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in the clustering signal of galaxy positions
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A (brief) history
of Cosmology

Worldviews across the ages
Origins of Modern Cosmology



Egyptian Cosmology
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Celestial spheres
Eudoxus of Cnidus (IV century B.C.).

Schema huius pramiffee diuifionis Sphararum,




Sphere of fixed stars




Ancient Greece (Ptolemy)




The Sphere of the « fixed » stars...




Celestial coordinates

inclination

I\J\I Morth celestial pole

celestial sphere

celestial equator

declination

+terrestrial sphere @
+ Equator

ecliptie

vernal equinox

right ascension

celestial meridian

South celestial pole

RA = o = 00"42™44.330°

(M31) Andromeda : DEC = § = +41° 16’ 07.50"



Retrograde movement of Mars






Copernician revolution
Nicolaus Copernicus (1473 — 1543), J. Kepler, ...
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The Solar System

A modern view

/7 planets + Uranus (Herschel, 1781) + Neptune (Galle/Le Verrier 1846) + Pluton (1930)
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Olbers paradox
J. Kepler (1610), H. Olbers (1823), ...

e
. _.!l-- iy meo

Why is the night sky dark ?

In an infinite and static

~_universe, the sky

. " should be as bright as
. . thesunsurface



Plate 1¥V.

Herschels Graud

Our « galaxy »
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First hints about our own galaxy,
and extra galactic objects (« nebulae »).

W. Herschel suggests (1781) from star
may be lenticular.

counts that the shape of the




Our position in the Galaxy
H. Shapley (1885 — 1972)

From the distribution of the globular clusters
(distances from RR Lyrae / cepheids)
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The 119 globular clusters within 50,000 LY of the galactic centre 5,000 LY
Galactic centric (galactic longitude and latitude) |

Data from William E. Harriz, Mchaster University
bttp: Moy plvvsics momaster . cadfGlobular biml 30 Diagram by Larry MoMizh




The Great debate (1920)
H. Shapley (1885 — 1972) — H. Curtis (1872 — 1942)

Are the fuzzy faint « nebulae » extra galactic objects ?
Are they « island-universes » similar to our own ? (shapley)

Or are they objects close to us ?
Does the « galaxy » constitute the entire Universe ? (curis)

Mid-1920s —» Hubble measured the distance to M31
using Cepheids

Conclusion : the Universe is much bigger !




Classification of the galaxies
E. Hubble, M. Humason

irregular, barred spiral

Irr




Galaxy in the

Hubble's law
Redshift z :
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Hubble's law v =cz = Hyd

(1929)

+ 000 KM
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FIGURE 1

Velocity-Distance Relation among Extra-Galactic Nebulae.




The Universe Is expanding !

E. Hubble, G. Lematitre, A. Friedmann, ...
The point of view is the same

for any galaxy : no center

|sotropy and homogeneity at
large scale

Typical age of the Universe :
Hubble time

to = 1/H,

Hubble initial value was much
too high :

Hy ~ 500km/s/Mpc to ~ 2Qy

Expanding Universe : The Universe should have been more

compact and warmer In the past.
One answer to Olbers' paradox : the age of the Universe is finite
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Alternative theories (« Every good story needs a villain »)

F. Zwicky (1898 — 1974)

Theory of the « tired light » to explain
redshift from far away objects

* __ Prediction of neutrons stars, discoverer of
4 many supernovae.

Original mind, hard to work with...

F. Hoyle (1915 — 2001)

First papers on nucleosynthesis in stars.
Predicted the triple alpha reactions.

Strong detractor of the « Big Bang » theory.
Alternative theory of matter creation to
compensate expansion (« steady state »).




Cosmic Microwave Background (CMB)
A. A. Penzias & R. W. Wilson (1965)

Black Body spectrum (microwave) Hot Universe in the Past

Black body spectrum emitted at the time of
last ionizations (decoupling of photons and

Predicted by the « hot Big Bang » model matter)

T ~2.73 K (BB spectrum up to 10®)

T ~ 2.73 Kimplies a redshift of ~1100

1020 .
Redshift of x1000

) I i
]
Q
j=
1010} ]
m

1 .

