Ratio 1st peak/3rd peak
Dark Matter/baryon
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Universe content seen by Planck

Light particles 
relativistic 
(neutrinos)

Radiation 
(photons)
Atoms 

(ordinary matter,  
hydrogen, 
helium)

Dark Matter
(SUSY, 

axions..)

Ø Starting from power spectrum (acoustic 
oscillations), we derive the content of the 
Universe,  380 000 years ago. 
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From CMB to today

Dark Matter

Atoms 
(gas, stars, 
planets)

Dark 
Energy

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

Ø Consistent with Universe observed by  supernovae

H 2 =
a
a
!

"
#
$

%
&

2

=
8πG

3
ρ −

kc2

a2 +
Λc2

3
          a∝ 1

1+ z
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Standard Ruler
Baryonic Acoustic Oscillations



A probe for Dark Energy: 
Baryonic Acoustic Oscillations

20

Acoustic propagation of an overdensity:
Ø Sound wave through relativistic plasma (baryons, electrons, 
photons).
Ø Baryon and photon perturbations travel together till recombination  
(z~1100).
Ø Then, the radius of the baryonic overdensity is frozen at 150 Mpc.



Baryonic Acoustic Oscillations
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A special distance:
Ø Galaxies form in the overdense shells about 150 Mpc in radius.
Ø For all z,  small excess of galaxies 150 Mpc (in comoving 
coordinates) away from other galaxies.

Þ Standard Ruler



Observation of baryonic acoustic peak
First observation: 
Ø In 2005: First observations of baryonic 
oscillations by 2 teams (2dFGRS and 
SDSS) 
Ø SDSS observe a peak at ~150 Mpc
Ø SDSS: ~50 000 LRGs

“Luminous Red Galaxies”
<z> ~ 0.35 

A 3D measurements: 
Ø Position of acoustic peak
Ø Transverse direction:
Dq = rs/(1+z)/DA(z) 
Þ Sensitive to angular distance DA(z) 
Ø Radial direction (along the line of sight):
Dz = rs×H(z)/c
Þ Sensitive to Hubble parameter H(z).

22

SDSS

Standard Ruler

D. Eisenstein et al., 
ApJ, 633, 560 (2005)

Dz

Dq



SDSS: 2009-2019   

BOSS (2009→2014) 
Ø 1.2 millions of Luminous 
Red Galaxies (LRG) 

- 0.15<z<0.7
Ø 170 000 quasars 

- z>2.1, HI absorption)
23

Sloan Telescope
D:2m,  FoV~7deg2

!

eBOSS (2014→2019) 
Ø Redshift of LRG extended to 0.8  
Ø Emission Line Galaxies (ELG): star 
forming galaxies, z~0.85
Ø Quasars direct tracers 

- 0.9<z<2.2



SDSS Observation Strategy
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1000

l

CCD

Fiber number
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Plug and Observe

Several steps (~3 months) 
Ø Target selections 
Ø Drill plates (1000 holes per plate)
Ø Plug plates on cartridges during day 
Ø Observation  of 5-9 cartridges per night.



BAO with galaxies and quasars
Confirmation with BOSS in 2012

Ø Redshift range 0.15<z<0.7
Ø BOSS-only 8-s observation 

of BAO

Even better with eBOSS in 2O20
Ø Redshift range 0.15<z<2.5

BOSS

~ 1M Luminous
Red Galaxies 

Agreement with Planck 
ØBAO scales consistent with 
Planck
ØConsistency of cosmological 
measurements 

AAS - eBOSS Session - Jan 7 2020Jiamin Hou

Redshift evolution with eBOSS

14

• combine Lya auto and cross and use 
averaged spherical distance? best 
degeneracy direction?



