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Cosmology

 studies the Universe (= all that exists): its physical properties and
evolution. But we have access to only a finite part of it.

1 it’s an applied science, it doesn’t make experiments from Galileo’s
point of view. But it places constraints to physical theories (e.g.:

astroparticle physics).

) ASTRO-
Particle PARTICLE

Physics PHYSICS

,\stronomy

Astrophysics
and cosmology

(AThe finiteness of the speed of light (¢ ~ 3 x 10%° cm s1) allows us
to observe the universe at different epochs (farther = younger) and
then follow the time evolution of its constituents and their properties.
Increasingly sensitive tools allow us to collect information from more

and more distant and weak objects. 4



Cosmic Objects

Comets and asteroids

Bishop Museum, with permission .
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Stars and galaxies
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Astronomical units

Distance, lightyear 11y =9.5 x 10 cm (=3x10% cm/s x 3 x 107 s)

Astronomical Unit 1 AU ~ 150 x 108 km
= mean distance Sun - Earth

parsec (pc) = 3.26 ly ~ 3 x 108 /1 arc second
cm -
(= parallax second)
mean distanza between stars 1pc
Multiples:
1 kpc = 10° pc -
size of galaxies arth/__— !
1 Mpc = 106 pc & 1Ay O >

distance between galaxies and
size of galaxy sistems

Mass Solar mass Mg ~2 x10% g

1 radiant = 57°.29578
=206265"

Luminosity ~ Solar Luminosity (bolometric) Lg ~ 4 x10% erg/s
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From an object with luminosity L, at a distance d, we receive a flux F:

L
A d?

W logarithmic measure of F ( C = constant dipending on A):
Japparent)
m=-25Log,,F+C

defined in such a way that if the ratio of fluxes is 100, AmM=5; m #se F ¥

In general we don't measure the bolometric flux, but within a spectral band
(e.g.: visual V A~5500 A =550 nm, blue B 1~4400 A, 41~ 0.2 1)

Absolute Magnitude (M) M=m se d=10pc

m=-25Log L+ 5Logd + const. M=-25Log L +5Log (10 pc) + const.

Distance modulus: m-M =5 Logd (in pc) -5 frommand M s d
(standard candles, e.g. Cefeids)

If there is extinction, F¥andm #:m=M+5Logd -5+ A(4)
Interstellar dust > A(4) ~ 1/ 4 ~ 1 mag/kpc in the visible region 11




Historical background

»1692-93: Newton tried to build a model of homogeneous
and isotropic universe, but static (unstable). A finite universe
would collapse in its center, forming a single spherical mass.
But if the matter was distributed in an infinite space, a part of
It would collect on a mass, a part on another mass and so on,
forming the Sun and the fixed stars. And the universe would
be static because, by symmetry, the resultant forces on each
star would vanish and there would be no movement. ... But....

Suppose we remove
—V(D a ball of matter from
an infinite universe.
What would be the
_ GJ‘H‘ P AV fieldin the cavity?
P =— If we calculate the
V r potential, this
diverges!

g

P —> 0

12




If the field within the cavity is equal to zero, reintroducing the matter this
collapses due to self-gravity (or the external universe must provide some
kind of centrifugal force).

But when we integrate the field due to an
Infinite number of spherical shells around
the cavity we get exactly zero.

At the originof the problem is the fact that
Poisson equation VZp=4nGp
does not admit a constant solution

13



Idea (Neumann 1896): modify the Newtonian potential

Gm Gm _
p=— > p=——.e™* (1=cost~0)
r r
Poisson equation becomes:
Vip—Ap=47Gp
which admits the constant solution

A7Gp
A

Einstein will do something similar by introducing the cosmological constant A
Vip+Cc’A=4nGp
In this form Poisson equation admits the solution Q= 0 as long as
c’A=4rGp

A

But the problems arises from the idea of « static universe, linked to absolute space.
If we give up the idea of absolute space, a global, homogeneous contraction of an
Infinite universe induced by self-gravity could be possible: no star would move
preferentially compared to the others. 14




p 1914: Slipher and others begin to find generally a ! .
redshift in the spectra of nebulae.