10 nm 1 um 0.1 mm 1cm 1m

Wavelength ———

© 2004 Thomson - Brooks/Cole



Cosmic Microwave Background (CMB)




Cosmic Microwave Background (CMB)

Angular scale
] ] 90°  18° 1° 0.2° 0.1° 0.07°
Anisotropies reveal 6000[ | | | :
densities fluctuations
at the time of

emission of the CMB

z~1100
Age ~ 370000y

2> 10 50 500 1000 1500 2000 2500
Multipole moment, ¢

Planck
2009-2012



- -~ Normal
~ galaxies

\ . * )
. -
LN
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Modern .
unlvlerse c} | l
13.7 1.0 0r7- 0.4

Age of the umve% (billions of years)







How do we measure distances
In such a big Universe ?

To do Cosmology we often
need to measure distances to

objects sitting very far away...

The « Cosmic ladder »
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Stellar parallax  Distant

stars

stellar parallax

January view July view
d(parsecs) = 1 ;
plarcseconds) 'd
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l1pc=3.26ly = 3.09 x 10'°m



Stellar parallax

* Only nearby stars (19-20t century)
~ 1000 stars, up to ~100 pc

* Hipparcos (1989-1993)

~ 100 000 stars, 0.001 arcsec,
distances up to ~500 pc

. GAIA (2013-)

3D catalog of ~ 10¢° stars
reliable distances up to ~10 kpc




Stellar parallax

eSa

1000 million objects
measuredto| = 20 20 kpc

10 kpc

Horizon for proper atotions
accurate to 1 km/s

>20 globular clusters
Many thousands of Cepheids and RR Lyrae

Dark matter in disc measured

* from distances/motions of K giants
Mass of galaxy from : : : _
rotation curve at 15 kpc Sun

"
-
\.?n‘ -

Horizon for detection of .
Jupiter mass-planets’ (200 pc)

Proper motions in LMC/SMC /

individually to 2-3 km/s

e

I General relativistic light-bending determined to 1 part in 10° I 1 microarcsec/yr = 300 km/s at z = 0.03

30 open clusters
within 500 pc-

ot

Dynamics of disc, .
spiral arms, and bulge

Horizon for distances
accurate to 10 per cent

™ (direct connection to inertial)




Stellar properties

Stellar spectrum : a black body - T°
+ emission/absorption lines

Spectral classification : OBAFGKM
Temperature, Color and Luminosity

Stellar apparent magnitude (in filters)
(ref = ref star, Vega) :

Iy

x,ref

Absolute magnitude M : magnitude
of the same object seen at 10 pc

Distance modulus [ : ( J )

5'5"'4* ( I rmij Star 2

Transmission
o o
) m
I I

=
.
[

~
S
I

D 1 1 1 1 I |
3000 4000 000 6000 7000 BOOO OO0 104 1.1=104

Wavelength (A)

Exercise



Stellar properties Hertzsprung-Russell Diagram
p p e 1W WW:

Absolute Mag. " =
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Stellar evolution
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Main sequence fitting — _s
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Variable stars =

[ype |

[classical)
« Standard candles » " Cephelds

Obijects with a known

absolute luminosity 3 -4
: % 4 Cophoi
Distance modulus and E o
distance may be deduced =
F-,'pu il
= Cepheids

f RR Lyrae

0.3 I 3 10 30 1 O]

Period (days)



RR Lyrae

Pulsating variables
P~0.1-1day

Period-luminosity relation
Abs Mag ~ +0.75
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o
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Distance indicator inside the galaxy / local group

Phase

| ¢) NGC 6441

Slope = -1.31

| b) M68
o Slope = -1.32 o
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Cepheids : pulsating stars

.
on =

VISUAL MAGNITUDE
- b
L e

VISUAL MAGNITUDE

tn
=




Cepheids : luminosity-distance relation

Pulsating variables

P ~1-50days 19 |

Very bright stars | | e,
Rare objects | _ o
514 . - %;:é%éa
2 main populatighs | LR
— Classical Cepheids | T A
— Type Il (overtone |
16
Distance indicator
Up to ~30 Mpc L
P P 5 0 5 1 1.5
log P

M, = (=243 £ 0.12)(log,o(P) — 1) — (4.05 £ 0.02)



W, =1 — 1.55 x (V-1

L
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QGLE Cepheids:
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CC FO
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Cepheids

Hertzsprung-Russell Diagram

Effective Temperature, K
o ew oo

Luminosity compared to Sun



L]

