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Przon

L’  AM 2  ,      .
R        ,    
:

”Dtt osı smr   un vrl  spz  Bn tutto unzon un po’ uul.
In prt  vro  son ronosr qullo  unzon snz t, pro po s ps
 un unzon  pu vrl,  n u vrl, puo ssr puttosto omplt. S
uno  ostrtto  snr lı  om n... pto... Un onto  quno on l’stronv
uuuuuuu uno ur ll’lto un pntno, llor smo tutt rv po s nv

son snr ov  sono  mostr orrn no, usto, qun qusto pr r
 n nrl  quno uno sn...”

S          :
DON’T PANIC,     G G   A  .
I      (      A M 2
’UP)       ,       ’-
,  ’    P M  N V.
A ,            
      ’       
.
N     ... BUON VIAGGO!
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Cptolo 1

Spz  Struttur

1.1 Struttur  Spz

1.1.1 Spzo Topoloo

Dnzon 1.1.1 - Spzo Topoloo
U      (X, τ),  X   τ    
X   :

1. ∅, X  τ

2.  A,B  τ  A B  τ

3.    Aii∈I ⊆ τ  

i∈I

Ai  τ

Dnzon 1.1.2 - Spzo  Husor
U   H     (X, τ)  :

∀ x, y  X, x ̸= y ∃A,B  τ   A B = ∅ : x  A, y  B

Dnzon 1.1.3 - Aprto  Cuso
S (X, τ)  . A:

• A  τ     .

• C ⊆ X   X \ C  τ     .

Dnzon 1.1.4 - Prt Intrn
S (X, d)    S ⊆ X. A        S  
   S. I :

int(S) = S =


A⊆S
aperto

A

Dnzon 1.1.5 - Cusur
S (X, τ)    S ⊆ X. A       
S     S. I :

S̄ =


C⊇S
chiuso

C

9



10 CAPITOLO 1. SPAZI E STRUTTURE

Dnzon 1.1.6 - Dnso
S (X, τ)    S ⊆ X. S     S̄ = X.

Dnzon 1.1.7 - Intorno
S (X, τ)    U ⊆ X  x  X. U     x  ∃A  τ  
x  A ⊆ U .

Ossrvzon 1.1.1 - Crttrzzzon Aprt
S (X, τ)  . P   :

A  τ ⇔ A      

Dnzon 1.1.8 - Sottospzo Topoloo
S (X, τX)    Y ⊆ X. Y       
:

τY = A  Y  A aperto di X

Dnzon 1.1.9 - Fnzz
S τ1  τ2     X. τ1      τ2     τ1 ⊇ τ2.

Dnzon 1.1.10 - Bs  un Topolo
S (X, τ)   . B ⊆ τ      :

∀A  τ ∃ B′ ⊆ B : A =


F∈B′
F

Dnzon 1.1.11 - Prootto  Topolo
S (X1, τ1)  (X2, τ2)  . L    ’ X1 ×X2 
  :

1.          π1 : X1 × X2 → X1  π2 :
X1 ×X2 → X2 .

2.  B1  B2   X1  X2 ,

B1 ×B2  B1  B1, B2  B2

    .

Dnzon 1.1.12 - Connsson
S X  . A:

• X    ⇔ ∃ A1, A2      :

A1  A2 = X

• X   ⇔ X  ∅      

• X    ⇔ X    
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1.1.2 Spzo Mtro

Dnzon 1.1.13 - Spzo Mtro
U      (X, d)  X     d : X × X → R  
   :

1. ∀x, y  X : d(x, y) ≥ 0 e d(x, y) = 0⇔ x = y

2. ∀x, y  X : d(x, y) = d(y, x)

3. ∀x, y, z  X : d(x, y) ≤ d(x, z) + d(z, y)

Dnzon 1.1.14 - Pll Aprt
S (X, d)   . S x  X  r  [0; +∞[,      
x   r :

B(x, r) = y  X  d(x, y) < r

Dnzon 1.1.15 - Aprto Mtro
S (X, d)   . S A ⊆ X. A      (X, d) :

∀x  A ∃  > 0  B(x, ) ⊆ A

Dnzon 1.1.16 - Sottospzo Mtro
S (X, dX)  . S Y ⊆ X. A (Y, dY )     (X, dX)
   dY = dX Y×Y .

1.1.3 Spzo Normto

Dnzon 1.1.17 - Smnorm
S V  . U      ∥ · ∥ : V → [0; +∞[  :

1. ∥ · ∥  . ∀x  V, λ  K:

∥λx∥ = λ · ∥x∥

2. ∥ · ∥ . ∀x, y  V :

∥x+ y∥ ≤ ∥x∥+ ∥y∥

Dnzon 1.1.18 - Norm  Spzo Normto
S V       ∥ · ∥. A ∥ · ∥    :

∥x∥ = 0 ⇔ x = 0

I  , (V, ∥ · ∥)     .

Dnzon 1.1.19 - Prootto Slr
U       V    ϕ : V × V → R  :

• : ∀x, y  V : ϕ(x, y) = ϕ(y, x)

• : ∀x1, x2, y1, y2  V,λ  R:

ϕ(x1 + λx2, y1) = ϕ(x1, y1) + λϕ(x2, y1)

ϕ(x1, y1 + λy2) = ϕ(x1, y1) + λϕ(x1, y2)
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• : ∀x  X : ϕ(x, x) ≥ 0

Dnzon 1.1.20 - Fnzz
S ∥ · ∥1  ∥ · ∥2      E.
A  :

1. ∥ · ∥1     ∥ · ∥2
2. id : (E, ∥ · ∥1)→ (E, ∥ · ∥2)  1

3. ∃ c ≤ 0   ∥x∥2 ≤ c · ∥x∥1 ∀x  E

1V  Dz 1.4.2.
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1.2 Proprt  Spz

1.2.1 Rpporto tr topolo, mtr  normt

Proposzon 1.2.1 - Mtro  Topoloo
S (X, d) uno spzo mtro. X  n moo nturl uno spzo topoloo on l prt
nt ll mtr.

Proposzon 1.2.2 - Normto  Mtro
S (V, ∥ ·∥) uno spzo normto. V  n moo nturl uno spzo mtro on l stnz:

∀x, y  V : d(x, y) = ∥x− y∥

1.2.2 Crttrzzzon tr topolo  mtr

S (X, d)  . S        
  . I :

Dnzon Spzo Topoloo Spzo Mtro

C  X \ C 
∀xk ⊆ C 
 x  X  x  C

x  S̄
∀U   x
 U  S ̸= ∅ ∃ xk ⊆ S   xk → x

f   x
∀U   f(x)
∃V   x
  f(V ) ⊆ U

∀xk   x
 f(xk)→ f(x)

X 
∀  

∃  
∀xk ⊆ X 

∃ xkj ⊆ xk 

1.2.3 Compltzz

Dnzon 1.2.1 - Susson  Cuy
S (X, d)  . U  xn  X   C :

∀ > 0 ∃ N  N : ∀p, q > N d(xp, xq) ≤ 

Proposzon 1.2.3 - Proprt ll Susson  Cuy
Vlono l sunt proprt:

1. xn onvr ⇒ xn   Cuy.

2. xn   Cuy ⇒ xn  lmtt.

3. xn   Cuy   sottosusson xnk
 onvrnt

⇒ xn onvr, llo stsso lmt  xnk
.

4. f : (X, dX) → (Y, dY )  unormmnt ontnu  xn   Cuy ⇒ f(xn) 
 Cuy n Y .

Dmostrzon. D    .

1. S xn  , xn → x. A    > 0,   
   ,  N  N   d(xn, x) <


2   n > N .

A   N  : d(xn, xm) ≤ d(xn, x) + d(xm, x) <    n,m  N.
C     C.
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2. S xn  C. A   = 1    N  N  :

∀n,m ≥ N d(xn, xm) <  = 1

C       R = max

d(xN , xk)  0 ≤ k < N 1


:

•   k < N : xk  B(xN , R)    R    
 N     xN

•   n ≥ N : xn  B(xN , 1) ⊆ B(xN , R)      
C

   xn ⊆ B(xN , R)     .

3. D   xnk
→ x̄  k → +∞,  xn → x̄  n→ +∞.

I   > 0, :

• K  N   d(xnk
, x̄) < 

2   nk > K

• N  N   d(xn, xm) < 
2   n,m > N

     M = maxK,N :   n > M   nk > N :

d(xn, x̄) ≤ d(xn, xnk
) + d(xnk

, x̄) < 

4. N   ,   > 0. C η > 0   (η) < . T
       0. A     
C  N  N   d(xn, xm) < η   n,m > N . A  
h, k > N :

d(f(xh), f(xk)) < 

d(xn, xy)


< (η) < 

   .

■

Dnzon 1.2.2 - Spzo Mtro Complto
U   (X, d)        C  X .

Dnzon 1.2.3 - Spzo  Bn
U   (E, ∥ · ∥)      ,    
B.

Proposzon 1.2.4 - Proprt ll Compltzz
Vlono l sunt proprt:

1. s (X, d)  spzo mtro omptto, llor  omplto

2. (X1, d1)  (X2, d2) sono spz mtr omplt ⇔ X1×X2  spzo mtro omplto

3. Sno (X, d)  spzo mtro omplto  Y ⊆ X. Allor: Y uso⇔ Y  sottospzo
mtro omplto

4. Sno S un nsm  (E, ∥ · ∥) spzo  Bn.
Allor B(S,E) = f : S → E  ∥f∥∞,S < +∞  omplto

Dmostrzon. D    .



1.2. PROPRIET A DI SPAZI 15

1. S xn ⊆ X   C.
D  X  ,   C 1.2.2   xn   -
 . A   P 3,   xn  
    .
D,         C, X  .

2. P    2,    :

(xn, yn) ⊆ X1 ×X2  C ⇔ xn ⊆ X1  yn ⊆ X2  C

M ,  X1  X2 ,   n→ +∞:

xn → x̄  X1

yn → ȳ  X2

S   (xn, yn) → (x̄, ȳ)  n → +∞. A  ’-
 .

3. U  C   1.2.2.
(⇒) S Y  ,         xn ⊆ Y
  x̄  X,  x̄  Y . P    C  Y ,   
C  X . A,   X,    Y .
(⇐) S Y . A,  xn  Y    X ,   
C  X (  Y ). P   Y ,  xn → x̄  Y . I 
Y     .

4. U  P 1.2.5. S fn ⊆ B(S,E)     
+∞
n=0

∥fn∥∞ < +∞. P  
+∞
n=0

fn    ∥ · ∥∞,S .

