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How do we know what we
know about the Universe?
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We observe stuff, 
we measure stuff
and we compute stuff

𝛼𝛼1, 𝛿𝛿1, 𝑧𝑧1 𝛼𝛼2, 𝛿𝛿2, 𝑧𝑧2

Right ascension (RA) Declination (Dec) Redshift
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𝓢𝓢ource

𝓞𝓞bserver

𝑧𝑧 =
𝜆𝜆𝒪𝒪 − 𝜆𝜆𝒮𝒮
𝜆𝜆𝒮𝒮

1 + 𝑧𝑧 =
𝜆𝜆𝒪𝒪
𝜆𝜆𝒮𝒮
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1 + 𝑧𝑧 =
𝜆𝜆𝒪𝒪
𝜆𝜆𝒮𝒮

=
𝑎𝑎𝒪𝒪
𝑎𝑎𝒮𝒮

Time

𝑎𝑎𝒮𝒮

𝑎𝑎𝒮𝒮

𝑎𝑎𝒪𝒪

𝑎𝑎𝒪𝒪

𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑎𝑎0 = 1
𝑎𝑎𝑏𝑏𝑏𝑏𝑏𝑏−𝑏𝑏𝑏𝑏𝑛𝑛𝑏𝑏 = 0

Cosmological principle • Homogeneity
• Isotropy FLRW metric⇒
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𝑧𝑧 ⟹ 𝑎𝑎 ⟹ 𝑑𝑑𝑋𝑋 ⟹ 𝛼𝛼, 𝛿𝛿,𝑑𝑑𝑋𝑋
Cosmological parameters Distance (of some kind 𝑋𝑋)
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Coordinate spaces (from simulations)
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t  2
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t  1

z  3
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z  1

Comoving
space

Redshift 
space
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Photons Coordinates Cosmology⟹⟹

All in all, it is
pretty straightforward

Even if there are
some fancy effects

+ Fancy effects
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Effect 1: strong lensing

10
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Effect 2: weak lensing
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�⃗𝛼𝛼 𝜉𝜉 =
4𝐺𝐺
𝑐𝑐2

�
𝜉𝜉 − 𝜉𝜉𝜉 ∑ 𝜉𝜉𝜉

𝜉𝜉 − 𝜉𝜉′
2 𝑑𝑑2𝜉𝜉𝜉

Multi-lens plane approximation

Thin lens
approximation
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Effect 3: Peculiar velocities
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Effect 4: Late-time Integrated Sachs-Wolfe effect (ISW)

13

And more... (like Shapiro time delay)
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OK, that is nice modeling but 
what are we REALLY measuring?
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At the beginning there was a photon

𝐸𝐸2

𝐸𝐸1

𝐸𝐸 = ℎ𝜈𝜈

traveling in a Universe that is neither
rigorously homogeneous and isotropic

𝓢𝓢ource

𝓞𝓞bserver
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1 + 𝑧𝑧 =
ℎ𝜈𝜈𝒮𝒮
ℎ𝜈𝜈𝒪𝒪

=
𝑘𝑘𝛼𝛼𝑢𝑢𝛼𝛼 𝒮𝒮

𝑘𝑘𝛼𝛼𝑢𝑢𝛼𝛼 𝒪𝒪
=

𝑔𝑔𝜇𝜇𝜇𝜇𝑘𝑘𝜇𝜇𝑢𝑢𝜇𝜇 𝒮𝒮
𝑔𝑔𝜇𝜇𝜇𝜇𝑘𝑘𝜇𝜇𝑢𝑢𝜇𝜇 𝒪𝒪

Metric tensor

Coordinate derivative 𝑘𝑘𝜇𝜇 = 𝑑𝑑𝑥𝑥𝜇𝜇

𝑑𝑑𝑑𝑑
regarding the affine parameter 𝜆𝜆

4-velocity of 
the cosmic fluid

𝓢𝓢ource

𝓞𝓞bserver

The true expression of redshift
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𝐺𝐺𝜇𝜇𝜇𝜇 =
8𝜋𝜋𝐺𝐺
𝑐𝑐4

𝑇𝑇𝜇𝜇𝜇𝜇 𝑇𝑇𝜇𝜇𝜇𝜇 = �𝑇𝑇𝜇𝜇𝜇𝜇 + 𝛿𝛿𝑇𝑇𝜇𝜇𝜇𝜇
𝐺𝐺𝜇𝜇𝜇𝜇 = �̅�𝐺𝜇𝜇𝜇𝜇 + 𝛿𝛿𝐺𝐺𝜇𝜇𝜇𝜇

�̅�𝐺𝜇𝜇𝜇𝜇 + 𝛿𝛿𝐺𝐺𝜇𝜇𝜇𝜇 =
8𝜋𝜋𝐺𝐺
𝑐𝑐4

�𝑇𝑇𝜇𝜇𝜇𝜇 + 𝛿𝛿𝑇𝑇𝜇𝜇𝜇𝜇

Let's do some perturbations 
at first order
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𝑧𝑧 =
𝑎𝑎𝒪𝒪
𝑎𝑎𝒮𝒮