» 1915: Einstein, General Relativity Theory;
gravitation is related to the geometry of space and time.

» 1917: Einstein builds the first model of the universe,
but to get a static model he adds to his equations a term
containing the cosmological constant. With the same
equations de Sitter proposes a model empty but
expanding.

P 1922 — 24: Friedmann gets models of
the universe in expansion without
cosmological constant.



» 1924: Hubble,, using Cepheids as
distance indicators, states that the
Andromeda Nebula is so far that it
must be extragalactic.

Lemaitre
p 1927: Lemaitre (independently) gets models for an expanding universe
without cosmological constant. He also predicts a linear relationship between
speed and distance.

» 1929: Hubble announces

the discovery of a velocity - r
distance relation for extra- -
galactic nebulae. &
b=
v=H,d s
(Hubble’s law):
H, = 540 km s** MpcLi!! 0 0 2x10°

Distance (parsecs)
16
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» After Hubble's law was accepted, Einstein considered no more realistic a
static universe and abandoned the cosmological constant, considering it the

biggest blunder of his life. But ...
... at the end of the second millennium, in our galaxy :

I'nve cosmological constant strikes back

18



Stellar Parameters

Viasses, Luminosities and Rac

R@~ 7 Xlolo cm
T, » ~ 5800 K

Effective Temperature T,

R AT LRET. ™),
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The HR diagram

In the L-T, plane (Herizsprung-Russel diagram) stars are
not randomly distributed

Luminosity {solar units)

=
L

(==

0.01

==
I::II
[FE]

._.
=
B

‘?D{}E‘ _.I,:'-l%
1

3 Sjrius a
.

MAIN

QUENCE

A

Betelgeuse

5

90% of stars lies on the
Main Sequence, where:
H & He in the core

Other phases:

/H = He in shell

-He (flash) 5> C,O in core
~H,He 5> C,0 in shell
“Instability - Planetary

J

15un

Nebula (102 yrs)
Core C,0 degenerate
~(White Dwarf)

A

30,000 20,000 10,000 5,000

Suface temperature (k)

4,000 3,000

Evoluzion of the Sun (and of stars with 0.08<M/M 5 <2)
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Planetary Nebulae

Hubble

Heritage

NASA, ESA, and The Hubble Heritage Team (STScl/AURA) « Hubble Space Telescope WFPC2 + S




Core hudrogen burning
Core heliun burning
Other phases

Z = 0.02

3 solar nmnasses

2 < MIM < 10:

He = C,0 in core (not degenerate)
C does not turn on

Instability - Planetary Nebula
C,O core degenerate (White Dwarf)

10 < M/M < ~50:
C = = = core of Fe (~ 100 yrs)
Core contracts, T 7, Fe dissociates
e+tp—=>n+yv,

Collapse stops when p~p,,

Shock + v s> espulsion of envelope
SNII (SNIb/c)

Core:

*M <~2 M, & NS (pulsar)

‘M >~2 M, = BH

21



Luminosity

Luminosity

Evolution in time of HR diagram

1
«+ Heavy stars
=
‘D
...".0.446/' s 8
.: .'.‘ o) =
. ::.:' - 90 E
- 0:0:. .:...?/)oe 3
Light Stars ‘i3,

2

Red giants

« Surface temperature

« Surface temperature

3

Luminosity

turn-off point

«— Surface temperature

Massive stars have
shorter life:
Fuel stock ~ M

L~ M3

Life-time on MS:

tys~1010 (M/M )2 year

«— Surface temperature




The death of stars

H doesn’t burn = brown dwarf (degenerate matter)

f M < 0.08 Mg

M<~10 M =White dwarf made of C-O; degenerate matter
—_ density ~10° g/cm?

