


Gravitational interaction among two particles
(m m)/r
Principia of Newton (1687) #

AN

Gravitational interaction is longirange: an\‘/,particle of the sYstem
influences the;motion of any other!

-
. *

%

Gravitational interaction diyerges when r - 0 serious problem
when youfuse computers!



Our image of the univers began to be clear only 50-60 years ago:

Galileo was the first to resolve in the “celestial flilid" single stars
similar to our Sun

AN

Immanuel Kant: the galaxy could be a disk. And why not other
similar objects, ”Llniverse islands”?

construction of greater telesc .. discovery of the interstellar
medium.. birthi@t spectroscopy..

i

finally Hubble resolves single stars in external galaxies.
Dymension and structure of our galaxy are established.



our personal star:
the Sun

700 000 Km
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The Milky Way:
our galaxy

900 000 000 000 000 000 Km



Virgo cluster
of galaxies

4.4 M?)%‘F_:_ 10° Km 1 pc= 10 Km =3 light years
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What we learned?
Gravitational force extends to all the scales of the universe!!

Gravitation is the force responsible for the formation of structures
in the universe
it shapes the matter giving rlsei@’tgmplex entirety of partlcles
o AL S T .
planets, stars, solarlsystems, clusters of stars,

galaxies, clusters of galaxies, superclusters of galaxies ...
\

...and so on

but WHY GRAVITY ??



Let us make a step backward to clarify two main concepts:

FORCE and ENERGY

'.1|.' .-':. l
o POy T S

|

'
when a particle moves in the free space (absence of grip) it has just
two possibilities ..



.. FIRST POSSIBILITY the particle moves with constant velocity
(which could be zero, that is the particle is at rest)

v v Vv 4 v v

| ﬁﬁﬂq -
i .':;'r}ﬁ.g H:‘

. ; ;.:_., .
This means that NO FORCE | ng on our partlcle” Or the
particle is NOT INTERACTING with any other bodly.

\
This case the particle is endowed with an energy due to the simple
fact it is moving with a certain CONSTANT velocity, named
KINETIC ENERGY



.. SECOND POSSIBILITY the particle moves with a velocity which
changes at any instant of time '

W, Jrasl mmial | = i - .
v v

V1 VZ V3 4 5

This means that SOME FORCE i is cting on our particle!! Or the

partlcle is INTERACT Fd 'WH,-. lf:vg”oﬁt"he& body

This case the particle has of course KINETIC ENERGY (just becbusg
the fact it has a velocity)

\

BUT it also has an energy caused by the fact that something
external is impressing a force on her..
..this is known as POTENTIAL ENERGY



FOUR fundamental FORCES are known to govern our universe

I"F' ._"-:.-: o
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o i J{Mﬂl&f:ih;". ;Eﬂ..,

WEACK FORCE Just act on particles at

microscopic scales

STRONG FORCE




FOUR fundamental FORCES are known to govern our universe

ELECTROMAGNETIC
FORCE

But each macroscopic body has about the same number of protons and
electrons so the total charge of the body is Q = 0.
At large scale the electromagnetic force is null !!



FOUR fundamental FORCES are known to govern our universe

GRAVITATIONAL
FORCE

The mass of each object can just be positive!!!
that is the sum of the masses of the particles componing a body can
NEVER be zero
that is GRAVITATIONAL FORCE IS NEVER NULL and
DOMINATES THE UNIVERS AT ANY SCALE!



Once established the role of gravitational force let us move to..

..GRAVITATIONAL ENERGY



This nice picture represents the giant elleptical galaxy Virgo A

apart the different dimensions (pc instead of cm) does not looks
like a gas of stars suspended in the empty space?






e is immediate:

A big differen

;’, ,._;.-‘ :5' i

: if you remove the ¢ : ner whic encl the particles of a

common ga move away pushed by pressure
expa e space at their disposal
rounding Virgo A ?

while if we re . ¢
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...the stars does not move away, why this difference?

Becouse the mutual (long range) gravitational force of each star
respect to all the others makes the system stable ..

this is a SELFGRAVITATING SYSTEM



- Let us consider the galaxy Virgo A (of mass M, and radius R) and
the cluster of galaxies to which belongs (of mass M, ), and let R , be
their distance

s
) s .- "".I.

