


Gravitational interaction among two particles

(m, m,)/r
Principia of Newton (1687,)
s .
N

Gravitational interaction is I?ng range: any
particle of the system) | fluencés the motion of

Gravitational interagtion diverges when r -» 0
serious problem when you use computers!



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

Galileo was the first to resolve in the “celestial
fluid” single_stars
similar to/odr Sun

Immanuel Kant: the galaxy could be a disk.
And why not otheﬁSiijarfbjects, “universe
‘

is.a$ 7

SI
construction of grea'iter telescopes.. discovery
of the interstellar medium.. birth of
spectroscopy..
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The Milky Way:
our galaxy

900 000 000 000 000 000 Km



Virgo cluster
- of galaxies
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4.4 Mpc = 10 Km " 1 pc= 10% Km

- = 3 light years



Some of the
nearest
superclusters
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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 rise to complex
ent|rety df&artlcles "

,wmm‘ - ,
planets, stars, solar systems, 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:

. ENERGY

jr.l;': L el l :l 1 gl o - w
Spantp v ;E-..-r..*@ #,;-:?;:,gﬁ;'_:"-" 5
i : o LD LI 4 ;o

FORCE and,
Y

\

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)

T Amse mmad gmenl ol mmesl i
v v v v v v

e,

- s B “;*’.i -‘:_ ;-ILJ'H :
This means that NO 7:' is acting on our

part:cle” Or the particle is NOT INTERACTING .
- with any other body. k- -
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

- @ - @ - @ ~
v v

V1 v2 V3 4 5

This means that SOMI;: FORCE is acting on our
particle!! Or the particle'is IINT;EEI-}ACTING with

anothé

- This case the particie has of course KINETIC -
ENERGY (just becouse 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

WgAgK Just act oniparticle
S’:-l' % EG at microscopic
RON scales

.~ FORCE




FOUR fundamental FORCES are known to govern
our universe .

LECTROMAGNETIC
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






if you remove
particles of

expanding

‘while if we remov :

-

A big diff: -

e

ima n gas, this will move away
by pressure



..the stars do not move away, why this
difference?

Becouse the mutual (long range) gravitational

force of each star resp.e t to all the others makes
. L]

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

Gravitational energ)

4 : ,_ Gravitational
’.nteracq.on. - — . : Selfenergy
of Virgo A with the . of

M.M,/R,, = MM, /R



If we made the same count referred to a bubble
of gas (1m of radius) with respect to the body to
which belongs, that is the earth

we would have found.. -

.
SRl .,

Gravitational
energy of Gravitational
interaction § selfenergy
of a bubble of'gas . \ of the
with the earth o * bubble of gas

. 017 M M, /'R/

MIMZ/RIZ z/ll

INFINITELY SMALLER !!

L



...this is why galaxies, stars etc.. are
selfgravitating systems
while common gases are not. .
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Sun

Muclear bulge
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The situation looks complicated..

4 butit's even MORE COMPLICATED

the Galaxy is just one of billions galaxies which
populates the universe. These looked to first

observers as dlf,fuse.nebulae

. . L

10% of matter in our Galaxy is in the form of
diffused matter. ,

Cluods of matter in our galaxy (75% H 25% He)

expelled by supernova explosions as we will

see..)
illuminated by near stars can appear as
galaxies. ' '

J— m -~ WM . » » g aiFf



The f:rst class:f:cat:on of galax:es :s due“ to
: | Hubble, also known g "’f;ﬁ%_ 5
| DIA PAS ON ._.‘.'f'= i **LNO R M A L
: * i 2 }SPIRAL
GALAXIES ;

E LLIPTICAL
LENTICU LAY
GALAXIES

IRREGULAR
GALAXIES

Irregular

. BARRED
. SPIRAL.
GALAXIES




T he number proprtlohs of
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MAIN DIFFERENCES i
' ELLIPTICAL o e Ao SPIRAL "
| GALAXIES. ' s il fGALAXII;-‘S
elhpt:cal galax:es show the"‘ bfﬂge;s s:mllar to
- almost sphericalt . an ell ‘,L'al galaxy.
simmetry. .Thedisc is reach of
T hey are caracter:zed s"'\ LT -'.\f,'_asswe, and
older, smaller, and more&. . “Smére blu stars.
- red stars. $