DESI Project  
• Scientific project  

– 14000 deg2  3D survey for 0<z<4
– International collaboration
– 74 institutions  (46 non-US)
– 650 members

• Instrument 
– 4-m telescope at  Kitt Peak (Arizona) 
– Wide FoV (~ 8 deg2)
– Robotic positioner with 5000 fibers
– 10 spectrographs x 3 bands (blue, 

visible, red-NIR) ➝360-1020 nm

Corrector
~ 8 deg2

Mayall 
4-m 

Télescope

10 spectrographs

5000 fiber positioner

Mayall
Telescope

27



DESI tracers of the Matter  
Five target classes

 ~40 million redshifts

in 5 years

Red
sh

ift

0.2

0.7

1

2

8 million LRGs
0.4 < z < 1.0

13.5 million
Brightest galaxies
0.0 < z < 0.4

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

16 million ELGs
0.6 < z < 1.6

12 Gyr

10 Gyr

8 Gyr

2 Gyr

Lo
ok

ba
ck

 ti
me
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5000 robotic fiber positioners  

Challenge 
– Reposition the 5000 

fibers in less than 2mns
– Position of each fiber 

better than 15 mm

Configuration 
• 10 petals in focal plane 
• 500 fibers each petal
• 5000  total
• 10.4 mm pitch
• 2 motors per positioner
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Ten spectrographs 

Ten 3-channel spectrographs
l = 360 nm to 980 nm

temperature-
controlled room
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Ten spectrographs 

Ly-a 121.6 nm
down to z = 2.0

Lya
CIV

CIII

z=2.7 QSO

z =
�� �0

�0
<latexit sha1_base64="qixkyDgMTutKlakxhEUBHcHDUFQ=">AAACEnicbVDLSgMxFL1TX7W+Rl26CRbRjWWmCroRCm5cVrC20BmGTCbThmYeJBmhDv0EN/6KGxe6ELeu3Pk3pu2A2nog5HDOPST3+ClnUlnWl1FaWFxaXimvVtbWNza3zO2dW5lkgtAWSXgiOj6WlLOYthRTnHZSQXHkc9r2B5djv31HhWRJfKOGKXUj3ItZyAhWWvLMw3t0gZxQYJI7XMcCfFzcnjXKf6hnVq2aNQGaJ3ZBqlCg6ZmfTpCQLKKxIhxL2bWtVLk5FooRTkcVJ5M0xWSAe7SraYwjKt18stAIHWglQGEi9IkVmqi/EzmOpBxGvp6MsOrLWW8s/ud1MxWeuzmL00zRmEwfCjOOVILG7aCACUoUH2qCiWD6r4j0sW5H6Q4rugR7duV50qnX7JOaVatfn1Yb9aKQMuzBPhyBDWfQgCtoQgsIPMATvMCr8Wg8G2/G+3S0ZBSZXfgD4+MbQjec7A==</latexit>

Ten 3-channel spectrographs
l = 360 nm to 980 nm

[OII] 373 nm
up to z = 1.6

z=0.9 ELG

[OII] doublet
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Current status of DESI   

32

Dark Time

Bright Time
Survey

Forecast

• Very promising start 
– ~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)



Current Status of the observations 
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Ø Record in November 2021: 
140k redshifts (35k QSOs) 
in a single day

Ø Redshift factory: almost 20 
million galaxies and QSOs

Ø Dark Time: 47 % 
Ø Bright Time: 71%

DESI

SDSS

Comparison SDSS/DESI

Dark Time

Bright Time

Survey
Forecast

DESI 2 Y



First results  
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Ø First two months (~4% of final statistics) – the rest 
will be blinded

Ø Already competitive with (BOSS+eBOSS LRGs)

Ø Results with DESI 1 year will be published in 2024DESI Early BAO Detection 7

Figure 5. Two-point correlation function measurements of the four DESI tracers, obtained from the DESI-M2 sample. Errorbars are derived from the diagonal
of the corresponding covariance matrixes, although we caution the reader of a significant bin-to-bin correlation in these measurements. Model curves are simple
damped linear theory predictions that indicate the expected overall clustering amplitude and BAO damping typical at the mean redshift of the target samples.

version10 of the Corrfunc package (Sinha & Garrison 2019; Sinha
& Garrison 2020).11

Figure 5 shows the observed two-point correlation functions of the
four tracers discussed in Section 2.2, contrasted with simple damped
linear theory models that indicate the expected overall clustering
amplitude and BAO damping typical at the mean redshift of the
target samples. From LRGs and BGS, we observe a local bump
near the expected location of the BAO peak. For ELGs and QSOs,
the amplitude of the observed clustering appears consistent with the
theoretical expectations (within errors), although it is challenging
to identify a clear BAO-like signature. Indeed, we do not expect a
BAO detection from ELGs and QSOs of the DESI-M2 sample, given
the small survey volume in combination with the low completeness
(ELGs) and high shot noise (QSOs).

