
Cap.1

argomenti del corso

• forze gravitazionali ed elettromagnetiche

• Teorema del Viriale

• la gravità equilibrata dalla pressione nelle stelle: 
stelle normali, produzione di energia 
termonucleare; nane bianche e stelle di neutroni, 
pressione di degenerazione

• la gravità vincente: collasso gravitazionale, buchi 
neri stellari, buchi neri supermassivi nei quasar

• la gravità alla scala cosmologica; l’espansione di 
Hubble controllata dalla gravità, il redshift 
cosmologico, il Big Bang

il filo conduttore è il ruolo della gravità



Forze gravitazionali/elettromagnetiche
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−37

Gravità debole?
sì a livello microscopico, ma:

∑
qi → 0,

∑
mi → Nmp

su grandi scale la Gravità prevale
p.es. :
diventa dominante (favorendo una 

forma sferica) a livelli di ~1024 g, la 
scala dei grandi asteroidi e dei satelliti 
maggiori (anche importante per la 
definizione di pianeta)

Deimos 2*1018g

Phobos 1019g

Europa 5*1025g

Luna 7*1025g

Gravità equilibrata dalla pressione: stelle

reazioni termonucleari
4p → He4 + 2ν, 26 − 1.5 MeV

dopo 1010 anni gravità vincente: collasso
Stelle normali
P termica

Nane bianche
P degenere e-

Stelle di neutroni
P degenere n

Buchi neri stellari

R ≈ 1011 cm ρ ≈ 1 g/cm
3

R ≈ 109 cm ρ ≈ 106 g/cm
3

R ≈ 106 cm ρ → 1014 g/cm
3

Rs ! 3 km
M

M!

orizzonte degli eventi ma disco di accrezione irraggia

Buchi neri supermassivi M ≈ 10
6
− 10

9
M!

Quasar L → 10
14

L! visibili a D~13x109 anni-luce ~ 13x109 anni

GM

R2
ρ =

dP

dR
∼

P

R
∝

nT

R
→ T! ∼ 10

7
K

∆t = D/c

eq. di equilibrio 
idrostatico:



• radiazione elettromagnetica

• raggi cosmici

• neutrini

• onde gravitazionali

Data set and method. The data set ana-
lyzed here consists of the cosmic-ray events
recorded by the surface array of the Observ-
atory from 1 January 2004 to 31 August 2007.
It contains 81 events with reconstructed ener-
gies above 40 EeV and zenith angles smaller
than 60°. The integrated exposure is 9.0 × 103

km2 sr year.
We only use recorded events if they meet

strict criteria with regard to the quality of the
reconstruction of their energy and direction.
The selection of those events is done via a
quality trigger (13), which is only a function
of the topology of the footprint of the event on
the ground. This trigger requires that the de-
tector with the highest signal must be sur-
rounded by five active nearest neighbors, and
that the reconstructed shower core be inside
an active equilateral triangle of detectors. This
represents an efficient quality cut while guar-
anteeing that no crucial information is missed
for the shower reconstruction.

The arrival direction of a cosmic ray is a
crucial ingredient in our study. The event di-
rection is determined by a fit of the arrival
times of the shower front at the SD. The pre-
cision achieved in the arrival direction de-
pends on the clock resolution of each detector
and on the fluctuations in the time of arrival
of the first particle (14). The angular resolu-
tion is defined as the angular aperture around
an arrival direction of cosmic rays within
which 68% of the showers are reconstructed.
This resolution has been verified experi-
mentally with events for which two inde-
pendent geometrical reconstructions can be
performed. The first test uses hybrid events,
which are measured simultaneously by the

SD and the FD; the second one uses events
falling in a special region of our array where
two surface stations are laid in pairs 11 m
apart at each position. Events that triggered at
least six surface stations have energies above
10 EeV and an angular resolution better than
1° (15, 16).