C   ,  F  B(S,E)    
. I    x  S    ∥fn(x)∥E ≤ ∥fn∥∞,S , 
      E:

+∞

n=0

fn(x) = F (x)

D      F     S,  
  B(S,E):

∥F (x)∥∞,S ≤
+∞

n=0

∥fn(x)∥E ≤
+∞

n=0

∥fn∥ < +∞

R      ∥ · ∥∞,S :

n

k=0

fn → F per n→ +∞

S    :
F −

n

k=0

fk


∞

=




k>n

fk


∞
≤



k>n

∥fk∥ = o(1)

2L z       z   ,    .
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 n→ +∞    
+∞
n=0

∥fn∥∞   E.

D      B(S,E),     B(S,E) 
   .

■

Lmm 1.2.1 - Convrnz pr Sr
S E spzo vttorl. On xn ⊆ E s puo srvr:

xn = x0 +

n−1

i=0

(xi+1 − xi)

Allor vl :

xn  onvrnt ⇔
+∞
i=0

(xi+1 − xi)  onvrnt

Dmostrzon. B,       xn,  ’
:      ,       . ■

Proposzon 1.2.5 - Compltzz pr Sr

S (E, ∥ · ∥) spzo normto. E omplto s  solo s on sr
+∞
n=0

xn ssolutmnt

(normlmnt) onvrnt  onvrnt.

Dmostrzon. D    .

(⇒) S E       
+∞
n=0

∥xn∥ < +∞  -

.
C      :





σn =
n

k=0

∥xk∥

sn =
n

k=0

xk

      σn   R ,  σn  C.
N    sn   C. I   > 0  N  N   σp − σq < 
  p > q > N . A:

∥sp − sq∥ =



p

k=q+1

xk


≤

p

k=q+1

∥xk∥ = σp − σq < 

      C. E sn  C  E , 
.
(⇐) S E         , .
P  E  .
S xn    C,      E. E  C, 
       n0 < n1 < n2 <     
k  N:

∥xnk+1
− xnk

∥ ≤ 2−k
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P   ,   k = 2−k   k  N. P
    C,  nk     p > nk:

∥xp − xnk
∥ < k

T nk    . A  :

+∞

k=0

∥xnk+1
− xnk

∥ ≤
+∞

k=0

= 2 < +∞

    .
P    E,         L 1.2.1, 
  xnk

 . D  xn  C   
,   E. ■

Proposzon 1.2.6 - Conzon pr Compltzz n Lnr
Sno E,F spz normt, s n prtolr F omplto. Allor L(E,F )  omplto.

Dmostrzon. C   B = BE(0, 1)    :

j : L(E,F )→ B(B,F )

T → T B
T  j       ’ ( ):

∥T∥L(E,F ) = ∥T∥∞,B

S   Im(j)     B(B,F ) (    P 4),
 Im(j)  ,    L(E,F )  .
S   Tn ⊆ L(E,F )       :

j(Tn) = TnB
unif−→ f

 f  B(B,F ). D  f  Im(j).
D  :

T (x) = ∥x∥ · f


x

∥x∥



        f  j.

• T      x, y  E     K:

T (x) = ∥x∥ · f


x

∥x∥


= ∥x∥ · f


x

∥x∥


= T (x)

I:

T (x+ y) = ∥x+ y∥ · f


x+ y

∥x+ y∥


= 

n→∞
∥x+ y∥ · TnB


x+ y

∥x+ y∥



= 
n→+∞

∥x+ y∥ · Tn


x+ y

∥x+ y∥


= 

n→+∞
Tn(x) + Tn(y)

= 
n→+∞

∥x∥ · Tn


x

∥x∥


+ ∥y∥ · Tn


y

∥y∥



= 
n→+∞

∥x∥ · TnB


x

∥x∥


+ ∥y∥ · TnB


y

∥y∥



= ∥x∥f


x

∥x∥


+ ∥y∥f


y

∥y∥


= T (x) + T (y)
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• j(T ) = f    x  B:

f(x) = 
n→+∞

TnB(x) = 
n→+∞

Tn(x) = 
n→+∞

∥x∥ · Tn


x

∥x∥



= 
n→+∞

∥x∥ · f


x

∥x∥


= T (x) = T B(x) = j(T )(x)

   f  Im(j),   . ■

1.2.4 Compttzz

Proprt Topolo

Dnzon 1.2.4 - Compttzz (Hn-Borl)
S X  . A X         X, 
  .

Dnzon 1.2.5 - Numrl Compttzz
S X  . A X         
    X,    .

Dnzon 1.2.6 - Proprt  Lnlö
S X  . A X     L̈    
  X,    .

Dnzon 1.2.7 - Proprt  Bolzno-Wrstrss
S X   .
D x  X     A ⊆ X     U  x  U  A

 ≥ ℵ0.
A X     B-W       
.

Dnzon 1.2.8 - Compttzz Squnzl
S X  . A X        X
  .

Dnzon 1.2.9 - I-Numrl (A1)
S X  . X  I-        
  .

Dnzon 1.2.10 - II-Numrl (A2)
S X  . X  II-         .

Dnzon 1.2.11 - Sprl
S X  . X        .

Proprt Mtr

Dnzon 1.2.12 - Spzo Totlmnt Lmtto
S X   . A X     :

• ∀  > 0            X:

X =


i=1,,n

B(xi, )
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• ∀  > 0   - 3.

Compttzz n Mtr

Lmm 1.2.2 - Equvlnz Proprt
S X uno spzo topoloo. Allor sono quvlnt:

• X omptto sono Hn-Borl

• X  proprt  Lnlö  proprt  numrl ompttzz

Dmostrzon. B,    . ■

Lmm 1.2.3
S X spzo topoloo. Allor:

• X  proprt  Bolzno-Wrstrss

• X  proprt  numrl ompttzz

Dmostrzon. S X     ,  A ⊆ X .
C ’      A (  A):

D(A) =


F∈F(A)

A\F

 F(A) = F ⊆ A,F . I: x  D(A)
def⇐⇒ ∀U  I(x), U  A ≥ ℵ0 

∀U  I(x), ∀F ⊆ A  U  (A\F ) ̸= ∅  ∀F  F(A) ,   A\F     
x  

F∈F(A)

A\F .

S A ⊆ X   (   )  D(A) =


F∈F(A)

A\F 

      A\FF∈F(A),  ( A    
 F(A))

A\F1  A\F2  · · ·  A\Fk ⊇ A\(F1  · · ·  Fk) ̸= ∅

V:  X    B-W;  Ckk∈N   -
     ’ . S  , Ck+1 ⊆ Ck

(  C ′
k =


j⊆k

Cj). A  :

1. Ck  ,  

k≥0

Ck = Ck0 ̸= ∅

2. Ck   ,    Ck+1 ̸= Ck ∀k.
S xk  Ck\Ck−1,  xkk≥0     (  ).
S x∗     xkk≥0. A x∗  C̄k = Ck (  
x∗    xj  j ≥ k  xj  Ck   x∗  

k≥0Ck ̸= ∅

■
3U -  ’   xi        X  

  z.
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Lmm 1.2.4
S X spzo topoloo. Allor:

Squnzl ompttzz ⇒ Bolzno-Wrstrss

S X  I-numrl, llor:

Squnzl ompttzz ⇐ Bolzno-Wrstrss

Dmostrzon. D   .

• SC ⇒ BW:  X  . S A ⊆ X ,  a : N → A
,  akk∈N ⊆ A  ak . S akj → a∗  X (j → ∞). A a∗

   :    a∗  xkj , 
   A.

• A1 + BW ⇒ SC:  X I-    B-W. S
xkk∈N    X.

1. xkk∈N  : ’    (  ) 
 .

2. xkk∈N  :  x∗     xkk∈N. S Br  
     x∗. S ∀j, kj  N   xkj  Bj  (
)    kj+1 > kj . A ∀i ≥ j, xki  Bi ⊆ Bj  ∀j xki  Bj

  i:  xkj → x∗.

Q   . ■

Lmm 1.2.5
S X spzo topoloo. Allor:

II-numrl ⇒ Lnlö  Sprlt

S X spzo mtro. Allor:

Lnlö ⇒ Sprlt ⇒ II-numrl

Dmostrzon. 1. S X II-. S A     X. S B 
    ( ̸= ∅)  X. S:

B′ = B  B  ∃A  A tale che B ⊆ A

    B  B′,  AB  A   B ⊆ AB . A  :

A′ := ABB∈B′

     A       X ( x  X,
 ∃A ⊆ A   x  A (A  )  ∃B  B   x  B ⊆ A).
I,  ∀B  B, xB  B. A   xBB∈B    -
 :       B  B   xB 
.
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2. S X   L̈. S Bn        1
n

(       1
n). F  ∀n  N+. A

’    Bn   1
n -,  ’    n ≥ 1   

 ( 1
n - ∀n ≥ 1).

I,  y ⊆ X    :

B =


B


q,

1

n


: y  Y, n  N+



 B  ,    . I  A   X,  a  A. V
a  B(ya,

1
na
) ⊆ A    d(a, ya) 

1
na
 .

A   ’ A      :

A =


a∈A
B


ya,

1

na



Q   . ■

Lmm 1.2.6
S X spzo mtro. Allor:

Bolzno-Wrstrss ⇒ Totl lmttzz ⇒ Sprl

Dmostrzon. D    .

• BW ⇒ TL. F  :  X   , 
∃  > 0   X   - . P   
 (xk)k∈N ⊆ X  :

xk  X\


0≤j<k

B(xj , )

 d(xk, xj) ≥ , ∀ 0 ≤ j < k.
A ’  xkk∈N     . D X  
  B-W.

• TL ⇒ S  Fn 
1
n − rete  ∀n ≥ 1. A


n≥1

Fn   .

■

Ctzon 1. C os o ppn mostrto sust? On tnto m su 
ntrr n un loop...

Torm 1.2.1 - Compttzz n Mtr
S (X, d) spzo mtro. Allor sono quvlnt:

1. Compttzz sono Hn-Borl

2. Numrl ompttzz

3. Proprt  Bolzno-Wrstrss

4. Compttzz squnzl
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5. Compltzz  Totl lmttzz

Dmostrzon. R   .

• SC ⇒ C G :  (xk)    C  X 
,     (xkj )   xk   
 .

