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50 < Z < 58

78 < Z < 84



1H 2H 3He 4He

10

9K

↵

4p ! ↵+ 2e� + 2⌫
e



�1 �1 �1

2 1 ±0.5) · 10�2 ±0.5) · 10�2 ·10�5

3 4 ±1.5) · 10�2 ±0.7) · 10�2 ·10�5

2 4 ±0.09 ±0.03 ·10�4

2H 3He

10Be

1.5 · 106



20



dN

dE
/ E�(�+1)

�

9 15 � '

15

� '
19

� '



�

Et = 200

� + p ! n+ ⇡+



� + p ! p+ ⇡0 ! p+ � + �

� + p ! p+N⇡

E0 = 6 · 10�4 ⌫ = 1.5 · 1011

E = E0�(1 +
v

c
cos ✓).

! cos ✓ = 1

E = 2�mpc
2 � = Et/E0

� = 1.7·1011 E = 1.7·1020

5 · 1019

� = (�⇡pNfotone)
�1

Nfotone = 5 · 108 �3 �⇡p = 2.5 · 10�32 �2

� = 10

23

10

7

�mpc
2

�E/E ⇡ m⇡/mp ⇡ 1/10

10

8

10

10

5 ·1019





⇢CR ⇡
3

LCR =

VD⇢CR

⌧R
⇠ 5 · 1049erg/s,

VD VD = ⇡R2d ⇠ 4·1066cm3

R = 15kpc d ⇠ 200pc

M = 10M� u ⇡ 5 · 108cm/s

LSNR ⇠ 2.5 · 1051erg/s.
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@Ni

@t
= r · (DirNi)�

@

@E
[biNi(E)]�r · uNi(E)+

+Qi � piNi +
v⇢

m

X

k�i

Z
d�(E,E

0
)

dE
Nk(E

0
)dE

0
,

Ni(E,x, t)dE i x

E E + dE

D =

1

3

�Dv,

v �D

bi ⌘ dE/dt

u



Qi(E,x, t) i 3

x dE

i

pi =
v⇢�i
m

+

1

�⌧i
=

v⇢

�i
+

1

�⌧i
,

� ⌧i

m

⌧d ' �esc/(⇢c) ⇠ 6 · 106anni

B ⇠ 3µG

⌧�1
esc ⌧ c/h

�N/⌧esc

Q(E, t) = N0(E)�(t)

N(E, t) = N0e
�t/⌧

esc .



⌧esc

�esc ⌘ ⇢�c⌧esc

�c

Ni(E)

⌧esc(E)

= Qi(E)�
⇣�c⇢

�i
+

1

�⌧i

⌘
Ni(E) +

�c⇢

m

X

k�i

�i,kNk(E),

�i,k

�esc

�esc = �c⇢⌧R = 10.8
g

cm2
�
⇣
4

R

⌘�
, R > 4GV,

� ⇡ �esc �

Qi(E)



NP (E) =

QP (E)⌧esc(R)

1 + �esc(R)/�P
.

�protone ⇠ 2

�esc ⌧ �P

N _ E�(�+1)

Q(E) _ E�↵,

↵ = (� + 1 � �) ⇡ 2.1

2

⇠

�esc
10Be

26Al

�esc ⌧esc

⇢

⌧S

NS

NP
=

�P!S

�P

�esc

�P [1 + �esc/�S + ⌧esc/(�⌧S)]
.

10Be

� ⌧S ⇡ · 6



⌧R
3 �esc ⇠ 2

⌧R =

�esc

⇢�c
⇠ 6 · 106anni.

⌧esc < ⌧10Be

⌧esc > ⌧10Be

⌧esc ⇠ ·107

⇠
2

E = �E0

P

k N = N0P
k



E = �kE0 k

ln (N/N0)

ln (E/E0)
=

lnP

ln�
.

N

N0
=

E

E0

lnP/ ln�

.

N N(� E)

E

N(E)dE = constante · E�1+lnP/ ln�dE,

(lnP/ ln�) ⌘ �(↵⌧esc)
�1

V

⌧esc

✓

E



m

cos ✓

cos ✓ ⇡ cos ✓

✓ ⇡

E
0
= �V (E + V p cos ✓),

�V = (1� V 2/c2)�1/2 x

p
0
x = p

0
cos ✓

0
= �V

⇣
p cos ✓ +

V E

c2

⌘
.

E
0
prima = E

0
dopo

p
0
x ! �p

0
x

E
00
= �V (E

0
+ V p

0
x).

px/E = v cos ✓/c2

E
00
= �2V E

h
1 +

2V v cos ✓

c2
+

⇣V
c

⌘2i
.

V/c

�E = E
00 � E = E

h
2V v cos ✓

c2
+ 2

⇣V
c

⌘2i
.