The energy of each event is determined in
a two-step procedure. The shower size S, at a
reference distance and zenith angle, is cal-
culated from the signal detected in each sur-
face station and then converted to energy with
a linear calibration curve based on the fluo-
rescence telescope measurements (17). The
uncertainty resulting from the adjustment of
the shower size, the conversion to a reference
angle, the fluctuation from shower to shower,
and the calibration curve amounts to about
18%. The absolute energy scale is given by
the fluorescence measurements and has a sys-
tematic uncertainty of 22% (18). The largest
systematic uncertainty arises primarily from
an incomplete knowledge of the yield of pho-
tons from the fluorescence of atmospheric
nitrogen (14%), the telescope calibration (9.5%),
and the reconstruction procedure (10%). Ad-
ditional uncertainty in the energy scale for
the set of high-energy events used in the
present analysis is due to the relatively low
statistics available for calibration in this en-
ergy range.

Events with energy above 3 EeVare recorded
with nearly 100% efficiency over the area cov-
ered by the surface array. The nonuniformity of
the exposure in right ascension is below 1%,
negligible in the context of the present analysis.
The dependence of the exposure on declination
is calculated from the latitude of the detector

and the full acceptance for showers up to 60°
zenith angle.

A key element of our study is the probability
P for a set of N events from an isotropic flux to
contain k or more events at a maximum angular
distance y from any member of a collection of
candidate point sources. P is given by the cumula-
tive binomial distribution ∑N

j¼k CN
j p

jð1 − pÞN−j,
where the parameter p is the fraction of the sky
(weighted by the exposure) defined by the
regions at angular separation less than y from
the selected sources.

We analyze the degree of correlation of
our data with the directions of AGN refer-
enced in the V-C catalog (12). This catalog
does not contain all existing AGN and is not
an unbiased statistical sample of them. This is
not an obstacle to demonstrating the existence
of anisotropies but may affect our ability to
identify the cosmic-ray sources unambiguously.
The catalog contains 694 active galaxies with
redshifts z ≤ 0.024, corresponding to distances
D smaller than 100 Mpc (19). At larger dis-
tances, and around the Galactic plane, the
catalog is increasingly incomplete.

Exploration and confirmation. Using data
acquired between 1 January 2004 and 26 May
2006, we scanned for the minimum of P in the
three-dimensional parameter space defined by
maximum angular separations y, maximum red-
shifts zmax, and energy thresholds Eth. The lower
limit for the scan in y corresponds to the
angular resolution of the surface array. Our scan
in energy threshold and maximum distance was
motivated by the assumption that cosmic rays
with the highest energies are the ones that are
least deflected by intervening magnetic fields
and that have the smallest probability of arrival
from very distant sources due to the GZK effect
(3, 4).

We found a minimum of P for the param-
eters y = 3.1°, zmax = 0.018 (Dmax ≤ 75 Mpc),
and Eth = 56 EeV. For these values, 12 events
among 15 correlate with the selected AGN,
whereas only 3.2 were expected by chance if
the flux were isotropic. This observation mo-
tivated the definition of a test to validate the
result with an independent data set, with pa-
rameters specified a priori, as is required by
the Auger source and anisotropy search meth-
odology (20, 21).

The Auger search protocol was designed
as a sequence of tests to be applied after the
observation of each new event with energy
above 56 EeV. The total probability of in-
correctly rejecting the isotropy hypothesis
along the sequence was set to a maximum of
1%. The parameters for the prescribed test
were chosen as those, given above, that led to
the minimum of P in the exploratory scan.
The probability of a chance correlation at the
chosen angular scale of a single cosmic ray
with the selected astronomical objects is p =
0.21 if the flux were isotropic. The test was
applied to data collected between 27 May

Fig. 2. Aitoff projection of the celestial sphere in galactic coordinates with circles of radius 3.1°
centered at the arrival directions of the 27 cosmic rays with highest energy detected by the Pierre
Auger Observatory. The positions of the 472 AGN (318 in the field of view of the Observatory) with
redshift z ≤ 0.018 (D < 75 Mpc) from the 12th edition of the catalog of quasars and active nuclei
(12) are indicated by red asterisks. The solid line represents the border of the field of view (zenith
angles smaller than 60°). Darker color indicates larger relative exposure. Each colored band has
equal integrated exposure. The dashed line is the supergalactic plane. Centaurus A, one of our
closest AGN, is marked in white.
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i canali osservativi