• TL ⇒       C. SX   -
 . S (xk)k∈N    X. S (x(k, 1))  -
  (xk)     ’    1 (      
      1,      xk   ,
    ). I:  (x(k, 2))   
(x(k, 1))k         

1
2 . P : ∀n∃x(k, n)

         1
n  x(k, n + 1)  

 x(k, n). A   x(k, k)     (xk)   ∀n
       ≤ 1

n    C.

■
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1.3 Spz pu mportnt

1.3.1 Spzo Rn

Dnzon 1.3.1 - Prootto Slr Stnr
U      ⟨·, ·⟩ : Rn × Rn → R :

∀x, y  Rn : ⟨x, y⟩ =
n

i=1

xiyi

Proposzon 1.3.1 - Dsuulnz  Cuy-Swrz
S (·, ·) prootto slr  Rn. Allor ∀x, y  Rn:

(x, y)2 ≤ (x, x) · (y, y)

N   :

1. Dmostrzon ”sm”, qurto slr.

0 ≤ [(x · y)x− (x · x)y)]2 = (x · y)2(x · x)− 2(x · y)2(x · x) + (x · x)2(y · y)
= (x · x)2(y · y)− (x · x)(x · y)2 = (x · x)[(x · x)(y · y)− (x · y)2]

Q   3 :

() (x · x) ̸= 0     > 0   (x · x)(y · y) ≥ (x · y)2

() (y · y) ̸= 0 ,    &      ()

() (x · x) = (y · y) = 0   x · y = 0  0 ≤ (x± y)2 = ±2(x · y)

■

2. Dmostrzon ”ur”.

0 ≤ (x+ ty)2 = (x · x) + 2(x · y)t+ (y · y)t2 ∀t  R

      2  t      ≤ 0   
  t     (  0  1 ). D:

(x · y)2 − (x · x)(y · y) ≤ 0

■

3. Dmostrzon ”Intt  Lrn”. I Rn,    :


n

i=1

x2i


n

i=1

y2i


−


n

i=1

(xiyi)
2


=



i<j

(xiyj − xjyi)
2 ≥ 0

 ’          .
M   ’. I  :



i<j

(xiyj − xjyi)
2 =

n

i,j=1

(x2i y
2
j − xiyixjyj)



24 CAPITOLO 1. SPAZI E STRUTTURE

S    i = j    , :

n

i,j=1

(x2i y
2
j − xiyixjyj) =



i<j

(x2i y
2
j − xiyixjyj) +

n

i=1

(x2i y
2
j − x2i y

2
i )+

+


i>j

(x2i y
2
j − xiyixjyj)

=


i<j

(x2i y
2
j − xiyixjyj) +



i>j

(x2i y
2
j − xiyixjyj)

I               ,
:



i<j

(x2i y
2
j − xiyixjyj) +



i>j

(x2i y
2
j − xiyixjyj) =

=


i<j

(x2i y
2
j − xiyixjyj + x2jy

2
i − xjyjxiyi) =



i<j

(xiyi − xjyi)
2

■

Dnzon 1.3.2 - Norm Stnr
S Rn       ⟨·, ·⟩. S    :

∥x∥ = ∥x∥2 =

⟨x, x⟩

Dnzon 1.3.3 - Norm Hölrn
S Rn  . U     Rn     1 ≤ p ≤ +∞:

∥x∥p =





n
i=1 xip

 1
p

1 ≤ p < +∞

1≤i≤n

xi p = +∞

Torm 1.3.1 - Equvlnz ll norm ∥ · ∥p
L norm ∥ · ∥p ll Dnzon 1.3.3 sono quvlnt.

Dmostrzon. —————————— ■

Proposzon 1.3.2 - Dsuulnz  Hölr
Sno x, y  Rn  (·, ·) un prootto slr. Allor ∀p, q  [1,+∞] tl  1

p +
1
q = 1 vl:

(x, y) ≤ ∥x∥p + ∥y∥q

Dmostrzon. S       (D-
  Y):  a ≥ 0, b ≥ 0  p, q ]1,∞[

ab ≤ ap

p
+

bq

q

Dmostrzon 1  Youn. N    

Ctzon 2. Qu nno l nozz o  s, tutt volono tornr n prsnz
 po non nno nnt!
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P        :

log


ap

p
+

bq

q


≥ 1

p
log ap +

1

q
log bq = log(ab)

    ■

Dmostrzon 2  Youn. C   xp−1  

ap

p
=

 a

0
xp−1dx

bq

q
=

 b

0
yq−1dy

         ’:

INSERISCI IMMAGINE

     . ■

R     P 1.3.2.
S       

(x · y) =


n

i=1

xiyi

 ≤
n

i=1

xiyi ≤
n

i=1

 xip
p

+
yiq
q


=

1

p
xpp +

1

q
yqq

S       ’  . P x, y ̸= 0    
      x

xp 
y

yq      , :

(x · y)
xpyq

=


x

xp
· y

yq


≤ 1

p
+

1

q
= 1

  . ■

Proposzon 1.3.3 - Dsuulnz  Mnkowsk
S (Rn, ∥ · ∥p) un spzo normto. Allor ∀x, y  Rn:

∥x+ y∥p ≤ ∥x∥p + ∥y∥p

Dmostrzon. S p ]1,∞[:

x+ ypp =

n

i=1

xi + yi · xi + yip−1 ≤
n

i=1

(xi+ yi) · xi + yip−1

≤
n

i=1

xi · xi + yip−i +

n

i=1

yi · xi + yip−1

≤ xp ·


n

i=1

(xi + yi)
(p−1)p

 1
p

+ yp ·


n

i=1

(xi + yi)
(p−1)p

 1
p

= (xp + yp) ·


n

i=1

xi + yip
 p−1

p

= (xp + yp) · x+ yp−1
p

S x+ y = 0  ’   ,       
. ■
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Ossrvzon 1.3.1
S x  Rn  p  [1,+∞],  (·, ·)  . V:

∥x∥p = 
∥y∥p≤1

(x, y) = 
y ̸=0

(x, y)

∥y∥p

Dmostrzon. —————————— ■

1.3.2 Spzo ll Susson

Dnzon 1.3.4 - Norm ll Susson
S x = xii∈N ⊂ R  . A      :

∥x∥p =






+∞
i=1
xip

 1
p

1 ≤ p < +∞

i∈N
xi p = +∞

Dnzon 1.3.5 - Spzo ll Susson
D     ℓp :

ℓp(R) = x  RN  ∥x∥p < +∞

1.3.3 Spzo ll Lnr Contnu

Proposzon 1.3.4 - Crttrzzzon Lnr Contnu
Sno (E, ∥ · ∥E)  (F, ∥ · ∥F ) spz normt. S L : E → F un mpp lnr.
Allor sono quvlnt:

1. L lmtt lolmnt n lmno un punto x0  E

2. L lmtt sull pll untr us, o:

∀x  E  ∥x∥E ≤ 1 ∃ C  R+  ∥Lx∥F ≤ C

3. L  Lpstz

Dmostrzon. • 1⇒ 2:  L     x0 : ∃C ≥ 0  ∃ > 0
  ∥Lx∥F ≤ C ∀x  B(x0, ). A L        
;     0, 

B(0, ) = B(x0, )− x0



L(B(0, )) = L(B(x0, ))− Lx0

(      ). E   L(B(0, 1))  :

B(0, 1) =
1


B(0, ) L(B(0, 1)) =

1


L(B(0, ))
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• 2⇒ 3: S  ∥Lx∥ ≤ C ∀∥x∥ ≤ 1  L  C−L: ∀u, v  E (u ̸= v)

∥Lu− Lv∥F = ∥L(u− v)∥F =

L

∥u− v∥E

u− v

∥u− v∥E



= ∥u− v∥E ·
L


u− v

∥u− v∥E


≤ C∥u− v∥E

 L  C−L
■

Dnzon 1.3.6 - Spzo ll Lnr Contnu
S (E, ∥ · ∥E)  (F, ∥ · ∥F )  . D     
  ’:

L(E,F ) = L : E → F lineari e continue = L : E → F tale che ∥L∥L(E,F ) < +∞

 (   B̄ = B̄E(0, 1))   :

∥L∥L(E,F ) = ∥LB̄∥∞,B̄ = 
x∈B̄

∥Lx∥
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1.4 Contnut

Dnzon 1.4.1 - Contnut puntul
S X,Y  . L  f : X → Y     x0  X :

∀ U   f(x0) ∃ V   x   f(V ) ⊆ U

Dnzon 1.4.2 - Contnut unzonl
S X,Y  . L  f : X → Y     :

• f     x  X

• ∀ A   Y , f−1(A)    X

Proposzon 1.4.1 - Composzon  Contnu
Composzon  unzon ontnu  nor ontnu.

Dmostrzon. S X,Y, Z  . S f : X → Y  g : Y → Z 
.
V   g ◦ f : X → Z  . S x0  X,  y0 = f(x0)  
z0 = g(y0).
P   g  y0,   W ⊆ Z   z0 = g(y0)  V ⊆ Y  
y0   g(V ) ⊆ W . I,    f  x0,    U ⊆ X  x0
  f(U) ⊆ V .
M ,  W   z0  U   x0   (g ◦f)(U) ⊆ g(V ) ⊆W ,
 g ◦ f   x0. ■



Cptolo 2

Torm su Spz

2.1 Sr  Numnn

Torm 2.1.1 - Sr  Numnn
Sno (E, ∥ · ∥) spzo  Bn  H  L(E) tl  ∥H∥ < 1. Allor I −H nvrtl
 vl :

(I −H)−1 =

+∞

j=0

Hj

Dmostrzon. S      
+∞
j=0

Hj   -

. I,    , ∥Hj∥ ≤ ∥H∥j   j  N.
A  1:

+∞

j=0

∥Hj∥ ≤
+∞

j=0

∥H∥j = 1

1− ∥H∥ < +∞

D    L(E)  , 
+∞
j=0

Hj .

O,       ,     
:

H
 +∞

j=0

Hj

= H



n→∞

n

j=0

Hj

= 

n→∞
H

n

j=0

Hj

= 
n→∞

n

j=0

Hj+1 =

+∞

j=0

Hj+1 =

+∞

j=0

Hj − I

    :

(I −H)
 +∞

j=0

Hj

= I

A       . D I −H   
:

(I −H)−1 =

+∞

j=0

Hj

■
1U ’ 0 ≤ ∥H∥ < 1

29
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Corollro 2.1.1.1 - Anum  Sr  Numnn
Nll pots l Torm 2.1.1, l onzon ∥H∥ < 1 non  nssr. L ts  vr
s ∃m  N tl  ∥Hm∥ < 1.

