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Cosmology

Cosmology : from the Greek kdopog, kosmos "world" and -hoyia, -logia "study of"

——» study of the origin, evolution, composition and dynamics of the Universe

T S TR s e
did it all come /S, Whe® The hel|

Atd (T all come




Universe scale




Universe scale

THE UNIVERSE IS

BIG!!]



Universe scale

THE UNIVERSE IS BIG!H!

Light travels 300,000 km per sec, thatis 7.5
times around the Earth earch sec !




Universe scale

Time of transmission
from moon to earth =
1.25 sec




Universe scale
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Universe scale

4.4 ly



Universe scale

Sun’s bulge

disk location " halo

1,000 light-years
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Universe scale

L=  Andromeda
Galaxy (M31)

Small I'l.."lagelianir Large Magellanic
NGC 6822 Zals Cloud
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THE MOST DISTANT IMAGE : 12 billions ly !!!




The beginning of cosmology

wavekngth (nmj

400 420 440 480 480 500 520 540 BE0 B0 &0
] I I I I

=]
o3
]
(v ]
(s3]
B
o= ]
o
o
1

650 700

blue yellow orange

G’ (hydrogen) b (magnesiumy C (hydrogen)
F (hydrogen) D (sodiurm)
@ 2007 Encyelopadia Britannica, Inc.




The beginning of cosmology

wavekngth (nmj
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G’ (hydrogen) b (magnesiumy C (hydrogen)
F (hydrogen) D (sodiurm)
@ 2007 Encyelopadia Britannica, Inc.

1916 : Slipher



The beginning of cosmology

wavekngth (nmj
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The beginning of cosmology

The Doppler Effect

= “with locomotive standing still,
tone of whistle is normal

\

with locomotive approaching, )‘ !1
whistle is high in pitch

)

ITTTIR =

with locomotive moving awa}’.\
whistle is low in pitch
'?-

213 Encyclopaedia Britannica, Inc.




The beginning of cosmology




The beginning of cosmology

Slipher discovered
that all the nearby

galaxies are moving
away from us.




Distances

Inverse square law

1/4
1
E H

DISTANCE = 1
BRIGHTNESS = 1

| |
DISTANCE = 2 DISTANCE = 3
BRIGHTNESS = 1/4 BRIGHTHESS = 1/9



Distances




Distances

Need to know the
Intrinsic brightness

of the object
STANDARD

4>

CANDLES




Distances

Cepheids : period-luminosity relation

HV1 Cepheid Variable in' M31 ' logarithm of period in days
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Expansion of the Universe

_ Hubble 1929 : UNIVERSE IS EXPANDING!!!

- ——> More distant galaxies are moving faster away from us!!!

:

S00KM

YELOCITY

PISTANCE .
o o¥parsEcs 2 m* PARSECS
FIGURE 1

Velocity-Distance Relation among Extra-Galactic Nebulae.

Velocities measured by/SIitph‘er |

Distance measured with Cepheids by Hubble



Oops... sorry Hubble

In 1927 - Annales de la Société

Scientifique de Bruxelles, A47, p. 49-59

8. CONCLUSICN.
Nous avons obtenu une solution qui vérifie les conditions suivantes :
1. La masse de Punivers est constante et est liée i la constante cosmo-
logique par la relation d’Einstein
VA == ant 1
kMR,

2. Le rayon de Punivers croit sans cesse depuis une valeur asympto-

tique Ro pour { = — o<, _
3. L’éloignement des nébuleuses extra-galactiques est un effet cosmique
dii a Pexpansion de Vespace et permettant de calculer le rayon Ro par les
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Are we special?










BIG surprise (1915)

R,.ﬁfa qﬁ=ﬁ“-#- T

o EinsTE b

Curvature of Matter/
spacetime energy

Only two solutions for Universe : contraction or expansion

= Static ,_
e Universe Hv '
O
"\ -




BIG surprise (1915)

R W TR R = =

Curvature of Matter/
spacetime energy

Only two solutions for Universe : contraction or expansion

—— Cosmological constant

1 31 G
R,uv _ER gluv= C4 T,uv




This was my greatest blunder in my
life !




Universe destiny?

Scale

factor (QM = pave/ pcrit)

Empty(£2,,=0)

/»’LOW(Q w=03) @ . .‘
Z




Universe destiny?

Credit : Alex Filippenko

|- Rt

R(t)

Redshift z=0

Note:
142=R(t,) / R(t)
z = redshift




Universe destiny?

|- R(t,) === Redshift z=0
Note:

R() |1+.-re) / R(t)
z = redshift

Redshift

times for
the various
cosmologies

at fixed redshift

t ;l...li-.llitt:

Credit : Alex Filippenko



Universe destiny?

0 Q2
0.3 "M
/1 |
7’ >1
7
7

log distance

Hubble’s law, v = H,d
(v=cz)

log Z (redshift) ==——p

Credit : Alex Filippenko



Measuring great distances

Credit : HST




Supernovae

* Asupernova (Zwicky 1931) is a stellar explosion that briefly outshines an
entire galaxy (10°-10"° LO).