1 +
Φ𝒪𝒪 −Φ𝒮𝒮

𝑐𝑐2
+

𝑘𝑘𝒪𝒪𝑏𝑏 𝑣𝑣𝒪𝒪𝑏𝑏 − 𝑘𝑘𝒮𝒮𝑏𝑏 𝑣𝑣𝒮𝒮𝑏𝑏

𝑐𝑐
−

2
𝑐𝑐2
�
𝑑𝑑𝒮𝒮

𝑑𝑑𝒪𝒪 𝜕𝜕Φ
𝜕𝜕𝜕𝜕

𝑑𝑑𝜆𝜆 − 1

Ratio of scale factors
(Universe's expansion)

Difference of local potentials

Difference of peculiar velocities

Integral of the potential

Φ0
Φ1

Φ2
Φ3Φ4

𝜕𝜕 = �
𝑑𝑑𝑑𝑑
𝑎𝑎 𝑑𝑑

Conformal time

We get a pretty
straighforward
formula
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Photons Coordinates Cosmology⟹⇝

You get all the effects
(and more) at once

+ Fancy effects

Emerging effects

 Strong lensing
 Weak lensing
 Peculiar velocities
 Late-time integrated Sachs-Wolfe effect
 Shapiro time-delay
 and more...
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The right way of doing things: getting everything at once!

21

𝑶𝑶

𝑺𝑺

𝜽𝜽𝒐𝒐,𝝋𝝋𝒐𝒐

𝜶𝜶
𝒌𝒌𝒐𝒐

Geodesics equations at 1st order

d2𝜕𝜕
d𝜆𝜆2

≈ −
2𝑎𝑎′

𝑎𝑎
d𝜕𝜕
d𝜆𝜆

d𝜕𝜕
d𝜆𝜆

−
2
𝑐𝑐2

dΦ
d𝜆𝜆

d𝜕𝜕
d𝜆𝜆

+ 2
𝜕𝜕Φ
𝜕𝜕𝜕𝜕

d𝜕𝜕
d𝜆𝜆

2

d2𝑥𝑥
d𝜆𝜆2

≈ −
2𝑎𝑎′

𝑎𝑎
d𝜕𝜕
d𝜆𝜆

d𝑥𝑥
d𝜆𝜆

+
2
𝑐𝑐2

dΦ
d𝜆𝜆

d𝑥𝑥
d𝜆𝜆

− 2
𝜕𝜕Φ
𝜕𝜕𝑥𝑥

d𝜕𝜕
d𝜆𝜆

2

d2𝑦𝑦
d𝜆𝜆2

≈ −
2𝑎𝑎′

𝑎𝑎
d𝜕𝜕
d𝜆𝜆

d𝑦𝑦
d𝜆𝜆

+
2
𝑐𝑐2

dΦ
d𝜆𝜆

d𝑦𝑦
d𝜆𝜆

− 2
𝜕𝜕Φ
𝜕𝜕𝑦𝑦

d𝜕𝜕
d𝜆𝜆

2

d2𝑧𝑧
d𝜆𝜆2

≈ −
2𝑎𝑎′

𝑎𝑎
d𝜕𝜕
d𝜆𝜆

d𝑧𝑧
d𝜆𝜆

+
2
𝑐𝑐2

dΦ
d𝜆𝜆

d𝑧𝑧
d𝜆𝜆

− 2
𝜕𝜕Φ
𝜕𝜕𝑧𝑧

d𝜕𝜕
d𝜆𝜆

2
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Be careful about the interpretation of distances...

22
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𝑧𝑧 =
𝑎𝑎𝒪𝒪
𝑎𝑎𝒮𝒮

1 +
Φ𝒪𝒪 −Φ𝒮𝒮

𝑐𝑐2
+

𝑘𝑘𝒪𝒪𝑏𝑏 𝑣𝑣𝒪𝒪𝑏𝑏 − 𝑘𝑘𝒮𝒮𝑏𝑏 𝑣𝑣𝒮𝒮𝑏𝑏

𝑐𝑐
−

2
𝑐𝑐2
�
𝑑𝑑𝒮𝒮

𝑑𝑑𝒪𝒪 𝜕𝜕Φ
𝜕𝜕𝜕𝜕

𝑑𝑑𝜆𝜆 − 1

And it's just at first order...
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