Dmostrzon. D   N    I −Hm =
+∞
j=0

Hmj  .

I   :

I −Hm = (I −H)
m−1

j=0

Hj


     I − H   (    2   ,  
       ). P  :

(I −H)−1 =
m−1

j=0

Hj

(I −Hm)−1 =

m−1

j=0

Hj
 +∞

k=0

Hmk


=

+∞

k=0

m−1

j=0

Hmk+j

=

+∞

n=0

Hn

R       . M (  
  n = mk + j):

+∞

n=0

∥Hn∥ ≤


0≤k<∞



0≤j<m

∥Hm∥k∥H∥j =
 +∞

k=0

∥Hm∥k
m−1

j=0

∥H∥j


=
1

1− ∥Hm∥
m−1

j=0

∥H∥j

< +∞

      L(E) . ■
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2.2 Torm  Br

Torm 2.2.1 - Torm  Br on Aprt
S (X, d) uno spzo mtro omplto. Sno Aj ⊆ X un ml numrl  prt
ns.
Allor


j∈N

Aj  nso.

Torm 2.2.2 - Torm  Br on Cus
S (X, d) uno spzo mtro omplto. Sno Fj ⊆ X un ml numrl  us
tl  int(Fj) = ∅.
Allor int

 
j∈N

Fj


= ∅.

Dmostrzon. D  T  B   .
S        ,     int

 
j∈N

Fj


̸= ∅.

A       ,  x0  X  r0 > 0   B(x0, r0) ⊆
j∈N

Fj .

P , int(F1) = ∅,  B(x0, r0) ⊈ F1. N    x1  B(x0, r0) \ F1.
E F1 ,  r1 > 0     B(x1, r1)   

2:

• B(x1, r1)  F1 = ∅

• B(x1, r1) ⊆ B(x0, r0)

• r1 ≤ r0
2

P   ,         k  N. C 
xk  B(xk−1, rk−1) \ Fk−1  rk > 0  :

1. B(xk, rk)  Fk = ∅

2. B(xk, rk) ⊆ B(xk−1, rk−1)

3. rk ≤ r0
2k

O,     B(xk, rk)   ’ ’   ( 
2). C      k  N  : xh  B(xk, rk)   h ≥ k.
S      xk   C :

d(xh, xk) < rk ≤
r0
2k

      > 0  k  N   r0
2k

< .
D  X  ,   xk → x̄  k → +∞,  x̄  X.
I,      xk      B(xk, rk) 
,   x̄  B(xk, rk)   k  N.
P   1    k  N:

x̄  B(xk−1, rk−1) ⊆ B(xk, rk)

   B(xk, rk)  Fk = ∅, x̄  FC
k   k.

A,    x̄  B(x0, r0) ⊆

j∈N

Fj . ■

2L z z       Cy   .
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2.3 Torm  Immrson

Dnzon 2.3.1 - Compltmnto
S (M,d)    (M̃, d̃)   .
L  j : (M,d)→ (M̃, d̃)     j    j(M)   M̃ .

Torm 2.3.1 - Immrson  Fŕt - Kurtowsk
On spzo mtro (M,d) s mmr somtrmnt n (E, ∥ · ∥) spzo  Bn. In
prtolr3, E = CB(M).

Dmostrzon. L’       d  M 
     CB(M).
B   2 :

• M  ” ”,       . A
 :

Φ : (M,d) −→ (CB(M), ∥ · ∥∞)
x −→ d(x, ·)

D   ’ .
E’    d(x, ·) = d(y, ·),    y  :

d(x, y) = d(y, y) = 0 ⇐⇒ x = y

E’ ’  :

∥d(x, ·)− d(y, ·)∥∞ = d(x, y)

   u M   :

d(x, u)− d(y, u) ≤ d(x, y)

d(y, u)− d(x, u) ≤ d(x, y)

            
u∈M

:

∥d(x, ·)− d(y, ·)∥∞ ≤ d(x, y)

    u = x  ’:

∥d(x, ·)− d(y, ·)∥∞ = d(x, y)

• M   ” ”. A   x0 M :

jx0 : (M,d) −→ (CB(M), ∥ · ∥∞)
x −→ d(x, ·)− d(x0, ·)

I  jx0(x)     x M      :

∥jx0(x)∥∞ = ∥d(x, ·)− d(x0, ·)∥∞ ≤ d(x, x0)

O      ,   ’  
 :

∥jx0(x)− jx0(y)∥∞ = ∥d(x, ·)− d(y, ·)∥∞ = d(x, y)
3I  CB  z  z ””,  .
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S  . ■

Corollro 2.3.1.1
On spzo mtro s nlu om sottonsm nso n uno spzo omplto.

Dmostrzon. L  ,    ”” ’-
  F́,      C  X .

A,            -
  j(M). I    ,       C
(    B )   j(M). ■

Torm 2.3.2 - Estnson pr nst  unzon unormmnt ontnu
Sno (X, dx) spzo mtro  (Y, dy) spzo mtro omplto. S D ⊆ X nso 
f : D → Y unormmnt ontnu (on moulo ).
Allor ∃! F : X → Y stnson ontnu  f . Inoltr, F  unormmnt ontnu
on moulo .

Dmostrzon. D F (x) = f(x)   x  D. P x  X,  

 dnn∈N ⊂ D   dn
n→+∞−→ x.

A  F (x) = 
n→+∞

F (dn). V :

•     dn ,    C. P  
F (dn)   C   Y . S    .

•  ’  d′n ⊂ D    x,  d1, d′1, d2, d′2,    
. E    x. M :

F (d1), F (d′1), F (d2), F (d′2),    

         
n→+∞

F (dn) = 
n→+∞

F (d′n).

• F        f . S  > 0. D x0, x1  X  
d(x0, x1) < ,   dn  d′n   D   -
  x0  x1. A   (     C 
    ):

d(F (x0), F (x1)) = d




n→+∞
F (dn), 

n→+∞
F (d′n)


= 

n→+∞
d

F (dn), F (d′n)



≤ 
n→+∞



d(dn, d

′
n)


= (d(x0, x1)) ≤ ()

  F     .

S  . ■

Torm 2.3.3 - Unt l Compltmnto
S (M,d) spzo mtro. Esst j : (M,d) → (M̃, d̃) ompltmnto  M  M̃ spzo
mtro omplto.
Allor j  uno  mno  somorsm.

Dmostrzon. S         M :
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(M,d) (M̃1, d̃1)

(M̃2, d̃2)

j1

j2

S  M    M̃1  M̃2. A   T  E 2.3.2
   j2  j1   ϕ  :

(M,d) (M̃1, d̃1)

(M̃2, d̃2)

j1

j2
ϕ

(M,d) (M̃2, d̃2)

(M̃1, d̃1)

j2

j1
ψ

I   : j2 = ϕ ◦ j1  j1 =  ◦ j2. V  :

 ◦ ϕ = idM̃1

ϕ ◦  = idM̃2

V     . L   . S   idM̃1
  ◦ ϕ

      j1:

(M,d) (M̃1, d̃1)

(M̃1, d̃1)

j1

j1
idM̃1

(M,d) (M̃1, d̃1)

(M̃1, d̃1)

j1

j1
ψ◦ϕ

P  ’  ,   ◦ ϕ = idM̃1
. ■

Proposzon 2.3.1 - Estnson  normt
S (E, ∥·∥E) spzo normto. Essno mtro,  un ompltmnto om spzo mtro
Ẽ.
Allor stnno l norm, Ẽ  normto.

Dmostrzon. C   ∥ · ∥E  ’ j : E → Ẽ. D  E 
   Ẽ    T  E  D 2.3.2   :

E Ẽ

R

j

∥·∥E
∥·∥Ẽ

 ∥ · ∥Ẽ : Ẽ −→ R        Ẽ. ■
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2.4 Torm  Mzur - Ulm

Dnzon 2.4.1 - Mpp An
S E,F  . S f : E → F  ,    :

1. f(x) = Lx+ v  v  F  L  L(E,F )

2. f(tx+ (1− t)x′) = tf(x) + (1− t)f(x′)  x, x′  E  t  [0, 1]

3. f

x+x′
2


= 1

2f(x) +
1
2f(x

′)  x, x′  E

Proposzon 2.4.1
L nzon  mpp n sono quvlnt.

Dmostrzon. V 4 .

• (1 ⇒ 2):        L. I   x, x′  E  t  [0, 1]:

f(tx+(1−t)x′) = v+L(tx+(1−t)x′) = t(v+Lx)+(1−t)(v+Lx′) = tf(x)+(1−t)f(x′)

• (1 ⇐ 2):   f    2. A  :

L(x) = f(x)− f(0)

    (  ).

• (2 ⇒ 3): ,   t = 1
2 .

• (2 ⇐ 3):    3,       t  D  
  [0, 1]. M   D    [0, 1],    .

A ı  ’. ■

Torm 2.4.1 - Torm  Mzur - Ulm
Sno E,F spz normt. S f : E → F somtr. Allor f  n.

Dmostrzon. B   ∀x, x′  E   :

f


x+ x′

2


=

1

2
f(x) +

1

2
f(x′)

C      ” ”   x, x′:

def(f) =

f

x+ x′

2


− f(x) + f(x′)

2



       x, x′  E.
O    f :

def(f) ≤

1

2
f


x+ x′

2


− 1

2
f(x)

+


1

2
f


x+ x′

2


− 1

2
f(x′)



=
1

2


x− x′

2

+
1

2


x− x′

2

 ≤
∥x− x′∥

2
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D     f(x)  f(x′) :

ρ : E −→ E
y −→ f(x) + f(y′)− y

Q  ’,      :

f̃ = f−1 ◦ ρ ◦ f

    f̃(x) = x′  f̃(x′) = x. M  :

def(f̃) =

f̃

x+ x′

2


− f̃(x) + f̃(x′)

2

 =

f̃

x+ x′

2


− x′ + x

2



(a)
=

f−1


f(x) + f(x′)− f


x+ x′

2


− x+ x′

2


(a)
=

f−1


f(x) + f(x′)− f


x+ x′

2


− f−1


f


x+ x′

2



=

f(x) + f(x′)− 2f


x+ x′

2



= 2


f(x) + f(x′)

2
− f


x+ x′

2

 = 2def(f)

M     f̃   def(f̃) ≤ ∥x−x′∥
2 ,   ’  .