✓

✓

v ⇡ c

�V [1 + (V/c) cos ✓]

✓ ✓ + d✓ sin ✓d✓

⇡ v ! c

D
�E

E

E
=

⇣
2V

c

⌘R 1
�1 x[1 + (V/c)x]dx
R 1
�1[1 + (V/c)x]dx

=

2

3

V

c

2

,

x = cos ✓

D
�E

E

E
=

8

3

V

c

2

.

V/c



U � cs cs

⇢1 p1 T1

⇢2 p2 T2

v1 = U

v2

⇢1v1 = ⇢1U = ⇢2v2.

⇢2/⇢1 = (⌘+1)/(⌘�1) ⌘

⇢2/⇢1 = 4 v2 = (1/4)v1

U

(3/4)U

�E/E ⇠ U/c



(3/4)U

�E

V = (3/4)U

E
0
= �V (E + V px),

x

V ⌧ c �V = 1

E = pc px = (E/c) cos ✓

�E = V p cos ✓,
�E

E
=

V

c
cos ✓.

✓ ✓ + d✓ sin ✓d✓

x

c cos ✓

sin ✓ cos ✓d✓



✓

⇡/2

p(✓) = 2 sin ✓ cos ✓d✓.

D
�E

E

E
=

V

c

Z ⇡/2

0
2 cos

2 ✓ sin ✓d✓ =

2

3

V

c
.

(2/3)(V/c)

D
�E

E

E
=

4

3

V

c
.

� =

E

E0
= 1 +

4V

3c
.

(1/4)Nc N

NV = (1/4)NU
1
4NU/1

4Nc = U/c

P = 1� (U/c)

lnP = ln (1� U

c
) = �U

c
e ln� = ln (1 +

4V

3c
) =

4V

3c
=

U

c
.

lnP

ln�
= �1.



N(E)dE _ E�2dE.



�

M > 8M�



1.4M�

1.4M�

M < 2M�



2M�

10M�

1M�
46

8M� < M < 40 � 50M�
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S ⌫ S / ⌫�↵

↵

•



•



⇠



E

⇢0

Rs Vs

Rs =

⇣
⇠
Et2

⇢0

⌘1/5
,

Vs =
dRs

dt
=

2

5

⇣
⇠
E

⇢0

⌘1/5
t�3/5

=

2

5

Rs

t
.

⇠ ⇠ = 2.026

⌘ = 5/3



⇢(r) / r�s Rs / t� Vs = �Rs/t � = 2/(5�s)

s = 2

⇢ej / v�n
ej

n = 7

n = 9� 12

Rs / t� ,

�

� =

n� 3

n� s
.



�

� = (n � 3)/(n � s) � = 2/(5 � s)

� < 1

Rch ⌘ M
1/3
ej ⇢

�1/3
0 ,

tch ⌘ E�1/2M
5/6
ej ⇢

�1/3
0 ,

Mch ⌘ Mej ,

Mej ⇢0

n s

R⇤
= R/Rch t⇤ = t/tch

tST

� = (n�3)/(n�s)

Vrev,phys =
Rrev

t
� Vrev,obs,

Rrev/t

Vrev,obs = dRrev/dt

|Vrev,phys| < Vs

|Vrev,phys| > Vs



MVs =

4⇡/3R3
s⇢0dRs/dt = costante

trad

trad = 4⇡R3/3⇢0Vrad

t

t = trad +
Rrad

4Vrad

h⇣ R

Rrad

⌘4
� 1

i
.

� ⇡ 1/4

⇠ 5 · 105K
Vs = Vrad = 200kms�1



Vs = Vrad

Rrad trad

trad Rrad trad = Rrad/Vrad = 2.0 · 10�8Rrads

trad = 1.5 · 10�13
⇣⇠E
⇢0

⌘1/3
=

= 1.4 · 1012
⇣E51

nH

⌘1/3
s ⇡ 446 · 102

⇣E51

nH

⌘1/3
anni,

Rrad = 7.0 · 1019
⇣E51

nH

⌘1/3
cm ⇡ 23

⇣E51

nH

⌘1/3
pc,

nH ⇠ = 2026 E51

E 51
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⇠ · 4 �1



⇠ �1 ↵
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h m s ± s � 0 00 ±
00

±



±
+0.3
�0.1 ⇡

⇡ �1

⇡
⇡

�1

⇠



⇡

⇡



⇠ �

�1 �1

+1.5
�0.5

±

±



�1

h m � 0

S / ⌫�0.1

⇠

⇡

⇡

⇡ ⇥



⇡

�

�

2

⇡0

�hadron ⇠ 10

2
�lep

�

� �



d

dt
(�mv) =

e

c
~v ⇥ ~B

d

dt
(�mc2) = e~v · ~E = 0.

� = costante |~v| = costante

m�
d~v

dt
=

e

c
~v ⇥ ~B.