Gravitational energy of
interaction,, . .
of Virgo A with the cluster PO e

Gravitational selfenergy

X of
Virgo A

MIMZ/RIZ z MIMI/R




~ If we made the same codnt referred to d bubble of gas (1m of
radius) with respect to the body to which belongs, that is the earth
we would have found..

- X
Gravitational energy of

interaction " Gravitational selfenerg
of a bubble of gas withs of the
the earth + bubble of gas

a: [y
M » 5 »
kit T
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vy
\ z /

M.M,/R_ =~ 107 M _M, /R

INFINITELY SMALLER !!



...this is why galaxies, stars etc.. are selfgravitating systems
while common gases are not.
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W S Sun Muclear bulge Disk R

(alobular cluster







The situation looks complicated..

" but it's even MORE COMPLICATED
the Galaxy.is just one of biliiphs galaxies which populates the
universe. These looked to first observers as diffuse nebulae..

- 10% of md¥ter in our Galaxy is in the ’o_r,m of diffused matter.
Cluods of matter in our galaxy (75% H 25% Hei
(expelled by supernoaa explosions as‘we will see..)
® illuminated by near stars can appear as galaxies.
. Finally more powerful telescopes resolved in stars or globular
clusters the periphery of nearest galaxies which gained a clear
f ® identity: Kant'Ws right!!
E 1
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The first. cIass:flcatlon of galax:es is due to Hubble also k‘nown
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" MAIN DIFFERENCES 1 e

Do CELEIPTICAL ' SPIRAL
Wi GALM,E? _
elliptical galaxies show almost the"’ bﬁ]gey s:mllar tO an.

2 spherlcal s:mmetry N 5al.ge

‘All'the galaxies has the same age: 10% years



Searchlng fora model of galaxy formatlon

gravutatlonal mstablllty -w**f*
e ﬂﬁ'
The flrst phys:c:an who fdcebl the proble ’

lem; eformatlon of
; grawtatlonal structures was Je n o) J,ﬁ mg of ninetienth

| “‘.ﬂi * '. -:1'*- '-.
. He lmagmed an mflmte

ugjrm f!J// oJe eneus and static gas of
partlcles whrch se Plglie ctvia _'grawtatlonal force

The prototlpe for thls gas are mterstellur medlum (75/ H, 25% He)
very low density (about 100 partlcles per cm3)
or Hll reglons formed by lomzed hydrogen



Searchlng fora model of galaxy for}matlon
| grawtatlonal mstab I|ty el

-\...|I

Let us now lmagme that somethmg causes m t 1 gas a smaII Iocal

_ perturbatlon Wthh modlfles dens:tyg r ,x 'Ifr)’: "d veIoc:ty of the_

| | = p r/fr!“_ |

.Ieans dlscovered tha i ,‘ur* wfrumrur“':" Wl” evolve Ilke an
| exponentl | v’* _/f‘j wing : ,J/ %cal wave -

if the mass of t;h A ofel5, 2 (e e _? the crltlcal value

thlS glve srlse to the shnnkmg of the matter ms:de a radlus A
| ' and lt s dens:ty grows and graws up..



Searchlng for a model of galaxy formaﬁon

The critical mass for a sta e in t ___a/fq:f me,,[ m or an Hil -
reglon lso “r G JJ §
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] Q__rfotatlong gas such as the medlum
m whlch spiral prOtogaIax:es form |



To conclude the forMatioh 'ofd Spiral gdldxy_ foll__o_ws t_h_e's_,e:_;}steps:
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2) angular momentum comje '__t( J ninig _s the contractlon
| . follow o disk $hape afd¥iot ""'?heric_al_..

.'-h_a e ," :r ke
, '3) -fragments of the pr -_)f r//r/
| body, r/cfth Ja (11

.”/ ) od shot from the central
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Iobular clusters
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5) perturbdtian_s in the disk 6r[gihate§ the spiral arms.