Light echoes s

P. Kervella et @l (2007)
®bservatoire de Paris / ESO




Light echoes

160,000 Light-Years

S

Echo
Supernova
_-‘ IS
e 1‘"":—--“1‘_‘ i

Rl LT

Earth

View from Space View From Earth




Tully-Fisher (spiral galaxies)

R. Tully & J. Fisher (1977)

Relation between the

rotation velocity of a galaxy
(deduced from the width of

Its emission lines) and its
absolute magnitude

By comparing with the
apparent magnitude, gives
the distance modulus

Similar relations for
elliptical galaxies (Faber-
Jackson,

Fundamental plane)

— —
- o
= %]

—
-
[0 +]

luminosity (Lg,,)

108

T —

<>,

Measure rotation rate.

"SIXE [BIUOZLIOY UO
alel uonelol 10|d

Determine luminosity
from rotation rate.

Line represents observed
Tully-Fisher relation.

30 100 300 1,000
rotation rate (km/s)

n Weabay,



Tully-Fisher
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Type la supernovae : standard candle

White dwarf accreting mass from its partner White dwarf
Chandrasekhar limit ~ 1.39 solar mass —

Degenerate matter (electron pressure)

Very bright : ~ 10** 7 ~ around max.

Giant




Type la supernovae : standard candle

SNla = standard candles

Raises Iin a few weeks,

2
-18 - \!"Lbé::
ifg 18
decreases in a few months -
:_F:m -17
« Standardization » :
Correlation of the peak Calun/Tololo SNe Ia
luminosity with the decay o :
(« stretch ») and the color.
- \. .
. . -19 , “e
Distance estimator up to z~1 i
and beyond. £
16
-15 !
20 0

B Band

as measured

N
N b
. [
St 4
»
]
0 40 &0
days

hght-curve tmescale
“stretch-factor” corrected

20 40 &0
days



Cosmic distance ladder

nearby stars

107
solar system (e )

(107%ly)



A Cartoon of the Distance Ladder

1 0 16
Various distance measurement techniques
2
1G
P10 Type 1a supernovae:
about 1 to over 1000 Mpc
10°
Tully—Fisher
; relation:
o 10 about 700 kpc
§ o 6 to 100 Mpc
S pc10 Population I Cepheids
RS . about 1 kpe to 30 Mpc
g 10 Population I1
E . RR Lyrae
A 10 variables:
i : about 5 to 100 kpc
1kpe 10
S pectroscopic
5 parallax to
10 o
Stellar parallax about 10 kpc
! to about 500 pc
10 —
using Hipparcos

DI Jeffery g
WU 2004 10




Hubble constant, H,
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statist.
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Main-sequence,
subdwarf fitting

100 pe (Pleiades)
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In Astromomy”; Richard de Grijs 02011

[Wiley-Blackwell Acadernic Publishers) [Hvades)

- Miilky Way




Dynamics of the Universe

How a simple (and wrong) Newtonian description
may (partly) capture the Universe dynamics



A very simple (and wrong) model




Newtonian dynamics

Rs = rsa(t)

i = T o

a\* 8rGpl(t) 20
(5) ~ T3 TR

If C > 0 : expansion will never stop.

If C < 0 : expansion stops at a2, = —GMg/Cr,
Followed by contraction

C =0 : limit case (expand forever but ¢ — 0 )

Analogy with the dynamic of a ball bouncing on Earth



From Newton to General Relativity

(a)2 _ 8wGp(t) 20 > (a)2 _ 8nGp(t) ke* 1

a 3 22D a 3 R2a(t)?
20 ke
T2 R?
k=—1,41,0 R(t) = a(t) Ry

If k =-1 (C > 0) : negative curvature
expansion will never stop.

If k =+1 (C <O0) : positive curvature
expansion stops, contraction follows

fk=0 (C=0):flat universe (limit case)
[GR, dynamics...]



k

Negative

Flat universe

Flat

+1

Positive

Number of galaxies —

Positively curved
universe

Distance ——>»

Megatively curved
universe

[Curvature, General Relativity...]