'. All t_'-'l:__qé'*.galaxie's has the same age_._- 107 'years



Searchlng for a model of
- galaxy formatjon X
0 raV|tat| onal'in s , ,-_,"'f__bial |ty

~ The first phySIc:an who fac mﬁ robi ,”'aﬂhe format:on of
grav:tat:onal structures wasJe ,gf Qg_hnmg of ninetienth

ik .."5.-'-';i AR i
_,;geineus and static gas. of

He lmagmed an mf:mte_, C
r. i grav:tat:onal force

particles wh:ch se -~

The prototlpe for thIS as are mterstellar med:um (75%. H 25% He)
- very low dens:ty (about 100 particles per cm?) -
‘or Hll reglons, formed by lomzed hydrogen



Searchlng for a model of
- galaxy. formatl__on i
grawtatlonal |ns,?,-,"'ff‘baallty

g

th:s gas a small :
,, pressure and

Let us now imagine that . some ething
local.perturbation, whlchi J_)f 5 dei
: veloc;rty@ the p. «r ' e
; 1" .'l i e ¢ i
. : -:".'._-=,.- ,i_:_ll-.., ..__. "
: “s.
..... PEY, fumrjn' n.-_WJIl evolve like an
s o
LVl er/m o Sgels rlcal wave:
_if the mass of the_ _ e,fceesj '-3'-the cr;t:cal value. £

TR "

th:s g:ve sr:se to the Shrmkmg of the matter ms:de a radlus A
and lt'S dens:ty grows and grows up.. |



Searchlng for a model of‘ |
~ galaxy. formatl__pn hﬁ*
grawtatlonal instabil lty
The cr:t:cal mass fora _:*5; Jﬁ*’ff _-a_med:um, or

| reglon IS "5'

R '_ e
"'f-’:-t ‘h"';“
P ..'."-" i

”, ::' L

£ one m:lllon tlmes gr ;fEJL‘:ﬁf‘ i) rm___f‘ Q Mass of the sun 7 _

{ et
5

but becomes mﬁ gi'eer for a rotatlong gas such
| ; ~_ as the medium =~ 3
. m WhiCh sp:ral protogalax:es form.



To conclude the formation of a spiral galaxy follows these

steps. e
i = s e
1) a protogalactm:. rotatmg clou -spherlcal

| '&C‘G-I.;;. :
follow a dlSer = 'Q:m rj ut spher:cal

4) frlctlon in turbolent motlons g:ves rise to a bulge

5) pertUrba_tibns_in .th.e disk originates the spiral.arms._



. AND FOR W,HAF-REGARD.S ELLIPTICAL (LENTICULAR)
I GALAXIES ? -

¥ The hypotesis iis that colossal gaTaxy' collisions, .

in the central parts of galaxy cluters’ where the dens:ty is
. 5 hlgher.- | - s

g:ves or’:gm to these huge ”Sphergcal” structures -

-
- 'l L



of a colossal galaxy collision

The phases
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Formatlon and evolutlon of
e - stars

(one of th -*m h’n 'chle_.ve_ments."of human mind)

 Theory, of S ellar structure: se ’éfconsinstent theory
balaﬁce betivesn) Of—*jk ure and gr'éw

s

balance between genergtetiene rgy and emi

[ Je energy -
--ﬁﬂ@rgy ﬁ"'mJ POzl tior across thea-st‘ar _.__

TotaIIy ﬁ"(ﬂflrmed bf th S udy of the Sun, andﬁtar
populatlo in globular clusters (globular clusters are
the consequence of one single formation impulse, all has
the SAME\AGE but DIFFERENT INITIAL MASSES!!!)
REPRESENT.A SNAPSHOT OF ALL POSSIBLE

CONFIGURATIONS

~Explains the origin of ALL the chemical known elements
y BIG BANG just created H and He -



. Orion nebula

plllars of ¢ ontracting gas
exp- ence. fav:tatlonal

'F'
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JJ in g o

. &*ﬁ = 'Toung mass
By s w o ptars
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interstellar medium becomes instable respect
to the propaggt:on of a density perturbation, if
the radij '_Txceeds a critical value:

e

L]

thlS ch‘r spond
to amass of 10
BRI = 1, = ¢ ’\4"2‘&

Pl y .
P FEEA Y Ry * a .
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e Apy g U B R v Toark " § o LY
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L[] k L]
] '
.
nny
u