- AND FOR WHAT REGARDS ELUPTICAL (LENTICULAR) GALAXIES ?
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. In the central parts of galaxy cIuters where the dens:ty is hlgher :
- gives origin to these-huge spherlcal” strqctures
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The phases of a co

lossal galaxy collision
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- Formationiand evolution of stars
(on%nﬁh%aln achlevements of human mind)
fels ."" Jctiire: selfconsmstent theory based on
; betwee , ssureiand. gravity.
balance between ¢ f flf:!ﬁ energy and emltted energy

= energ F" i _,,JJffs/run:o the stgf 5
e & o ’ ﬁﬂ.. E

Totally conf:rmed b;' eSSty Qj e Sun, and sta?‘pop tions in
globular clusters (glabulaf' clus rseare the consequence 0f one
single formation impulse, aII has the SAME AGE but DIFFERENT
INITIAL V2 SSES 1)) REPRESENT A SNAPSHOT OF ALL POSSIBLE

CONFIGURATIONS '
> =
Explains the origin of ALL the chemical known elements
! BIG BANG just created H and He :



Orion nebula
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interstellar -mediqm_be'cbmes instable respect to the propagation
of a dénsity.p%gg_ng tion, if the radius exceeds a critical value:

e JEANS RADIUS,
_—
| " 1 MILLION TIMES THE
& 3 e,

This explains globular clusters.. but not the Tormatlon of smgle
stars like the Sun!
What is the solution to the paradox??
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expandl 535 asgresult '"h" frLOVE e)gflosmn

:‘J:‘)"

g . 3
¥ i - & f
I|' 1 '_r
. 5
= |
N L

plosions,or cloud Gslis 'ns_cate SHELS AVE_'S N

the denser compr-eg_g':ed matter hasa LO'WER,CRITICAL MASSy



r R i L

Young bright stars clearly ws: >\ at the borderio j ‘ lrai arms
consequence of shock wave 3 WHICH COMPIESSES "f tter




..the cl_qu'd. collapses, radius decfeqses
: glo vitqtional energy. grows
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h

| eq}lllbnum between grawty and pressure
- begins to enstablish mdeedb

‘K =_

. . PV=NKT




The protostar 'develbps-a dense and hot nucleus (Mnuc =kM,_ ,)
' and reuclle a ‘fqge named zero age sequence
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etime:; ,rﬁ‘ ;, from the. beginning s
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When the nubleus temperdture reaches 10’ °K
nuclear fus:on of hydrogen in helium begins

thls can h

<
G + G - =k
Hydrogen Hydrogen Deuterium
II"'--'_::#‘;‘)l ™y
¢

: Helium-3
Deuterium Hydrogen

Helium-3 Helium-3

 Positron

® MNeutrino

Energy

ENERGY



Each system of mt'eractmg‘ob]ects in the universe

the e rgy dlfference isiemittedin the form of partlcles |
. and mamly photons




The protostar evolutlon is fmlshed /

nuclear contraction stops becouse the balance of
_ mw@y and pressure’ -

Photasphers

FURF POl Convectiva

o

(Mucilear Fusion)

" radiation emitted

A

T, P.dnd p
v decrease fromthe
- center to the edge




The time spended by the star in this stage is the time needed to
transform all the H present in the nucleus in He

mad s:ve stq,rs has greater temper.atures
high temperature means brighter.colours
s from white to blue



-

If _instqu: the l;‘gass of theprotdstaf is too small
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the temperafﬁfm 2 aYr'ngc/ pytne nur*/%lp j5.not sufj cient ..
he:starceninyes to contract ‘-’"t.
LTI PETRDTE gecredses:

2glcls Ji's Jifz 5 o/rmr f/r/fj ..u..**



When.all the H .présent in the-core is converted into He
H fusion @ﬂts--iﬂwa._shell surrounding the He nucleus

_the central'e NSIU TN Offi= ,vity ishotsubstained

ag d fh'h- central

S g i "'E_-.__
Core Exhaustion te ﬁ? p eg ;

hydrogen burning core hydrogen burning shell - = _ "
T T ,ﬁ

the_ fusion of He in C
| begins

‘ .' .

trigger of He will

coincide with a viole'n't
FLASH!

helium core

T stellar envelope



=

The transformatlon of a star with-a mass s:mllar to Sun will be
- gma _,r_ ficent and catastrofic..
..as shown by thig Ricer lctur‘é)f a star.in the fase of GIANT