Hubble rate and critical density

t 1(t
- A0 _ 000
R(t)  a(?)
>\obs
= — 1
: )\emit
>\obs a(tobs) 1
14+ 2= = = ——= a(t)r
Nemit  ltemie) a0 ()
H 2(75) — % (t) = 87TGg () r comobile distance
3 IOC 3 2 C
¢ a(t) scale factor
Hy = H(t()) ~ 70km/S/MpC a(to) =1
3 32
pelt) = o= H (1 e (t) = 87:GH2(t)

peo = p(to) 29 x 107* kgm™> ~ 1.4 x 10" My, Mpc™*

Ec,0 = 5200 MeV m~> 5 protons per m”’



Friedmann Equation

a 3 RZa?
NG
a T E kc?
H*(H=(=Z] = —
() (a) 3¢2 R2a?
ke p(t)
_ 1 —1-Q(
REOD | peld) g




Fluid equation

Adiabatic expansion: 0@ = dU + pdV =0

.
g — 21 (€ + 3p)

Fluid equation : —
d 3c2

Friedmann equations :
e\ 2 9
a 81 kc
—_ — E —
a 3¢? RZa?

a

le. dS =0

Needed : equation of state :  p = we = wp/c



Equations of state

Non-relativistic matter :  pPm < €m = pm/c w,, ~ 0

Light, relativistic matter (photons, neutrinos, ...) :

_ & _ 1
Pr — 3 Wy = 3
Density evolution with time :
. a _
€+ 35(5 —|—p) — () €(t) — €(t0)&(t) 3(1+w)

em(t) = em(to)/a(t)’

er(t) = er(to)/a(t)"

Eras ! Light era, matter era, ...

[Dynamics, Thermal history...]



Friedmann Equations

a\® 3G ket
a)  3c? R2a?

, a

B 41
3c?

(e 4+ 3p)

a
a

Describe an evolving, non static Universe (scale factor a(t))

Einstein — How to stabilise it to get a static Universe ?



Friedmann Equations (with \)

p— E -

a 3¢2~  R2a2 ' 3

(c’z)z 887G kc? | Ac?

, a

a A7G Ac?
~ = - 3p) +
a 3c? (€ + 3p) 3
S7ls Iz
A = A EA = 2 PA pA:—PA02 wp = —1
Qy = 22



Universe driven by its contents

€
Non-relativistic matter : €2, = Pm _ Em

Pc Ec
Curvature 9 (t) kc? 1 Q(t)
« » - — — o
T T R (HH (1)
€
Photons : Q,y _ Py _ &y
pC Ec Q . & L 8_7"
3 "o
Neutrinos : Q) = 2¢ — & ¢ e
Pc Ec
. Snls Il
« Cosmological constant» : A = i EA = > DA

Exotic fields...



Average distance between galaxies

Qy=03,Q,=074
Q=0

I |

0 5 10 15
Billions of years from now

[Universe Dynamics...]



Contents of the Universe

The dynamics of the Universe
IS driven by its contents.

So, what Is the Universe made of?



Stars

Typical luminosity in a few
hundreds Mpc :

je.5 ~ 1.2 x 10° L g /Mpc®
In the vicinity of the
Sun (1kpc) :

< M/LB > 4M@/L@’B

If typical,
Px.0 = j*,B* < M/LB ~ 5 X 108M@/MPC3

2, ~0.003 — 0.004




Gas (HI, H,, ...)

Hydrogen hyperfine Muclear Electron
Hl : 21 cm line (radio) structure Ep;.n Spim
1s .~ l P
— — 50x10 eV
Qur ~ 3 x 107* Y 1 '
Oppp ~ 2 x 1077 1420 MHz
A=21cm

atomic hydrogen (blue)
3.6 microns (green)
24 microns (red)

atomic hydrogen (blue)'
3.6 microns (red)
8 microns (green) _
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Baryonic matter : primordial nucleosynthesis
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Galaxies : rotation curves
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Galaxies : rotation curves
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Galaxies : rotation curves

(a)

Qga1 ~ 0.04 to 0.16

1K)

NGC 1560

circular velocity/kms ™!

(b)

Dark matter halo !



Galaxy Clusters

Virialized objects V + 27 =0
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« Dark » matter again !




Type la Supernovae and Dark Energy
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Supernovae and Dark Energy

Betoule et al., 2014
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Concordance Model

M. Kowalski et al., 2008, ApJ, 686, 749
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A strange Universe...

Atoms

Dark
1.6% Energy
Dark 71.4%
Matter
24%

TODAY



Dark Energy

Accelerated Expansion

A short history
of the Universe

Development of
Galaxies
Universe Expansion

i L

Dark Ages
1st Stars

NASA/WMAP

13.7 billion years
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