S   def(f) > 0. R    f̃   
    f0 = f  fk+1 = f̃k   k > 0. I :

def(fk+1) = 2def(fk) = · · · = 2k+1def(f)

M    k     :

def(fk) >
∥x− x′∥

2

   . S  def(f) = 0,    . ■
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2.5 Torm ll Contrzon

Dnzon 2.5.1 - Contrzon
S (M,d)  . S T : (M,d)→ (M,d)   k-L  k < 1.
A T   .

Torm 2.5.1 - Torm ll Contrzon
S (M,d) spzo mtro non vuoto  omplto. S T : (M,d) → (M,d) un k-
ontrzon. Allor:

1. T  un uno punto sso: ∃! x̄ M  T (x̄) = x̄

2. ∀x0 M,xn = T n(x0) onvr  x̄

Dmostrzon. D ’       (2).
S x0 M  n  N. C n ≤ p < q:

d(xp, xq) = d(xp, xp+1) + d(xp+1, xp+2) + · · ·+ d(xq−1, xq)

=

q−1

i=p

d(xi, xi+1) =

q−1

i=p

d(T i(x0), T
i+1(x0))

=

q−1

i=p

kid(x0, x1) ≤ d(x0, x1)

+∞

i=n

ki =
kn

1− k
d(x0, x1)

   xnn∈N   C ́ k < 1.

E M , xn
n→+∞−→ x̄ M . I,    n→ +∞:


xn −→ x̄

T (xn) = xn −→ x̄

    T  T (x̄) = x̄. S    (2)  ’ 
 (1).
M ’   . S  x̄ = T (x̄)   ȳ = T (ȳ). S :

d(x̄, ȳ) = d(T (x̄, ȳ)) ≤ k · d(x̄, ȳ)
  k < 1: d(x̄, ȳ) = 0. A x̄ = ȳ. ■

Corollro 2.5.1.1 - Stm  Convrnz
Su l Torm 2.5.1 :

1. d(x̄, xn) ≤ knd(x̄, x0)

2. ∀x M d(x̄, x) ≤ 1
1−kd(x, T (x))

Dmostrzon. I  (1)  (   T 2.5.1) :

d(x̄, xn) = d(T n(x̄), Tn(x0)) ≤ knd(x̄, x0)

I  (2)     d(x̄, x) ≤ d(x, T (x)) + kd(x̄, x). S  k-
    :

d(x̄, x) ≤ d(x̄, T (x)) + d(T (x), x) = d(T (x̄), T (x)) + d(T (x), x)

≤ kd(x̄, x) + d(T (x), x)

■
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Corollro 2.5.1.2 - Cso An
S (E, ∥ · ∥) un spzo normto. S T : E → E on T (x) = Lx + v ontrzon n,
o L  L(E), ∥L∥ < 1  v  E.
Allor l punto sso sr x = (I − L)−1v.

Dmostrzon. S x0 = 0. M :




x1 = c

x2 = Lc+ c

x3 = L2c+ Lc+ c

  

O  : T n(0) =
n

j=0
Ljc. A     S  N.

I:
T (x) = x ⇒ (I − L)x = c

 :

x = (I − L)−1c =

+∞

j=0

Ljc

■

Corollro 2.5.1.3 - Gnrlzzzon
Nll pots l Torm 2.5.1, s T non un ontrzon, m ∃n  N tl  T n

ontrzon.
Allor T  un uno punto sso n E.

Dmostrzon. S      x̄ = T n(x̄. O :

T n(T (x̄)) = T (T n(x̄)) = T (x̄)

M  T (x̄)     T n. P    T (x̄) = x̄. S  . ■

Corollro 2.5.1.4
Nll pots l Torm 2.5.1, s C ⊆M un uso T -nvrnt (o T (C) ⊆ C) non
vuoto, llor x̄  C.

Dmostrzon. S x0  C. D  ’  T -,   xn = T n(x0)  C.
M xnn∈N ⊆ C     x̄. P   C   x̄  C. ■

Torm 2.5.2 - Torm ll Prturzon Lpstzn ll’ntt
S (E, ∥ · ∥) uno spzo  Bn, s A ⊆ E un prto.
S g : A→ E k-Lpstzn on k < 1. Allor l mpp f = id+ g vr  tt:

1. f(A) prto n E, lolmnt: ∀a  A, ∀r > 0 tl  B̄(a, r) ⊆ A llor f(B(a, r)) ⊃
B(f(a), (1− k)r).

2. f : A→ f(A)  un omomorsmo lpstzno, prsmnt:

lip(f) ≤ 1 + k  lip(f−1) ≤ 1
1−k

Dmostrzon. D   .
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1. S a  A  r > 0   B(a, r) ⊆ A. P :

f

B(a, r)


⊇ B(f(a), (1− k)r)

:   p  B(f(a), (1 − k)r)  x  B(a, r)   f(x) = p.
R   :

(1− k)r ≥ ∥p− f(a)∥ = ∥p− a+ g(a)∥

C   y
ψ−→ p− g(y)   L   k   B(a, r),

:

∥(x)− (y)∥ = ∥p− g(x)− p+ g(y)∥ = ∥g(y)− g(x)∥ ≤ k∥x− y∥

P y  A   ∥y − a∥ ≤ r:

∥(y)− a∥ = ∥p− g(y)− a∥ = ∥p− (a+ g(a)) + g(a)− g(y)∥
≤ ∥p− (a+ g(a))∥+ ∥g(a) + g(y)∥ ≤ (1− k)r + kr = r

A   B(a, r)  -. A  C 2.5.1.44  x 
B(a, r)   x = p− g(x)   .

2. S x, x′  A. A:

∥x− x′∥ = ∥x+ g(x)− (x′ + g(x′)) + (g(x′)− g(x))∥
≤ ∥f(x)− f(x′)∥+ ∥g(x)− g(x′)∥
≤ ∥f(x)− f(x′)∥+ k∥x− x′∥

    ∥f(x)− f(x′)∥ ≥ (1− k)∥x− x′∥. O f  .
Q       f−1 : f(A) → A. C y = f(x) 
y′ = f(x′). A   :

∥y − y′∥ ≥ (1− k)∥f−1(y)− f−1(y′)∥

:

∥f−1(y)− f−1(y′)∥ ≤ 1

1− k
∥y − y′∥

  f−1  1
1−k -L.

■

Ossrvzon 2.5.1
N   T 2.5.2,  A = E  f(A) = E.

4       z     
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Cptolo 3

Clolo Drnzl

3.1 Drnzl  Fŕt

3.1.1 Dnzon

Dnzon 3.1.1 - Funzon nntsm n x0

S E,F  ,  f : A ⊆ E → F . S   f    x0  
  A  

x→x0

f(x) = 0.

Dnzon 3.1.2 - o polo
S f, g : A ⊆ E → F .
S  f = o(g)  x→ x0  f(x) = ∥g(x)∥ · o(1).

Dnzon 3.1.3 - Drnzlt sono Fŕt
S E,F    Ω ⊆ E , x0  Ω. U  f : Ω→ F  
 F́     ∃L  L(E,F ) :

f(x) = f(x0) + L(x− x0) + o(x− x0) (3.1)

I ,   L ,  .

Dnzon 3.1.4 - Drnzl  Fŕt
S f : Ω ⊆ E → F     x0  Ω. S L  L(E,F )  
D 3.1.3,      F́   : Df(x0)

Dnzon 3.1.5 - Clss Ck

S E,F    Ω ⊆ E . S f : Ω → F    
x  Ω. E’  :

Df : Ω −→ L(E,F )

x −→ Df(x)

A f     C1     Df  :

C1(Ω, F ) = f : Ω→ F  Df  C0(Ω,L(E,F ))

P , :

Ck(Ω, F ) = f : Ω→ F  Df  Ck−1

41
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3.1.2 Proprt  Clolo

Proposzon 3.1.1 - Somm
Sno E,F spz normt  Ω ⊆ E prto. S λ  R  x0  Ω. Sno f, g : Ω → F
unzon rnzl n x0.
Allor f + λg  rnzl n x0, on:

D(f + λg)(x0) = Df(x0) + λDg(x0) (3.2)

Dmostrzon. S f  g   . A  x→ x0:

f(x) = f(x0) + L(x− x0) + o(x− x0)

g(x) = g(x0) +M(x− x0) + o(x− x0)

S    f + λg     x→ x0:

(f + λg)(x) = f(x) + λg(x) = f(x0) + L(x− x0) + λg(x0) + λM(x− x0) + o(x− x0)

= (f + λg)(x0) + (L+ λM)(x− x0) + o(x− x0)

        :

D(f + λg)(x0) = L+ λM = Df(x0) + λDg(x0)

■

Proposzon 3.1.2 - Composzon
Sno E,F,G spz normt  U ⊆ E, V ⊆ F prt.

• f : U → F unzon rnzl n x0  U , ov Im(f) ⊆ V .

• g : V → G unzon rnzl n y0 = f(x0)  V .

Allor g ◦ f  rnzl n x0, on:

D(f ◦ g)(x0) = Dg(f(x0)) ◦Df(x0) (3.3)

Dmostrzon. S f  g   . A  x0  X:

f(x) = f(x0) + L(x− x0) + o(x− x0)

g(y) = g(y0) +M(y − y0) + o(y − y0)

S    g ◦ f     x→ x0:

g(f(x)) = g

f(x0) + L(x− x0) + o(x− x0)



= g(f(x0)) +M

L(x− x0) + o(x− x0)


+ o


L(x− x0) + o(x− x0)



I ,    :

∥M

o(x− x0)


∥ ≤ ∥M∥ · ∥x− x0∥ · o(1) ≤ o(∥x− x0∥)

  ’ :

∥o

L(x− x0) + o(x− x0)


∥ ≤ ∥L(x− x0) + o(x− x0)∥ · o(1)
≤

∥L∥ · ∥x− x0∥+ o(1)∥x− x0∥
 · o(1)

≤ O(∥x− x0∥) · o(1) = o(∥x− x0∥)
    :

g(f(x)) = g(f(x0)) +M

L(x− x0) + o(x− x0)


+ o(x− x0)

   . ■
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Proposzon 3.1.3 - Invrson
Sno E,F spz normt, sno U ⊆ E  V ⊆ F prt. S f : U → V un omomorsmo
rnzl n x0  U , on Df(x0) nvrtl  on nvrs f−1 ontnu.
Allor f−1 : V → U  rnzl n y0 = f(x0), on:

Df−1(yo) = [Df(x0)]
−1 (3.4)

Dmostrzon. I,    1 x0 = 0  f(x0) = 0.
A      x0 = 0 :

f(x) = Lx+ ∥x∥o(1) per x→ 0

I,  g = f−1,  y = f(x). P    :

y = Lg(y) + ∥g(y)∥o(1) per2 y → 0

C  L−1    :

g(y) = L−1y + ∥g(y)∥o(1) per y → 0 (3.5)

P       ,    :

∥g(y)∥o(1) = ∥y∥o(1) per y → 0 (3.6)

B   ∥g(y)∥ ≤ C∥y∥  C  R . D  3.5, 
 :

∥g(y)∥ =
L−1y + ∥g(y)∥o(1)

 ≤ ∥L−1∥ · ∥y∥+ ∥g(y)∥o(1)
   ,  y → 0:

∥g(y)∥ ≤ ∥L−1∥
1 + o(1)

∥y∥ = O(1)∥y∥ −→ C∥y∥

A,  ’ 3.6,  :

g(y) = L−1y + ∥g(y)∥o(1) = L−1y + ∥y∥o(1)
  ,   Dg(y) = L−1. ■

Ossrvzon 3.1.1 - Drnzl  Lnr
S E,F  , L  L(E,F ). A L   ∀x0  E,  
DL(x0) = L.