4.2 Density Field Reconstruction

We apply the density field reconstruction technique (Eisenstein et al.
2007) on the observed galaxy density fields in order to partially
recover the BAO feature that has been degraded due to structure

10 https://github.com/adematti/Corrfunc
11 https://github.com/manodeep/Corrfunc

growth and redshift space distortions (RSD). To do so, we follow the
iterative procedure described in Burden et al. (2015), as implemented
in the IterativeFFTReconstruction algorithm of the pyrecon
package12 with the RecIso convention.13 The density contrast field
is smoothed by a Gaussian kernel of width 15 ⌘

�1Mpc and three
iterations are performed, assuming an approximate growth rate and
the expected bias for each sample. The choice of these reconstruction
conditions along with the assumed fiducial cosmology were shown to
have a very marginal impact on BAO measurements in earlier galaxy
survey samples – i.e., see Vargas-Magaña et al. (2018) and Carter
et al. (2020).

4.3 BAO Fitting Methodology

We employ the same BAO fitting pipeline that has been previously
applied to a large number of BOSS and eBOSS analyses (Ross et al.
2017; Ata et al. 2018; Hou et al. 2020; Raichoor et al. 2020).14 The

12 https://github.com/cosmodesi/pyrecon
13 RecIso is a choice to remove the large-scale anisotropy due to redshift-
space distortions in the process of reconstruction (Padmanabhan et al. 2012;
Seo et al. 2016).
14 https://github.com/ashleyjross/BAOfit

MNRAS 000, 1–17 (2023)



The H0 puzzle
-

Future standard sirens
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Fig. 10.— Complete distance ladder. The simultaneous agreement of pairs of geometric and

Cepheid-based distances (lower left), Cepheid and SN Ia-based distances (middle panel) and SN

and redshift-based distances provides the measurement of the Hubble constant. For each step,

geometric or calibrated distances on the x-axis serve to calibrate a relative distance indicator on

the y-axis through the determination of M or H0. Results shown are an approximation to the

global fit as discussed in the text.

Local measurement of H0

SN-Ia with 
cepheids 

in their host 
galaxy

Local cepheids 
calibrated by their parallax

Distant SN-Ia
providing the H0
measurement

Distance ladder
Ø Parallaxes
Ø Cepheids
Ø SN-Ia

Comparison to CMB
Ø Indirect measurement of 
H0 through the evolution of 
the Univers assuming 
LCDM since CMB 
(z=1100)

4.4s tension
Ø CMB:  H0 = 67.4 ± 0.5 
Ø SNIa: H0 = 74.0 ± 1.4 

SH0es, Riess et al., 2019 
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Riess et al., 2022 

Lobs∝ L0/R2

Period of cepheid → L0



H0licow – lensed quasars
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4 images 
of the same

quasars 

The lens:
a galaxy

Principles 
Ø Study of the time-delay 
for each image
Ø Several lensed quasars
Ø Quasar variability makes 
time delays measurable
Ø Time delays: ~10 days



Comparison late/early Universe

38

Interpretation 
Ø Significant discrepancy >5s, so-called the “H0 tension”
Ø Underestimate of systematic uncertainties 
Ø New models to describe cosmology, typically with 
evolving Dark Energy model… Early Dark Energy

CMB-Planck

BAO+BBN

SNIa

Quasar Lensing

Combined

Early
Universe

Late
Universe



H0 and Gravitational Waves?  

Deep field 
observed by HST

39

H0 = 70+12
-8

Principles 
Ø Binary neutron star merger 
Ø Measurement of distance with 
the GW amplitude (strain)
Ø Measurement of the redshift 
with the optical counterpart (host 
galaxy)
Ø Standard sirens

With only one event 
GW170817



Future with standard sirens 

40

Prospects 
Ø Measurement at 10% with one BNS (GW170817)
Ø Several BNS merger expected by year
Ø Expect a few % of accuracy within a few years
Ø But, in O3: April 2019-March 2020 only 2-3 BNS alerts
Ø None with EM counterpart 