This explains globular clusters® but not thé
formation of single stars like the Sun!
What is the solution to the paradox??
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Young bright stars, clear '}"DL'] ble at the border of

splr aFms; -: A
consequencetof sh .,/./'J/—’J WhiGliic o presses
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..the cloud collapses,+ radius decreases

BUT enerqgydoesuiotaldiCEI S ED) i JL tra {gp ]

J‘Jf L J# )"' . \g =

kine: mai.e gWs"temperat
ure begms to grow '
equih}arlum between grawty and pressure

begms to enstabhsh indeed..
“._

the tem'i)e

PV NkT



The protostar develops a dense and hot nucleus (M, _="72M_)
and reaches a s £ ge named zero age sequence

~

-,

- =

ey

. the‘time, Qf\J of,;f'-ff_; g,:n fff ng |
- T, = 10’ years
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=

When the nucleus temperature reaches 107 °K
nuclear' usion of hydrogen in helium begins

- ENERGY

""_ - : r‘-“i
) Positron
W + G = o +
=7 - e ® MNeutrino
Hydrogen Hydrogen Deuterium
L
- ‘ -"f-,l "-.__‘ I
] L ‘g ’ : Py
\ Y !)"'1 + ) —>
: Helium-3 Energy
Deuterium Hydrogen
-

Helium-3 Helium-3 Helium



Each system: of interacting-objects in the universe
- naturally.eyolves towards the condition
: 5 _ m:mum energy

the total energy of fa,ara‘i‘Ed h drogen atoms

the energy. d:fferenc--" in the form of ng’t:cles
and !agamly photons




The protostar evolution is finished!
nuclear contraction stops 'becouse the balance of
Sy Jty and pressure

Convect|ve
( Lone
radn vl it v
= orne

‘F
Eﬂﬂ' grav

(Mucilear Fusion)

decrease from the
center to the edge



The time Spended' by the star in fhis stage is the’
time needed to transform all the H present in the
. hucleus in He ,

tﬁ a MJ/L = 102° years for.the suh

«J tars rapidly %rn their fue '; 4

massive Starsy has greater te@era'tures
high temperature means brighter colours
from white to blue



If instead the. maéS-of the protostar is too small

the tetﬁﬁratu rea sn:»d b / the nucle us IS not
sufficient ..

¥ ,gﬂie '“I‘J_[" conpyues ‘JQ},,ffJgfgjgg L

< it's tempErgHire decreases, = %
et : ; ey ﬁ‘* g
_’."E_/f' —’f_l“_/J J"' j]f:’ :_L)— cl Q’}:_If“ /0 o

+

s



When all the H preséht in the.core is converted into He

H fusion shifts #_1 a shell surrounding the He nucleus
*#p-- :

the central engl - é u rn off - grawty Is not substamed

Core Exhaustion

hydrogen burning core hydrogen burning shell

the fusion of He in C
| begins

" trigger of He will

: coincide with a
& stellar envelope efium corg _ Vi (0 l ent

FLASH!



The transformation of a star with a mass similar to Sun
: will be - :
nificent and catastrofic..

| ce plctur-e of a star in the fase of
CIGIANT  aeemss

..as shown

-
3 .
o ﬂﬁ

———

—

CREDIT: NASA S ETEc/ ALURA



The transformatlon .of a star with a mass s:m:lar to Sun |
will be :
_ ficent and catastrofic..

ol




The transformat:on -of a star w:th a mass s:mllar to Sun
-+ ' will be
'_ g ent and catastrofic..
as the nucleug : s the e velop nd the atmosphere
| «e pand




T he same processes characterlzes the
. . ‘subsequent evolution
in stars.of‘greater and greater mass:

: “\Hj/ fymv RACTION %
3) INCREASE'G FT 'MPERATURE ;f{;
4) TURN ON OF THE SUBSEQUENT NUCLEAR
REACTION |
WITH FORMATION OF HAVIER ELEMENTS

- :

‘this gives origin to the elements from He to Fe



Structure of a heavy star at the end of the process:
gy#2ul) a core of iron _
2) concentricalgayers with nuclear reactions of ligter
- - g elements.