Ossrvzon 3.1.2 - Drnzl n Spz Prootto
S E,F1, F2  ,  U ⊆ E   x0  U . S f : U → F1 × F2, 
 :

• f    x0

• πF1 ◦ f  πF2 ◦ f    x0

I ,    :

∥(v1, v2)∥F1×F2 = max∥v1∥F1 , ∥v2∥F2
    :

L(E,F1 × F2)
∼−→ L(E,F1)× L(E,F2)

1T  z   ϕ(x) = f(x − x0) − f(x0)    z


2S  y → 0   f    .
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3.2 Drnzl Przl

Dnzon 3.2.1 - Drvt Drzonl
S E,F    Ω ⊆ E  x0, v  E. S f : Ω→ F .
S ,    t  R  0  f(x0+tv)      f  
v. S :

∂vf(x0) =
d

dt
f(x0 + tv)


t=0

(3.7)

Ossrvzon 3.2.1
N   D 3.2.1,  f    x0 :

∂vf(x0) = Df(x0)[v]

Dnzon 3.2.2 - Drvt Przl
S E    Ω ⊆ Rn . S f : Ω → E. L    
     Rn      f . S  ∀i = 1, , n:

∂if(x) =
d

dt
(x1, , xi−1, t, xi+1, , xn)


t=xi

(3.8)

Dnzon 3.2.3 - Grnt
S f : Rn → R. A    f :

f(x) = grad(f(x)) =

∂1f(x), , ∂nf(x)


(3.9)

Proposzon 3.2.1
S f : Rn → R rnzl n x  Rn. Allor t eii=1,,n l s non  Rn:

∂if(x) = Df(x)[ei]

Inoltr, to v  Rn o:

Df(x)[v] = Df(x)


n

i=1

viei


=

n

i=1


vi · ∂if(x)



Proposzon 3.2.2
S f : Rn → R rnzl n x  Rn. S v  Rn, vl :

Df(x)[v] =

f(x) · v



Allor Df(x)  un orm lnr nl ul  Rn.

Dnzon 3.2.4 - Mtr Jon
S f : Rn → Rm   x  Rn. A Df(x)    ’-
  Rn → Rm   J  f  x, :

Jf (x) =

∂1f(x)  ∂2f(x)    ∂nf(x)



Dnzon 3.2.5 - Drnzl Przl
S E1, E2, F  , Ω ⊆ E1 × E2   (x0, y0)  Ω.
D ’ f : Ω → F ,  x → f(·, y0)    x0. T
       :

D1f(x0, y0) = D[f(·, y0)](x0)
A       :

D2f(x0, y0) = D[f(x0, ·)](y0)
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Ossrvzon 3.2.2
N   D 3.2.5,  f    (x0, y0)    h 
E1, k  E2: 

D1f(x0, y0)[h] = Df(x0, y0)[(h, 0)]

D2f(x0, y0)[k] = Df(x0, y0)[(0, k)]

:
Df(x0, y0)[(h, k)] = D1f(x0, y0)[h] +D2f(x0, y0)[k]
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3.3 Torm su Drnzl

Torm 3.3.1 - Torm l Drnzl Totl
Sno E1, E2, F spz  Bn, Ω ⊆ E1 × E2 prto  (x0, y0)  Ω. S f : Ω → F tl
:

1. ∃D1f(x0, y0)

2. pr on (x, y)  Ω sst D2f(x, y)  n prtolr l’pplzon (x, y) → D2f(x, y)
 ontnu n (x0, y0)

Allor f  rnzl n (x0, y0)  vl:

Df(x0, y0) = D1f(x0, y0) ◦ πE1 +D2f(x0, y0) ◦ πE2

Dmostrzon. S        f   (x0, y0) :

f(x0 + h, y0 + k) = f(x0, y0) +Df(x0, y0)[(h, k)] + o(∥(h, k)∥) (3.10)

 (h, k)→ (0, 0). P     (h, k)→ (0, 0):


f(x0 + h, y0) = f(x0, y0) +D1f(x0, y0)[h] + o(∥h∥)
f(x0, y0 + k) = f(x0, y0) +D2f(x0, y0)[k] + o(∥k∥)

U    3 ’ 3.10:

f(x0 + h, y0 + k)− f(x0, y0)−Df(x0, y0)[(h, k)] = (∗) =
= f(x0 + h, y0 + k)− f(x0, y0)−D1f(x0, y0)[h]−D2f(x0, y0)[k]

= f(x0 + h, y0 + k)− f(x0 + h, y0) + f(x0 + h, y0)− f(x0, y0)−
−D1f(x0, y0)[h]−D2f(x0, y0)[k]

=

f(x0 + h, y0 + k)− f(x0 + h, y0)−D2f(x0, y0)[k]


+


f(x0 + h, y0)−

− f(x0, y0)−D1f(x0, y0)[h]


=

f(x0 + h, y0 + tk)− tD2f(x0, y0)k

t=1

t=0
+


f(x0 + h, y0)− f(x0, y0)−

−D1f(x0, y0)[h]


P  :

∥(∗)∥ ≤
f(x0 + h, y0 + tk)− tD2f(x0, y0)k

t=1

t=0

+
f(x0 + h, y0)−

− f(x0, y0)−D1f(x0, y0)[h]


≤ 
0<t<1

∥D2f(x0 + h, y0 + tk)k −D2f(x0, y0)k∥+ o(∥h∥)

≤ 
0<t<1

∥D2f(x0 + h, y0 + tk)−D2f(x0, y0)∥ · ∥k∥+ o(∥h∥)

≤ o(∥h∥+ ∥k∥)

  . ■

Corollro 3.3.1.1
Nll pots l Torm 3.3.1, vl :

D1f(x, y) e D2f(x, y) sono continui ⇔ f  C1(Ω, F )
3C      , LATEX    ...
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Dmostrzon. L   T 3.3.1      (x0, y0)  Ω.
Q f  C1. ■

Proposzon 3.3.1 - Intrprtzon  D2f(x)
Sno E,F spz normt. Sno Ω ⊆ E  x0  Ω. S f : Ω → F rnzl 2 volt
n x0. S possono r vrs ntrprtzon4  D2f(x0): ∀u, v  E:

1. D2f(x0)[u, v] = ∂t ∂sf(x+ tu+ sv)

s=0


t=0

2. D2f(x0)[u, v] = f(x+ u+ v)− f(x+ u)− f(x+ v) + f(x) + o(∥u∥2 + ∥v∥2)

Dmostrzon. D    :

1. P  u, v  E    :

∂sf(x+ tu+ sv) = D(x+ tu+ sv)[v]

   s  0:

∂sf(x+ tu+ sv)

s=0

= Df(x+ tu)[v]

S :

∂t

∂sf(x+ tu+ sv)


s=0
t=0

= D(Df)(x)[u, v] = D2f(x)[u, v]

2. C  ,      o(∥u∥2 + ∥v∥2):
f(x+u+ v)− f(x+ u)− f(x+ v) + f(x)−D2f(x)[u, v]

 =

=
f(x+ u+ tv)− f(x+ tv)− tD2f(x)[u, v]

t=1

t=0


≤ 

0<t<1

Df(x+ u+ tv)−Df(x+ tv)−D(Df(x))[u]

v


≤ 
0<t<1

Df(x+ u+ tv)−Df(x+ tv)−D(Df)(x)u
 · ∥v∥

= 
0<t<1

D(Df)(x)[u+ tv]−D(Df)(x)[tv]−D(Df)(x)[u]+

+ o(∥u∥+ ∥v∥)
 · ∥v∥

= o(∥u∥+ ∥v∥) · ∥v∥ = o

(∥u∥+ ∥v∥)2



■

Torm 3.3.2 - Smmtr l Drnzl Sono
Sno E,F spz normt. Sno Ω ⊆ E  x0  Ω. S f : Ω → F rnzl 2 volt
n x0. Allor D2f(x0)  smmtro:

∀u, v  E : D2f(x0)[u, v] = D2f(x0)[v, u]

Dmostrzon. P ’ 2  P 3.3.1,      u, v  E,
 (u, v)→ (0, 0)   :

D2f(x)[u, v]−D2f(x)[v, u] = o

(∥u∥+ ∥v∥)2



      .
D     ,     . ■

4V   z: D2f(x0)[u, v] =

D2f(x0)[u]


[v].
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Torm 3.3.3 - Invrson ll’Orn  Drvzon (Swrz)
Sno Ω ⊆ R× R prto  f : Ω→ (E, ∥ · ∥) un unzon tl :

1. ∃ ∂1f, ∂2∂1f n Ω, on ∂2∂1f ontnu su (x0, y0)  Ω

2. ∀x  R : (x, y0)  Ω ∃ ∂2f

Allor ∃ ∂1∂2f(x0, y0) = ∂2∂1f(x0, y0).