White dwarf

[y o

m Core collapse = neutron star (1014 g/cm?)
il S 0@0  Envelope ejection s> Supernova SNIT (1052 erg)

Implosion Explosion of Expansion of

of core of star matter
red giant | shockwave ~0.5 ¢

- wen @nl@®n = =

Planetary
Nebula

Supernova Supernova Remnant
25

\ M >~50 Mo Collapse = Black Hole (no SN) 22



NGC 1309

e

SN2002fk

Lick Observatory
2002

HSTACS
2005
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Supernovae la (SNla)

Are formed in binary stars in which one component is a white dwarf of CO
with mass ~ 1.4 M, (Chandrasekhar mass). If the mass, by accretion by his
partner, exceeds this value s> explosion = SNla

V Band

as measured

g(hi6s)

My =5k

-18

Calan/Tololo SNe la

-17
-20 0 20 40 60

Ny bt s
: o 5 SNla are standard candles
% 0 L Visible at very large distance
..‘. 2
l‘ 9 y
”20 0 20 10 ’ 60 27



Cosmic Abundance

Cosmic Abundancies

origin:

— Big Bang Nucleo-synthesis

Hot Stars

— Supernova explosions

| | | | | Interactions with cosmic rays
0 20 40 60 80

Atomic Number

Fraction in mass: X (H), Y (He), Z (metals = not H and He) I

Young stars, metal rich (P

28



Our galaxy

Disc: gas, dust, young stars,
open clusters, Pop |

Bulge: old stars, Pop I

Halo: old stars, globular clusters,
Popl |

: , Globular clusters
Galactic halo ' s

|
ey
™~

’ O, B stars
Galactic bulge ]
» o I
Galactic disk_.__| 'I.actlc centerf}a /

R AR oak .sun

Gas and dust -~ 8 kpc

Emission nebula
Open cluster




Open clusters

Color: mg-my=Mg-M,=B-V (linkedtoT,)

Plefads e i N

‘Young, massive starsl gl
£ |

—
o
T

-0.5 0.0 0.5 1.0 1.5 2.0
B -V [mag]



Globular Clusters

asymptotic
giant branch
hiorizontal

1

E branch
& red giant
= branch
m

z

= — subgiant
g branch
[w

[w

=L

/
Turn-off Qoint - deviation from Main Seguencer}‘age of the cluster
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Lower limit to the age of the Universe: age of very old objects (plus 0.5-1.0 Gyr
to take into account the formation time):

Cayrel star




The Large Scale Structure of the Universe

Galaxies are not randomly distributed in space, but they tend to cluster into:

EEE = |

Coma cluster




The distribution of galaxies on the celestial s

A million galaxies (Lick counts - 1977)

We do not see the third
dimension, but already
you can see filaments,
voids, clumps of
galaxies.

To know the true
spatial distribution we
need the third
dimension: the
redshift z, from which:

= (’q'obs'/lem)/ ;Lem
V=cCz

D = V/H, = ¢ z/ H,




The 3D distribution of galaxies

‘ Since the 70s : extended redshift surveys = 3-D samples of galaxies I

I “Slices” of the Universe from:
158 :c Aa B y &*“'Qag’g > 108
LI T S SN - CfA1, CfA2 (~15000 gal.,
WA Vo IR o ~ Blimit 15.5 mag, cz<7000 km/s)
: 5. W T ®  +SSRS, SSRS2 ~5000 gal.,
S : W e B, limit 15.5 mag
o :
SRR *Fingers of God
Sl R Great wall | ~» Great wall
s Tcoma * Voids (5000 - 10000 km/s)
N < gy VOIAS | This confirms the iImpression
2 on Tmee > of 2D maps: the galaxies are
: waf distributed to form a kind of
21" NS A e ""‘cosmic foam* or cosmic web,
] 2 with empty bubbles and

@ 9 B galaxies along the walls



Deeper Surveys confirm these results
2dF Survey
Sloan Digital Sky Survey




Dark matter in galaxies

velocity, v

radius, r

expecied
from
luminous disk

T Sm
— .