~vk

~v?

d~vk
dt

= 0,
d~v?
dt

=

q

�mc
~v? ⇥ ~B.

~vk = costante |~v| = costante

~v? = costante

!g = eB/�mc.



�

�

S
0

Iv / sin2✓
0
= cos

2 �
0

�0
= 90

� � ✓
0

sin� =

1

�

sin�
0

1 + (v/c) cos�0 ; cos� =

cos�
0
+ v/c

1 + (v/c) cos�0 .

�
0
= ±⇡/4

�
0
= ⇡/2

sin� ⇡ � ⇡ ±1/�,

� � 1

�⇡/4 < �
0
< ⇡/4



�1/� < � < 1/�

S

± �

⌫1/3 ⌫c = 3eB/4⇡mc�2 sin ✓

⌫g ⌫0

� � 1

� � 1

�

2/�

⇠ �

�✓ �

!g

T = 2⇡/�!g = 2⇡mc/eB

t0

t0 + T



t0

t0 + T

vT T

cT

(c � v)T

c

�t = (1 � v/c)T � � 1

v/c ⇡ 1�1/2�2

�t =
T

2�2
=

⇡mc

eB�2
.

�mc/eB

t

1/�t

⌫c

↵ = 90

�

⌫ ⇠ �2⌫g sin↵.



↵

⌫ ⇠ �2⌫g sin↵ = �3⌫r =
�3v

2⇡rg
,

⌫r rg

rg

v/rg

� � 1

P (⌫) =

p
3

2⇡

e3B sin↵

mc2
F
⇣ ⌫

⌫c

⌘
,

⌫c

⌫c =
3

4⇡

eB�2

mc
sin↵ ⌘ ⌫0�

2
sin↵,



F (x) ⌘ x

Z 1

x
d⇠K5/3(⇠), (x � 0),

K5/3(⇠)

N(p,↵)

dpd⌦ ↵

d⌦ p dp

dW

dt
=

Z
dp

Z
d⌦P (⌫)N(p,↵).

N(p,↵) = N(p)/4⇡

dW

d⌫dt
=

p
3e3B

4⇡mc2

Z
dpN(p)

Z 2⇡

0
d�

Z ⇡

0
d↵ sin

2 ↵F
⇣ ⌫

⌫0�2 sin↵

⌘
.

dn

dt
=

p
3Be3

2⇡mc2

Z
4⇡

�c

dN

dE
R
⇣ !

!c

⌘
,

!c = 1.5eBp2/m3c3

R

R(x) ⌘ 1

2

Z ⇡

0
d↵ sin

2 ↵F
⇣ x

sin↵

⌘
,

R(x)

R(!/!c)

R
⇣ !

!c

⌘
=

1.81e�!/!
c

r⇣!c

!

⌘2/3
+

⇣
3.62

⇡

⌘2 .



� � 1 ✏
0

✏
0
= ✏�(1� � cos ✓),

✓

� = v/c

✏
0 ⌧ mec

2

✏
0
1 ⇡ ✏

0
⇣
1� ✏

0

mec2
(1� cos⇥)

⌘
.

⇥

✓
0
,�

0
✓
0
1,�

0
1

cos⇥ = cos ✓
0
1 cos ✓

0
+ sin ✓

0
1 sin ✓

0
cos(�

0 � �
0
1).

✏1 = ✏
0
1�(1 + � cos ✓

0
1).

�2

�2(1�� cos ✓)  1

/ �2

�



0

1 : � : �2

⇡ �✏ ⌧ mec
2

⇠

� · 13

�K�N (Es, Ee;E�) =
2⇡r20
EsE2

e

"
2q ln q + 1 + q � 2q2 +

�

2q2(1� q)

2(1 + �q)

#

� = 4EsEe/(mc2)2



� � 1

q =

E�

Ee�

⇣
1� E�

Ee

⌘ , 0  q  1,

Es Ee E�

r0 = e2/mc2

Es

q = 1

dn(E�)

dt
=

Z

E
e,soglia

dNe

dEe
dEe

Z
n(Es)�K�N (Es, Ee;E�)dEs,

n(Es) dNe/dEe

Ee,soglia

Es E�

Ee,soglia =

1

2

"
E� +

s

E2
� +

E�(mc2)2

Es

#
,

n(Es) = nBB(Es) ⌘
15U

(⇡kT )4
E2

s

eEs

/kT � 1

,

U = 0.26eV/cm3 T = 2.73K

k



1/m2 m

E� = (� � 1)mc2,

�

Ze

v

b

|E| ⇠ |B|

dn(✏)

dt
= 4⇡

Z
dNe

dEe

d�B�H

d✏
dEe,

nH

✏ = E�/mc2



⇡0

d�B�H

d✏
= 4

↵fr
2
0

✏

"
1+

 
� � ✏

�

!2

� 2

3

� � ✏

�

#"
ln

⇣
2�(� � ✏)

