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How do we know what we °
know about the Universe?
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We observe stuff, 3 ») 3 "
'l we measure stuff .. g i . e
1 : . ; \ 5 ;
f. and we compute stuff <
(“1,51,Z1) (“2,52,Z2)

Right ascension (RA)  Declination (Dec)  Redshift
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* Homogeneity

| = FLRW metric
* Isofropy

Cosmological principle

N '
A a

l+z="=—
g A Ags

A 4

Qnow — Ao = 1

Apig—-bang = 0
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z = a > dy = (a,0,dy)
Cosmological parameters Distance (of some kind X)

Conformal time 7 (in 10'® seconds)

0.882 0.973 1.049 1.115 1.174 1.226 1.274 1.318 1.358 1.395 1.430

0.604 0.768

— ACDM evolution (Planck 2013 parameters) . [Matter-1 equivalence
- - Tangent at inflection point : 5 2~ 0.289

- - . - , ' : : a~0.776
: : : ' : : : t ~10.4 Gyr

Now

z=20

a=1
t ~ 13.824 Gyr

Inflection point
2z~ 0.623
a~ 0.616

t =~ 7.75 Gyr

2/3 scale
z=10.5

a~0.667 |

t ~ 8.592 Gyr |:

Half-history

. ; z =~ 0.770

: : a =~ 0.565
Half-scale |--|¢ ~ 6.912 Gyr

z=1

Redshift z

Reionization
2z~ 11.37
a =~ 8.08 x 1072 :
t~3.94 x 107! Gyr a=0.5
‘ j ' ; t ~ 5.845 Gyr
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1/3 scale
z=2
a =~ 0.333
t ~ 3.270 Gyr

CMB
z = 1090.48
a=9.16x 1074
t = 3.70 x 107* Gyr

; | | | | | | | T I I | |
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 13.82

Cosmic time ¢ (in 10° years)
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Cosmologlcal dlstances in the ACDM model

a~—4 Light-travel distance: dr

m—a Comoving distance: d¢

e—e Angular diameter distance: d4
o—o Luminosity distance: d;,

- - Distance at CMB
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Coordinate spaces (from simulations)

Jiid Redshift
Comoving | s o P A space
space — <l
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Photons = Coordinates = Cosmology

+ Fancy effects

All in all, it 7o
' pretty straightforward

Even if there are
some fancy effects
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Effect 1: strong lensing

galaxy cluster

e lensed galaxy images

distorted light-rays
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Effect 2: weak lensing

. .

i (1) (k-2) (k1) (k1) k1) (k)
Thin lens £ I B S B &

approximation : -
Multi-lens plane approximation
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Effect 3: Peculiar velocities

” .:‘.‘:'Ed,_"l.'.'u

4
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Effect 4: Latetime Integrated Sachs-Wolfe effect (ISW)

A supervoid's effect on light's energy in a static universe ...

—— Supervoid —

R ) o o Light regains energy
B .. | Light loses as it exits the void

energy

in void
/.

Sculptor

Earth

... differs from energy flow in an expanding system

Light regains some,
but not all, energy
as it exits the void

And more... (like Shapiro time delay)
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OK, that is nice modeling but
what are we REALLY measuring?

L s Sl

g, W “r \lur
Wl iy
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At the be ginning there was a photon

traveling in a Universe that is neither
rigorously homo geneous and isotropic

J

W Sl
LY RTF wf \lr
wir =i
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The true expression of redshift

hvs  (k,u%)s (gwk“uv)g
14+z=—= =
hv, (kju%) (guvktuv)

Metric tensor 4-velocity of
the cosmic fluid

) . . dx*
Coordinate derivative k* = —

regarding the affine parameter A
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Let's do some perturbations
at first order

Ty =Ty + 8T, )

G = Gy + 66y,

_ 8nG ,_
Gy + 686Gy, = — (T +6T,)
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WEAK-FIELD METRIC AFFINE CONNECTIONS AT FIRST ORDER

Cosmic time Conformal time Cosmic time Conformal time
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Conformal time n =j

_ e

Difference of local potentials

A
| 1

D, — b

L ,,1 L ,,1
kv _ké‘vs

dt
a(t)

Integral of the potential

A

1

2 (Y 0d

Z = 1+ +

a
as c? C
\ ] \ Y J

Ratio of scale factors Difference of peculiar velocities

(Universe's expansion)
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We get a pretty
straighforward
formula



Photons

You get all the effects
(and more) at once
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Coordinates =

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!

7 Cell0: " Cell1:
p, V0 p VO

Cell2: - )

Lbox (00;‘p0)
y Z=l
0
Geodesics equations at 15 order
&y 2a'dndy 2 dbdy 99 (dp\’
dA2 a didA czdadr “ang\da
d2x 2¢'dydy | 2 dody 9P (dn 2
daz = a dAdA ' czdidi  “ax \da
g I R S AT &y  2a'dpdy  2dedy 0@ (dp)’
\ 4 /. = : : : : dA2 a dldl " cz2didr "oy \da
2 2 2
Simvulation box Reconstructed light-cone Ez _Z_ad_n%+£d_¢%_za_¢ d_n
dA2 a dldA " czdidr  “ 9z \da
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Be careful about the interpretation of distances...

Homogeneous and inhomogeneous angular diameter distances (cone 1)
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