il canale classico
largamente dominante per ora

particelle con energie dal MeV a 3x1020 eV

Sole, stelle
sorgenti galattiche ed extragalattiche, p.es. supernovae
energie ~TeV

non ancora direttamente osservate
previste (p.es.) da buchi neri binari, stellari o supermassivi

sta diventando astrofisicamente importante la 

detezione degli UHECR, energie ~1020 eV, 
osservatorio Pierre Auger

trasparenza
atmosferica

il canale elettromagnetico
intervallo di sensibilità dell’occhio
umano (e degli animali)

altezza alla 
quale la 
radiazione è 
assorbita al 
50%



radiazione 
elettromagnetica 
da sorgenti 
cosmiche

T
E

λ

ν

processi di 
assorbimento

processi di 
emissione

 10 TeV

freq. plasma ionosfera ~ 30 MHz

νp =

√

e2n/πme

processi di emissione

termici non-termici
corpo nero

bremsstrahlung

sincrotrone

compton inverso

es: stelle
es: radiazione cosmica di fondo

es: ammassi di galassie

es: resti di supernova, radiogalassie

es: quasar



alcune costanti della fisica da ricordare (cgs)

velocità della luce nel vuoto      c        3.0 1010 cm s-1

costante di Planck                    h        6.6 10-27 erg s

costante di Gravitazione           G       6.7 10-8 cm3g-1s-2

carica dell’elettrone                  e        4.8 10-10 u.e.s.  (g1/2cm3/2s-1)

massa dell’elettrone                  me     9.1 10-28 g

massa del protone                    mp     1.7  10-24 g

costante di Boltzmann              k        1.4 10-16 erg K-1

www.astro.wisc.edu/~dolan/constants.html
valori più precisi e più completi, p.es.:

alcune scale fondamentali
Terra e Sistema Solare

Galassie

Stelle

Universo

R⊕ = 6400 km = 6.4 × 10
8

cm

M⊕ = 6 × 1027 g

lu ! 100 W = 109 erg/s

Lu ! 1020 erg/s

Dplutone ! 40 AU

R! = 7 × 10
10

cm " 2 s − luce

M! = 2 × 1033 g

L! = 4 × 1033 erg/s (bolometrica)

D⊕ = 1.5 × 10
13

cm ≡ AU

RG ! 15 kpc
MG ! 2 × 10

11
M!

LG ! 3 × 10
10

L!

(M/L ! 6M!/L!)

D̄G ! 3 Mpc

tH ≡

RH

c
= 13 Ga

D̄! ! 1 pc = 3.086 × 1018 cm

! 13 G − anni − luce

RH = 4 Gpc

! 3.26 anni − luce

(~2000 kcal/giorno ~8*106J/86000s)



parsec: parallasse un secondo

p

d

D⊕

p =
p′′

206265
! tan p =

D⊕

d

d !

D⊕

p′′
2.1 · 10

5

p
′′

= 1 ⇒

1 pc = 1.5 1013
× 2.1 105 = 3.086 1018 cm

= 3.26 anni − luce

1 anno − luce = 3 10
10

× 3.157 10
7
# 9.5 10

17
cm1 AU

1 pc
1′′

numero di secondi d’arco 
in un radiante

=
180
π
× 3600

1 AU

1 pc

15 kpc

3 Mpc

10 Gpc
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Sole

stelle più vicine

limiti della Galassia

galassie più vicine

limiti dell’Universodistanze nell’universo
in scala logaritmica



costante solare

F =
L!

4πD2
⊕

=
4 1033

4π(1.5 1013)2
= 1.4 106 erg/s/cm2 = 1.4 kW/m2

energia totale ricevuta per unità di tempo:

Lu ∼ 1020
→ 1021 erg/s

squilibri climatici

problemi

πR2

⊕F = 1.8 1024 erg/s

D⊕

R⊕

è il flusso della radiazione e.m. che riceviamo dal Sole

la costante solare non è veramente costante:

energia prodotta
dall’Umanità:

∆ <∼ %→ 1021 − 1022 erg/s

• fino a che altezza H una montagna può reggere il suo peso?