✏

⌘
� 1

2

#

↵f = e2/~c � � 1

⇡0

p�He ↵� p ↵�He

p+ p ! ⇡ +X

X

⇡0

⇡±

⇡0

⇡0 ! � + � (98.80%)



⇡0

⇡0 ⇡+

⇡�



⇡0

⇡±

⇡+ ! µ+
+ ⌫µ (99.99%), µ+ ! e+ + ⌫e + ⌫̄µ

⇡� ! µ�
+ ⌫̄µ (99.99%), µ� ! e� + ⌫̄e + ⌫µ

�(1232) (1600) �(1232)

2 2
(1600)

2

⇡0

⇡0

�(1232)

⇡0



⇡0

⇡0
⇡

0



⇡0

d�incl(E)

d ln(E)

= E
d�incl(E)

dE
= F (x)Fkl(x),

F (x)

x = log10(E[GeV ])

E Fkl(x)

F (x) Fkl(x)

FND(x) = a0exp(�a1(x� a3 + 42(x� a3)
2
)

2
) +

+ a4exp(�a5(x� a8 + a6(x� a8)
2
+ a7(x� a8)

3
)

2
),

FND,kl(x) =
1

(exp(WND,l(Lmin � x)) + 1)

1

(exp(WND,h(x� Lmax)) + 1)

,

Lmin Lmax

WND,l WND,h

Lmin = �2.6, Lmax = 0.96log10(Tp),

WND,l = 15, WND,h = 44,

TP

FDiff (x) = b0exp(�b1((x� b2)/(1 + b3(x� b2)))
2
) +

+ b4exp(�b5((x� b6)/(1 + b7(x� b6)))
2
),

F�(x) = c0exp(�c1((x� c2)/(1 + c3(x� c2) + c4(x� c2)
2
))

2
),

Fres(x) = d0exp(�d1((x� d2)/(1 + d3(x� d2) + d4(x� d2)
2
))

2
).



Fkl(x) =
1

exp(W (x� Lmax � x)) + 1

,

Lmax = log10(Tp) W = 75

ai bi ci di

Tp

r(Tp)

r(Tp) ' 1.01 per Tp > 1.95GeV,

r(y) = 3.05exp(�107((y+3.25)/(1+8.08(y+3.25)))2) per Tp  1.95GeV,

y = log10(Tp)

dn(E)

dt
=

4⇡

�c

Z

E
p,soglia

dNp

dEp

1

E

d�incl(E)

dE
dEp.

Ep,soglia

E

Q� = nH
dn

dt
,

nH

F�,SNR = Q�
VSNR

4⇡d2
,



y = log10(Tp

)

0
2 3 4

1 · �5 · �5 · �5 · �6 · �7 2

2 10

3
2 3 4

4
2 3 4 5
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2

7
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p 

p
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�

�
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µ

µ

b

0

c

d

0
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a

b

⇠ �2 �1

⇠
c
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�
e
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�
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�
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�

⇠
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�

M(x, y, E) = S(x, y) · X(E) S(x, y)

X(E)



TSext = 2log(Lext/Lps),

L TSext

PDF (~r) =

Z
PSF (|~r � ~r0 |)Isrc(~r0

)r
0
dr

0
d�

0
,

~r Isrc(
~r0
)

PSF (r) =
1

2⇡�2

⇣
1� 1

�

⌘⇣
1 +

u

�

⌘��
,

u = (r/�)2/2 � �

PDF =

Z inf

0
r
0
dr

0
Isrc(v)

Z 2⇡

0
d�

0
PSF (

q
2�2

(u+ v � 2

p
uv cos(�� �0

))) =

=

Z inf

0
dvIsrc(v)

⇣� � 1

�

⌘⇣ �

� + u+ v

⌘�
·2 F1

⇣
�/2,

1 + �

2

, 1,
4uv

(� + u+ v)2

⌘
,



v = (r
0
/�)2/2 2F1

TSext

�10

�



TSext

TSext = 16

�

� � �

�

⇥ ⇥ ⇥

ext





⇥ ⇥ ⇥



TSext � 16

TS2pts

TS2pts = 2log(L2pts/Lps).

TS2pts

TS2pts TSext

TSext TS2pts TSext >

TS2pts

TSext >

TS2pts

TSext > TS2pts
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⇡0

�



dN

dE
= A

 
E

E0

!��1 
1 +

 
E

Ebr

!�(�1��2)/�3!��3

,

E0 = 10GeV A Ebr

�1 �2 �1

Ebr �3 = 1

⇡0

A Ebr �1 �2

⇡0



⇢ =

4⇡

�c

Z
E
dN

dE
dE,

�

E

VSNR

W = ⇢VSNR.
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