HYDROGEN HELIUM CARBON & OXYGEN & SILICON &
OXYGEN NEON SULFUR



If the star has a mass greater than 12 M_ it's final fate is
| __really violent: ' *

i -

PRESS RE IS NOT: ENOUGH TO SUBSTAIN

THE INTERNAL RESS
- THE, j/:LJJ-J OF SUP. ,fJier LAYERS

-.-' o

A CATASTrﬁ?Pmc: IPL ojuv ‘*fﬂ?l)fﬁ] ijﬂf ' MATTER TO
iEsy/cm® S -
| oon in

i
(the sam@"ﬁ’v_ Ly /J,,{» copiEobtain
| o z) fJJJf.I) e

L

hrink Jﬁ&f he r
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The free fallmg matter bounches on this compressed core
producmg a shock wave which destroys the star

g "_'“Jf»m EXPLOSIO

-:ﬁ’_.r .--l-




During the deflagratlon the elements hav:er than iron
- " are produced

this conclﬂd%ucleosyqtes:s of ALL the KNOWN
' . ELEMENTS! .. .

il -
“a




/ 4_) e erai'lon stars, such as

= _L...._,_
o

_erm; 1) rj 0urselves§'=7“:*- “"

s

T h:s ? the deep meamng of the sentence.
'\ “ we are stardust”

-‘.



The central object which survives the supernova
explos:on
. can be..




1) a NEUTBON STAR if M.<2M_: an extremely

_I.IJ -

:'f*}ﬁm




2) a BLACK HOLE if M >2M_;: If the mass exceedes thlS limit

the grav:tat:onal collapse can not be stopped at all !
The intensity of: |

is such"?’extreme't a" 'S[ J{J ;i_gjuﬁ'} 2 Joose si lflcance.
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-~ ~Astrophysi
_ the curve ofrgtali
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- the dISC rotates around

- the center, the veloc:ty -

"%, | . of the circular motion

S | of stars: déﬁends on the
S o %dJStance from the

24 center.. 3

hy .4.-
2

Ry m'i}j‘&‘

i

- *__‘_._

let us cons:der a ng;_,_:_ |
disk e % 5

(for example a CD)
whose atoms mantai

D
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Ladybug 1 covers 2n X
1cm 6cm
tlme Gc .
’ ;;2 covers 2n x
;?%# L% 2cm =12 cm
s uwhe SAME TIME t

-veloc:tym_,-_; ybug 1 v
_eSecm/t . -
e l,_nl,.a_tl,me G

. velocity of ladybug 2 v,
| 12Cm/t - 2 X Vv,
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s but the d:sk of,gthe
stars daes ﬁ t form a
"areihe, d together e
f{- mutual =
ltatlonal
Jf,z -er"_' ,ct:on

-
e X i _1 + '} -
e " Sk, 1*- h I.:. ;.
B ik <O B S e
ih 1 ; ﬂ'\- u Wihgs g

the OC*J"/ J

ﬁStar at d:stance r

fro ithe ef“’“ iter is caused by the
gra' :"at:o'nal_ force actmg on the
e mi star.. -




city (kKm/ser

Rotation Welo

Ohserved

sun'’s velocity is

o Differenceis contributed | ; I Th e ve Io City fa r
- by the dark matter halo. .. ' aw a y t h e C e nt e r i s .
Sun's velocity shuultrh""'---.._____ S ' | , | I TOO H ' G H ! ! :

be only 160 kn'sec .
___.._________'__“____ d . i s i --._Il ._:f' , .- -
Visible matter only == T ﬁ bl .

radius of the disk Rk

_ the mass of the
'* 6bserved matter is
& not enough to
“explain the

e, — .—D__, ——

10 13 20
Distance from Center (kpc)

The gravity of the visible matter in the Galawy 15 not enough to explain the high arbital -
speeds of stars in the Galaxy, For example, 'r_h Sun is moving about 60 kmv/sectoo fast,
The part of therotation curve contributed by the visible matter only is the bottom curve. o b s e r ve d ve l o C ’ ty

The discepancy berween the two curves is evidence for a dark matter halo. i
_ - - weg P i & T L : L

—_— k.,
¥

o - ﬁ i |
the Galaxy is surrounded by a spherical
crown of matter which does not emit light:

| DARK MATT ER

(small stars, planetoids or new' exotic
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