Dmostrzon. D     : R+ → R+ :

(r) = 
∥x−x0∥≤r
∥y−y0∥≤r

∥∂2∂1f(x, y)− ∂2∂1f(x0, y0)∥

E  ,      r → 0   ∂2∂1f   
(x0, y0)  . P  :


∂2f(x, y0)− ∂2f(x0, y0)

x− x0
− ∂2∂1f(x0, y0)

 ≤  (x− x0) (3.11)

   :   (x, y)  Ω   x−x0 ≤ r  y− y0 ≤ r :


f(x, y)− f(x, y0)

(x− x0)(y − y0)
− f(x0, y)− f(x0, y0)

(x− x0)(y − y0)
− ∂2∂1f(x0, y0)

 ≤ (r) (3.12)

I     y → y0   ’ 3.11. D  
3.12:

∥f(x, y)− f(x, y0)− f(x0, y) + f(x0, y0)− (x− x0)(y − y0)∂2∂1f(x0, y0)∥ =
=

[f(t, y)− f(t, y0)− t(y − y0)∂2∂1f(x0, y0)]
t=x
t=x0


(∗)
≤ x− x0 · 

t−x0≤r
∥∂1f(t, y)− ∂1f(t, y0)− (y − y0)∂2∂1f(x0, y0)∥

= x− x0 · 
t−x0≤r

[∂1f(t, s)− s∂2∂1f(x0, t0)]
s=y
s=y0



(∗)
≤ x− x0 · y − y0· ≤ 

t−x0≤r
s−y0≤r

∥∂2∂1f(t, s)− ∂1∂2f(x0, y0)∥ = (r)

  (∗)     T  V M. S  . ■

Dnzon 3.3.1 - Mtr Hssn
S Ω ⊆ Rn   f : Ω → R    2   x  Ω. E
 D2f(x)  L2

simm(Rn × Rn,R)  .
P  T 3.3.3     H,   D2f(x)  Mn(R):

Hf (x) =




∂1,1f(x) ∂2,1f(x)  ∂n,1f(x)
∂1,2f(x) ∂2,2f(x)  ∂n,2f(x)

...
... 

...
∂1,nf(x) ∂2,nf(x)  ∂n,nf(x)




 ∂i,jf(x) = ∂i∂jf(x).
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Torm 3.3.4 - Lmt sotto Sno  Drvt
Sno E,F spz  Bn. S Ω ⊆ E prto onnsso. Sno fn : Ω → F un
susson  unzon tl :

1. fn(x0) onvr n F pr lmno un x0  Ω

2. Dfn : Ω → L(E,F ) onvrono  g : Ω → L(E,F ) unormmnt  lolmnt,
o:

∀a  Ω ∃ ra > 0 : ∥Dfn − g∥∞,B(a,ra)
n→+∞−→ 0

Allor:

1. fn onvrono  f : Ω→ F lolmnt unormmnt.

2. f  rnzl, Df = g.

Commnto 1. Disperzione degli utori
Stv. Prprtv l’qu l pr un momll.
Ftto? Bn. Prnt l tlono  mttt l molt ro, non s m  quluno
v mportun propro or  v nt  qust mostrzon.
V srvr onntrzon pr pr l r  r  ormul  surnno.
M v pro non  n volt, LATEX non  molto lmnt on l lunzz ll ormul,
mo tto l mlo  potvmo on tutt qust  po.

Dmostrzon. D   .

1. P  fn(x)    x  B(a, ra) ⊆ Ω     fn(a) -
. A  ’,     fn(x) − fn(a) 
   C. A       
’. P p, q → +∞:

∥(fp(x)− fp(a))− (fq(x)− fq(a))∥ ≤ ∥Dfp −Dfq∥∞,B(a,ra) · ∥x− a∥
≤ ∥Dfp −Dfq∥∞,B(a,ra) · ra = o(1)

Q fn(x)− fn(a)   C  . M   :

A = x  Ω  fn(x) converge  B = x  Ω  fn(x) non converge

      a  ,     B(a, ra) 
. I         Ω . I 
’ (1), A ̸= ∅  A = Ω. O     
 x  Ω.
D     ,    
B(a, ra). P 

q→∞
  ,   

,  :

∥(fp(x)− fp(a))− (f(x)− f(a))∥ ≤ ∥Dfp − g∥∞,B(a,ra) · ∥x− a∥

I  :

∥fp(x)− f(x)∥ ≤ ∥fp(a)− f(a)∥+ ∥fp(x)− f(x)− fp(a) + f(a)∥
≤ ∥fp(a)− f(a)∥+ ∥Dfp − g∥∞,B(a,ra) · ra
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x∈B(a,ra)

:

∥fp − f∥∞,B(a,ra) ≤ ∥fp(a)− f(a)∥+ ∥Dfp − g∥∞,B(a,ra) · ra

     .

2. V  f    Df = g   a  Ω. I  
     o(∥x− a∥)  x→ a:

∥f(x)− f(a)− g(a)[x− a]∥ ≤ ∥f(x)− f(a)− fp(x) + fp(a)∥+
+ ∥fp(x)− fp(a)−Dfp(a)[x− a]∥+ ∥Dfp(a)[x− a]− g(a)[x− a]∥

≤

∥Dfp − g∥∞,B(a,ra) +

∥fp(x)− fp(a)−Dfp(a)[x− a]∥
∥x− a∥ +

+ ∥Dfp(a)− g(a)∥

· ∥x− a∥

≤

2∥Dfp − g∥∞,B(a,ra) +

∥fp(x)− fp(a)−Dfp(a)[x− a]∥
∥x− a∥


∥x− a∥

S,   ,    p  N:

∥f(x)− f(a)− g(a)[x− a]∥
∥x− a∥ ≤ 2∥Dfp − g∥∞,B(a,ra)+

+
∥fp(x)− fp(a)−Dfp(a)[x− a]∥

∥x− a∥

   
p∈N

’ :

∥f(x)− f(a)− g(a)[x− a]∥
∥x− a∥ ≤ 2∥Dfp − g∥∞,B(a,ra) + 0

    p→ +∞   ∥Dfp − g∥∞,B(a,ra) = o(1)      .

■

Commnto 2. Amn.

Dnzon 3.3.2 - Intrl n Spzo  Bn
S (E, ∥ · ∥)   B  f : [a, b]→ (E, ∥ · ∥) .
D  :  b

a
f(t)dt = g(b)− g(a)

 g′ = f    T 3.3.4.

Dnzon 3.3.3 - Domorsmo
S E,F   B, U ⊆ E  V ⊆ F . L  f : U → V 
 :

• f ,   

• f−1 
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S f−1  Ck,  f  Ck-.

Torm 3.3.5 - Invrson Lol
Sno E,F spz  Bn, Ω ⊆ E prto, x0  Ω. S f : Ω → F  lss C1 on
Df(x0) nvrtl n x0.
Allor f  omorsmo lol n x0.

Dmostrzon. S   L = Df(x0)
−1  L(E,F ). L 

(L ◦ f) : x → Lf(x)

  LDf(x)   x = x0  ’.
C   U = B(x0, r) ⊆ Ω,     :

Lf(x) = x+ (Lf(x)− x)

   D(Lf(x)− x) = LDf(x)− I. P  ,  r → 0:

∥D(Lf(x)− x)∥ = ∥LDf(x)− I∥ = o(1)

   LDf(x) − I    x0   I. M    x →
Lf(x) − x    L ∥LDf − I∥∞,B(x0,r)   B(x0, r). P

r > 0   ı ∥LDf − I∥∞,B(x0,r) ≤ 1
2 .

A   T  P 1-L 2.5.2 ’  U  Lf(x) =
x+(Lf(x)−x)    E    Lf    U    .
D  L   (   )   ’
 Lf     f    U     f(U) = V .
A      ’ ( P 3.1.3)  
f−1 : V → U   :

Df−1(y) =

Df(f−1(y))

−1

V  : f−1  C1. I Df−1    5:

V
f−1

−→ U
Df−→ InvLin(E,F )

[·]−1

−→ L(F,E)
y −→ f−1(y) −→ Df(f−1(y)) −→ [Df(f−1(y))]−1

■

Dnzon 3.3.4 - Luoo  Zr  Gro
S E,F,G   B, Ω ⊆ E × F . S f : Ω→ G.
I     f : Z(f) = (x, y)  Ωf(x, y) = 0.
Z(f)     f    x  y   (x0, y0)  Z(f)  ∃ ,  > 0 
∃ u : BE(x0, )→ BF (y0, )  , :

• graf(u) = Z(f) 

BE(x0, )×BF (y0, )



• ∀(x, y)  BE(x0, )×BF (y0, ) : (x, y)  Z(f)⇔ y = u(x)

Torm 3.3.6 - Funzon Implt
Sno E,F,G spz  Bn, Ω ⊆ E × F prto. S f : Ω → G n lss C1. S
(x0, y0)  Ω tl  f(x0, y0) = 0  D2f(x0, y0)  L(F,G) nvrtl.
Allor:

5L’      ’    z    
.
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• ∃ U ntorno prto  x0, ∃ V ntorno prto  y0 tl  U × V ⊆ Ω

• ∃ u : U → V  lss C1 tl : f = 0  U × V  = graf(u)

In prtolr, l unzon u  tl 

∀x  U :


Du(x) = −[D2f(x, u(x))]

−1 ◦D1f(x, u(x))

f(x, u(x)) = 0

Dmostrzon. C  :

Φ : Ω −→ E ×G
(x, y) −→ (x, f(x, y))

  C1      C1.
V  DΦ(x0, y0)     E × F → E × G. P (x0, y0)  Ω
 (h, k)  E × F :

DΦ(x0, y0)[h, k] = (h , D1f(x0, y0)[h] +D2f(x0, y0)[k])

I     L = D1f(x0, y0)  M = D2f(x0, y0). A:

DΦ(x0, y0) =


I 0
L M



       ’ :

DΦ(x0, y0)
−1 =


I 0

−M−1L M−1



A  T  I L:  W  V    x0  y0
   Φ(W × V )    ΦW×V .
D    U   u :

U = x  E  (x, 0)  Φ(W × V )

   πF : E × F → F  ,    x  U :

u(x) = πF

Φ−1(x, 0)



Ṕ ı   :

f(x, y) = 0⇔ Φ(x, y) = (x, 0)⇔ (x, y)  Φ−1(x, 0)

⇔ y = πF

Φ−1(x, 0)



D   u  C1(U, F ) ́    C1:

U
j1−→ Φ(U × V ) ⊆ U ×G

Φ−1

−→ E × F
πF−→ F

x −→ (x, 0) −→ Φ−1(x, 0) −→ πF (Φ
−1(x, 0))

C     u. P   g(x) = f(x, u(x))  
    . D :

0 = Dg(x) = D1f(x, u(x)) +D2f(x, u(x)) ◦Du(x)

 :
Du(x) = −D2f(x, u(x))

−1 ◦D1f(x, u(x))

  . ■
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Corollro 3.3.6.1 - Cso  Rn

S f : Ω ⊆ Rn → R  lss C1. S x  Ω tl  f(x) ̸= 0, n prtolr suppono
pr f =


∂1f, , ∂2f


 ∂nf(x) ̸= 0.