SN 1987Ain LMC



Supernovae
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Supernovae

* First SN spectral classification by R. Minkowski in 1941: two SN
types based on presence of Hydrogen lines:

— Presence of Hydrogen lines: |l
— Absence of Hydrogen lines: la, Ib, Ic

/ SN classification \

T T r T T T
Sketches of supernova spectra
near maximum fight {about 1 week)
SN 19940 (1a)
in o
g 11 GCall
: W SM 1992H (1I)
Hax (=] can
W ’ SM 19941 {Ic)
Fen MNal sin o1
Cal
SN 1998dt (Ib)
! o1
He I Call
1
] 1000




Supernovae

* Two different types of progenitors:
— thermal burning of a white dwarf binary, la
— core collapse of massive stars type Ib, Ic and li

/ SN classification \

theorist

. (e [corecoliapsd

® "\__

J’ffc-o
XY omonucicar /




Supernovae (la)

* White dwarf (WD) of carbon/oxygen C/O composition in a binary
system that undergoes thermonuclear burning (Hoyle & Fowler 1960)

Single degenerate scenario : / \ Double degenerate scenario :

WD exceeds 1.44 M® - electron Two WD lose energy due to
degenerancy does not support weigth gravitational waves and collide

NASA/CXC/M Weiss



SUPERNOVAE (I1,Ib,Ic)

OL

core collapse of massive stars M>8Msol:

\TF
< —>

1¢k

4 R.J. Hall

Less
tightly
bound

More
tightly
bound

e f
Hydrogen

‘Fusion Nuclear Binding Energy

Fiasion Uranium

0 40 80 120 160 200 240

Mass Number

imescale

H burning T million years
He Burning | 0.5 million years
C Burning 600 years

Ne Burning | 1 year

O Burning & months

Si Bumming | 1 day

Type 11 Type Ib Type Ic
Il and | c shells Iv shell only no |l nor I
no [ shell shells



Observational cosmology

_* B /DL Z,CTr
= M| T e [T

- Constant for standard
candles. Luminosity

distance

-

THEORITICAL MODELS

5 — c(l+z) fz dz'
L H, 0 \/E-EM[I_FE;):a_|_£-Ek[1_|_zf)g_u-h[l_l_zf);mmj



SNe la standard candles?
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SNe la standard candles?

fhy = 5 log(h/6s)

as measured 5
BUT!!!
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2 teams searching distant SNe

:
b,

B\
- ;_F[ = f\
On the left : High z On the right: Supernovae
supernovae team leads by Cosmology Project team leads

Prof. Brian Schmidt by Prof. Saul Perlmutter
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Host Galaxies of Distant Supernovae

Hubble Space Telescope » Advanced Camera for Surveys




: The BIG discovery

m-M (mag)

A(m-M) (mag)

T
44
MLCS 26
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14

0.01

Riess et al
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(Hamuy &f al,

ALJ. 1996)

Supernova
Cosmology
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redshift z

Perlmutter et al. 1999
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1998 : The BIG discovery

m-M (mag)

A(m-M) (mag)

2
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Riess et al. 1998
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redshift z

Perlmutter et al. 1999

DISTANT SNe ARE FAINTER
THAN EXPECTED !!!I!



Universe destiny ?

log distance

Hubble’s law, v = H,d
(v=cz)

log Z (redshift) ==—p

Credit : Alex Filippenko



And the winners are ??




18 December 1998

Sc1ence

Vol. 282 No. 5397
Pages 2141-2336 57
-

ACCELERATING

;’r
UNIVERSE /
Breakthrough of the Year

h‘ AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE



Even when | am wrong | am right

1 8 G
RMV_ER g‘uv C4 TMV

Back in the business



Universe destiny!!

Credit : Alex Filippenko
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Cosmological constant ?

Energy of the vaccum:

The energy is too big by 128 orders of magnitude:
— 100,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000,000,000,000,
000,000,000,000,000,000,000,000,000,000
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- i \ \“\ ‘ t Cluster
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The future of the Universe

t<70 00Oyears :

Radiation dominated — o '
g :
~ -36 :
Q
S
70 000years<t< 10 =&
“ry- i wn -40 : o
billions years : =
Matter dominated 'i radiation matter
S |
o "M z T
c | :
. Y, |darkenergy g
t>10 billionsyears : o= | <l
Dark energy S sk e
dominated g 5 3 L.




The future of the Universe

Big crunch :




The future of the Universe

Big freeze :




The future of the Universe
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Other probes ?

100 200 300

0
P'Kcmb



Other probes

Baryonic Acoustic Oscillations :

200 . .

150
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Other probes

Type Il supernova? :

My work!!!
42| T T T | T T T 1 | |
— (12,,,=0.3,02,=0.7) @ SDss
wiwr (02,,,=1.0,02,=0.0) & SNLS 4
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£ 38
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Afterglow Light
Pattern
380,000 yrs.

Inflation

- ———

ke

Quantum
Fluctuations

Dark Ages

Dark Energy
Accelerated Expansion

Development of
Galaxies, Planets, etc.
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Big Bang Expansion
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