• come varia questa condizione con le dimensioni del pianeta?

• la forza gravitazionale è contrastata dal legame che tiene insieme gli ioni 
nel reticolo cristallino della roccia

• se la forza gravitazionale prevale, il legame cristallino si spezza, la 
montagna si abbassa di una certa altezza, e la roccia può scorrere

• dal punto di vista energetico il processo è equivalente ad un 
abbassamento al suolo dello strato sommitale, per un’altezza H

• l’energia potenziale gravitazionale guadagnata con l’abbassamento è circa 
uguale all’energia necessaria per lo scorrimento, una piccola frazione 
dell’energia di legame:

altezza delle montagne

E1 = ξB, ξ ∼ 0.05; B = γRy, γ ∼ 0.2

Ry =
mee

4

2h̄2
= 13.6 eV

HH

energia necessaria per lo scorrimento energia di legame

energia di legame dell’atomo di H



• per ogni molecola di massa Amp si ha:

• inoltre:                             (M,R: massa e raggio del pianeta)

• M ed R sono legate, possiamo calcolare la densità attraverso massa e 
raggio del pianeta o attraverso massa e raggio di un tipico atomo o 
molecola costituente. la densità è circa pari alla densità atomica:

AmpHg = E1

⇒ H = ξγ
mee

4

2h̄2

1

Ampg

g =

GM

R2

ρ =
M

4π

3
R3

=
Amp

4π

3
R3

a

≈ 1 g/cm
3

Ra = fao, f ∼ 1 − 6

ao =
h̄

2

mee
2

= 0.53 10
−8

cm (raggio di Bohr)

⇒ H = ξγ
mee

4

2h̄2

1

Amp

R2

G

1

Amp

(

fao

R

)3

(f cresce lentamente con A)

sfericità dei pianeti ed altezza delle montagne

⇒ H =
ξγf3

2

a2
o

A2

e2

Gm2
p

1

R

H

R
=

ξγf3

2

a2
o

A2

e2

Gm2
p

1

R2
=

(

R∗

R

)2

ma per R=R*:  H/R=1
vogliamo H/R piccolo p.es. ~1/10,    allora occorre R~3R*, M~20 M*

M∗ = ρ
4π

3
R∗3

≈ 1023 g5 10
−9

60 10
−2

20

1.2 10
36

R∗
=

ao

A

√

ξγf3
e2

Gm2
p

1

2
→ 3 10

7
cm = 300 km

⇒ H = ξγ
mee

4

2h̄2

1

Amp

R2

G

1

Amp

(

fao

R

)3

ci interessa il rapporto H/R: se è piccolo, il pianeta è circa sferico

a R* corrisponde una massa caratteristica:



H ~9 km

Monte Everest

Monte Everest, Terra: H ~9 km, R =6400 km

Monte Olimpo, Marte: H ~24 km, R =3400 km

H ∝ R
−1le montagne:

(1) A "planet" is a celestial body that (a) is in 
orbit around the Sun, (b) has sufficient 
mass for its self-gravity to overcome rigid 
body forces so that it assumes a 
hydrostatic equilibrium (nearly round) 
shape, and (c) has cleared the 
neighbourhood around its orbit.

(2) A "dwarf planet" is a celestial body that 
(a) is in orbit around the Sun, (b) has 
sufficient mass for its self-gravity to 
overcome rigid body forces so that it 
assumes a hydrostatic equilibrium (nearly 
round) shape, (c) has not cleared the 
neighbourhood around its orbit, and (d) is not 
a satellite.

(3) All other objects, except satellites, orbiting 
the Sun shall be referred to collectively as 
"Small Solar System Bodies".

nuova definizione di pianeta
Praga, 24 agosto 2006, assemblea generale
della Unione Astronomica Internazionale

Plutone non è 
più un pianeta

lettura:
http://astro.cas.cz/nuncius/appendix.html



alcuni dati del Sistema Solare:  www.nineplanets.org

Deimos 2*1018g

Europa 5*1025g
Tethys 6*1023g

occorre M~1024g       R~800 km

Janus 2*1021g

8