CREDIT: NASA S ETEc/ ALURA



The transformation of a star with a mass similar to Sun will be
. . .- “magnificent and catastrofic..
the contractioniofit




=

The transformatlon of a star with-a mass s:mllar to Sun will be

- . mag of1]] lcent and catastroflc..
as the nucleus expag 5ithe the atmosphere expand

1l-,-

U“#ﬁ =

-
- T



The same processes characterlzes the subsequent evolution
in stars of greater and greater mass:

this gives origin to the elements from-He to Fe



Structure of a heavy star at the end of the process:

8. ""1) acoreofiron

2) concentrical layB¥sWith nuclear reactions of ligter elements
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HYDROGEN HELIUM CARBON & OXYGEN & SILICON &
OXYGEN NEON SULFUR



If the star has a mass- greater than 12 M_.it's fmal fate is reaIIy
violent:

T -4.'.3.__
THE - INTE@!\I Hf oo U "IVJJJ; TO SUBSTAIN

o THE l/ﬁ/r“’ aUJ,»_z, /f/,g;_ﬁ/ s
el 0
A CATASTR e,- o /}//HLJJ/J/\] ru/\uz/ SES rﬁze‘@ : t’ ri‘ 70
(the sam F J’f / /J'I w'//r/ onielif) Jnrm,dng "/.I" moonin ’[ er




The free falling matter bounches on this comhressed core
. .producing a shock wave which destroys the star




Durir;g the.glefl__ag}_'d;ion the glements'thier thap iron
= . are produced
'synteSIs of  ALL the KNOWN ELEMENTS!

.

this concludes the:
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The central object which survives the supernova explosion
e " can be..

- - g--’ -
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1) a NEUTRON STAR-if M<2M_:-an ektrémely compact object
(radlus ofi J:.{?/Ag_t /) in rapid rotation about it's axis.

Such 0b iar'r; o e too, ,amt in lSIbIe light




2) a BLACK HOLE if M > 2 M : if the mass. exceedes this limit the
grawtatlonal collapse can not be stopped. at all !!
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the disc rotates around the
_center, the velocity of the
- J.CII‘CUIGI‘ motion of stars depends
on the dlstgnﬁ from the center..

let us consider a l‘lgldﬂlS'k " i
(for example asCD)
‘whose atoms mantam FIX

pos:t:ons m a crlstal



Ladybug 1 covers 2n x 1cm 6 cm
m atimet

Ladybug 2 co Is: Zn Xx2cm = 12 cm

5 mt é SAME TIME e

e m a tlme £

'_ velocity of Ia_dyﬁb__L'Ig_lz' vz =12cm/t=2x 2



A fJ%‘i '[' ¢ ,d,_..',--- ,' o .

TR ;tars db*es n% jﬁ ,@1 a crystal

% | ‘;.:"*’fl;e yiare ﬁ}it/f/ together by the
S m 'h’ﬁr// J a Jtatlonal

.].T.

20 3,;‘,4 Jstance r from the center

f' e __:_I:__:wtatlonal force actmg on the
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Ohserved

sun'’s velocity is

sbour 220 krn/iser ' Th e ve I o C (] ty far a Wa y th e

Differenceis contributed

by the dark matter halo. .- Cen ter IS TOO HIGH,’.’

e g = N —

Sun’s velocity should
be only 160 kmy'sec T

radius of the disk ** e . :
'i“hé'!ﬁ*ias"s of the observed
%atter is not enough to
T P L i * “explain the observed

Distance from Center |lpc|

city (kKm/fsec)

@
=
[yn]
2

L e ‘®
The gravity of the visible matter in the Gala=y 15 not enough to explain the high orbital ke b - ve I O C I ty .
speeds of stars in the Galaxy, For example, the Sun is moving sbout 80 kmn/sectoo fast, A U B, |
Thepart of the rotation curve contributed by the visible marter only is the bottorn curve, 7} 5 _

The discepancy berween the two curves is evidence for a dark matter halo. b AR | i

e LR |
the Galaxy is-éu,rrouhdé’d by a spherical crown of matter
which does not emit light: DARK MATTER

: (shi'all sta_rs, planetoids or new exotic particles?)