Gravity:
G M(r)/ réz =v2/r

10

R (kpc)
Mass within r: LT

M(r) =vér/G S .o - - MB33rotation curve
Density ~ 1/ r? S

The luminous mass (stars) Is only a small fraction of the

total mass of galaxies .



Dark matter 1n galaxx clusters

From the dynamics of galaxy clusters (virial
theorem, 2K+U=0), from the X-ray emission by
the hot intracluster medium, and from the
“gravitazional lensing”

the luminous mass Is mach
less than the total mass

L4
CLUSTER OF
@ GALAXIES -

GRAVITATIONAL
LENSING:

1 A Distant Source
Light leaves a young,
star-ferming blue galaxy near
the edge of the visible universe.

A Lens
Of ‘Dark Matter’
Some of the light
passes through a large
cluster of galaxies and sur-

rounding dark matter, directly in the : : >3 S o
line of sight between Earth and the - : B e
distant galaxy. The dark matter's gravity z S : WAV

acts like a lens, bending the incoming light.

Seurce
Bell Labs,

Lucerit Technologies

Focal Point:
Earth

. Maost of this light is
9 scattered, but some is
What i1s Dark Matter made of? | scatered butsomess
Earth. Obsarvers see multiple,
distorted images of the background

galaxy,

Tony Tyson, Greg Kochanski and 3 8
Tan Dell"Antonin
Frank O'Connell and Jim MeNanus!
The New York Times



The mean densitx of the Universe

Homogeneou Universe with density p,

V A galaxy on the sphere containing the mass
Vi M=4/3 = p, R?
Will have a velocity sufficient to continue
expansion if its velocity V (=H, R) is larger
than the escape velocity V;
LmV£=GMmIR =V =206 M/R
2G Ar 3HSZ
22 3
HR*2— —pR°=p, s —=p,
R 3 872G

~ —29 -3
P =210 g cm o

P. =820,

. critical density of the Universe

€2 Density parameter

From observations:

0.1 <02<1 39




The mass of the Universe

(We mean: the mass of the Universe accessible to observations)

Within the sphere whose surface expands at the speed of light c:

c=HyR

4 =Ry =c/H, (Ry: Hubble radius)
R,,~ 3000 h-' Mpc ~ 10?8 ht cm

4 Az c® 3H: O ¢’
I\/qu_Rlcj)lglecr: . SOQ. -~ .
3 3 H® 86 2 HG
From V=H,R =R/N=1/H,~t, age of the Universe

H, =100 km st Mpct~3 x10*¥ st = t, ~ 101° anni

Q ¢’ 0 c’

M

" 2'HG 2 G

1, ~Q-10°°g ~ Q-lOS[;—“jM@
S

Mga| = 1011 M@ = MU = 1011 Mga|

01 <Q2<1=>M,~10% Mg
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The mass of the Universe must be "'great' because the age of the
Universe must be such as to allow the existence of physicists,
made of C, N, O.

These elements are produced in stars in different generations and
require times of the order of a few billion years.

This is an aspect of the so-called (weak) Anthropic principle :
“The observed values of all physical and cosmological quantities
are not equally probable, but can assume only values that satisfy
the demand that there are places where carbon-based life can
evolve and that the universe is old enough to allow that this
already happened”.

(J.D. Barrow & F.J. Tipler, The Antropic Cosmological Principle)
“strong” version: “The Universe must have properties that allow
life to develop during its history”

41



Video downloadable from:

http://ww.ifa.hawaii.edu/~tully/outreach/movie. htm



Thanks to its progress, Cosmology allowed
man to ask new questions about the Universe
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Cosmology
as seen
by Snhoopy
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