Allor pr Rn = Rn−1 × R on U ntorno  Rn−1, ∃ u : U → R tl :

∃  > 0 : f = 0 

U× ]xn − , xn + [


= graf(u)

Dmostrzon. S   T 3.3.6. ■

Esmpo 3.3.1

C          
n-:

f : Rn −→ R
(x1,    , xn) −→ x21 + · · ·+ x2n − 1

A  F 3.1      
     .

F 3.1: E  
    S2

Torm 3.3.7 - Torm  Dn
S F  C1(Ω,R) ov Ω ⊆ R2 prto. S:

F (x0, y0) = 0 e ∂yF (x0, y0) ̸= 0

Allor l luoo  zr  F n un ntorno  (x0, y0)  l ro  un unzon u nll
vrl x.
Pu prsmnt:

(x, y)  F (x, y) = 0  ([x0 − a, x0 + a]× [y0 − b, y0 + b]) =

= (x, y)  x  [x0 − a, x0 + a] e y = u(x)

E noltr u  C1([x0 − a, x0 + a],R) ov:

u′(x) = −∂xF (x, u(x))

∂yF (x, u(x))

Dmostrzon. S   T 3.3.6. ■

Dnzon 3.3.5 - Funzon omon
S ∥ · ∥  . P f : E \ 0 → R. A f   p-  
 t > 0  x  E \ 0:

f(tx) = tpf(x)

Torm 3.3.8 - Torm  Eulro
S f : E \ 0 → R rnzl. Vl l’quvlnz:

f  p-omon ⇔ Df(x)[x] = pf(x) pr on x  E \ 0

Dmostrzon. (⇒):  f(tx) = tpf(x)   x  E  t > 0. A:

d

dt
f(tx)[x] = ptp−1f(x)

V         f ◦    : R→ E  
 (t) = tx:

Df(tx)[x] = ptp−1f(x)
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  t = 1   ’.
(⇐):     x  E \ 0:

Df(x)[x] = pf(x)

C       t > 0:

Df(tx)[tx] = pf(tx)

A  :

tDf(tx)[x] = pf(tx)

tp
d

dt
(f(tx)) = tpD(tx)[x] = ptp−1f(tx)

tp
d

dt
(f(tx))− ptp−1f(tx) = 0

d

dt


f(tx)

tp


t2p = 0

    f(tx)
tp  . V  t = 1:

f(tx)

tp
= f(x)

  . ■
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3.4 Polnomo  Tylor

3.4.1 Dnzon

Dnzon 3.4.1 - Polnomo  Tylor pr urv
S (E, ∥ · ∥)   B,  f : I ⊆ R → (E, ∥ · ∥)    n 
 x0  I.
I   T   x0   n :

Tn(x, x0, f) =

n

k=0

f (k)(x0)

k!
(x− x0)

k

Proposzon 3.4.1 - Proprt
Nll pots ll Dnzon 3.4.1, vlono l sunt proprt:

1. Tn(x, x, f) = f(x)

2. ∂1Tn(x, x0, f) = Tn−1(x, x0, f
(1))

3. ∂2Tn(x, x0, f) =
f (n+1)(x0)

n! (x− x0)
n

Dmostrzon. L       . ■

Dnzon 3.4.2 - Polnomo  Tylor pr Normt
S E,F  ,  f : Ω ⊆ E → F    n  
x0  Ω.
I   T   x0   n :

Tn(x, x0, f) =

n

k=0

1

k!
Dkf(x0)[x− x0]

k

Notzon 3.1 - Mult-n
U -    Nm   = (1, ,m). I   :

•  : 1 =
m
i=1

i

• ’: x = x1
1 ·  · xm

m

•  :

k



= k!

! =
k!

1!m! =

k
1


k−1

2


  


k−1−−m−1

m



Proposzon 3.4.2 - Polnomo  Tylor on Mult-n
S f : U ⊆ Rn → R rnzl n volt n x0  U . Allor:

Tn(x, x0, f) =


1≤n

1

!
∂f(x0)(x− x0)



Dmostrzon. P   ,     
   k × m ,        xi,j i∈[k]

j∈[m]

. I

,  6:



i∈[k]


 

j∈[m]

xi,j


 =



j:[k]→[m]




i∈[k]
xi,j(i)




6I    ’ j      z j : [k] → [m].
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       i  [j]   xi,j = xj . I :


 

j∈[m]

xj




k

=


i∈[k]


 

j∈[m]

xj


 =



j:[k]→[m]




i∈[k]
xj(i)




=


∈Nm

1=k






j:[k]→[m]
j−1(l)=l ∀ l

x


 =



1=m


k




x

S             L  Lk
S


(Rm)k



  [x]k  x =
m
j=1

xjej . S  :

L[x]k = L


 

j∈[m]

xjej



k

= · · · =


1=k


k




L · x

   L = L[e] = L[e1
1 ,    , em

m ]   .
C L = Df ,    L = ∂     ,  h = x− x0:

Tn(x0 + h, x0, f) =


1≤m

1

!
∂f(x0)h



  . ■

3.4.2 Stm l Rsto pr Curv

S (E, ∥ · ∥)   B  f : I ⊆ R→ E  n   x0  I.

Proposzon 3.4.3 - Stm  Pno
S ∃ f (n)(x0), llor pr x→ x0:

∥Rn(x, x0, f)∥ = o(x− x0n)

Dmostrzon. S   ,    ,   T 
V M .
N  n = 1         :

∥Rn(x, x0, f)∥ = ∥f(x)− f(x0)− f ′(x0)(x− x0)∥ = o(∥x− x0∥)

T       n = 1,      n > 1:  
  T  V M:

∥Rn(x, x0, f)∥ = ∥f(x)− Tn(x, x0, f)∥ ≤ x− x0 
t∈[x0,x]

∥f ′(x)− Tn−1(x, x0, f
′)∥

      :

∥Rn(x, x0, f)∥ = x− x0 · o(x− x0n−1) = o(x− x0n)

  . ■
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Proposzon 3.4.4 - Stm  Lrn
S ∃ f (n+1)(x) ∀x  I, llor:

∥Rn(x, x0, f)∥ ≤ 
t∈[x0,x]

∥f (n+1)(t)∥ · x−x0n+1

(n+1)!

Dmostrzon. S   T  VM    C,   
f(t) = Tn(x, t)  g(t) = x− tn+1. I   :

∥Rn(x, x0, f)∥
x− x0n+1

=
∥[Tn(x, t)]

t=x
t=x0

∥
[x− t]t=x

t=x0

≤ 
t∈[x0,x]

 (x−t)nf (n+1)(t)
n!


(n+ 1)(x− t)n = 

t∈[x0,x]

f (n+1)(t)


(n+ 1)!

   . ■

Commnto 3. Com uto mnmono pr l nzon   nll prossm Proposzon
st rorr  l su rvt n-sm s v nnullr n x0, n moo  vr
Tn−1(x, x0,) = Tn(x, x0,).

Proposzon 3.4.5 - Vrzon  Lrn 1
S ∃ f (n)(x) ∀x  I, llor:

∥Rn(x, x0, f)∥ ≤ 
t∈[x0,x]

∥f (n)(t)− f (n)(x0)∥ · x−x0n
n!

Dmostrzon. S    ,      n− 1 
:

(x) = f(x)− f (n)(x0)

n!
(x− x0)

n

   n   x0.
I  :

Tn−1(x, x0,) = Tn(x, x0,) = Tn(x, x0, f)−
f (n)(x0)

n!
(x− x0)

n = Tn−1(x, x0, f)

 :

Rn(x, x0, f) = f(x)− Tn(x, x0, f) = (x)− Tn−1(x, x0,) = Rn−1(x, x0,)

A    L  Rn−1(x, x0,)  :

∥Rn(x, x0, f)∥ ≤ 
t∈[x0,x]

f (n)(t)− f (n)(x0)
 x− x0n

n!

 . ■

Proposzon 3.4.6 - Vrzon  Lrn 2
S ∃ f (n−1)(x) ∀x  I  ∃ f (n)(x0), llor:

∥Rn(x, x0, f)∥ ≤ 
t∈[x0,x]

∥f (n−1)(t)− f (n−1)(x0)− (t− x0)f
(n)(x0)∥ ·

x− x0n−1

(n− 1)!

Dmostrzon. U     V . D:

(x) = f(x)− f (n−1)(x0)

(n− 1)!
(x− x0)

n−1 − f (n)(x0)

n!
(x− x0)

n
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Q    Rn−2(x, x0,) = Rn(x, x0, f)     
 n− 1 :

(n−1)(t) = f (n−1)(t)− f (n−1)(x0)− f (n)(t− x0)

     L  :

∥Rn(x− x0)∥ ≤ 
t∈[x0,x]

∥f (n−1)(t)− f (n−1)(x0)− (t− x0)f
(n)(x0)∥ ·

x− x0n−1

(n− 1)!

  . ■

Proposzon 3.4.7 - Stm Intrl
S f  Cn+1, llor:

Rn(x− x0) =

 x

x0

fn+1(t)
(x− t)n

n!
dt

Dmostrzon. S       T:

∂2T(x, x0, f) =
f (n+1)(x0)

n!
(x− x0)

n

I   :

Rn(x− x0) = f(x)− Tn(x, x0) = [Tn(x, t)]
t=x
t=x0

=

 x

x0

∂tTn(x, t)dt =

 x

x0

f (n+1)(t)

n!
(x− t)n

   . ■

3.4.3 Stm l Rsto pr Normt

S E,F  ,  f : Ω ⊆ E → F    n  
x0  Ω.
L  P       , :

 : t −→ f(x0 + t(x− x0))

I   :

dk

dtk
f(x0 + t(x− x0)) = Dkf(x0 + t(x− x0))[x− x0, · · · , x− x0]

= Dkf(x0 + t(x− x0))[x− x0]
k

      Dk  ,     .

Proposzon 3.4.8 - Stm  Lrn
S ∃ Dn+1f(x) ∀x  Ω onvsso, llor:

∥Rn(x− x0)∥ ≤ ∥Dn+1f∥∞,Ω · ∥x− x0∥n+1

(n+ 1)!

Proposzon 3.4.9 - Vrzon  Lrn 1
S ∃ Dnf(x) ∀x  Ω  Dnf(x) ontnu n x0, llor:

∥Rn(x− x0)∥ ≤ ∥Dnf −Dnf(x0)∥∞,Ω · ∥x− x0∥n
n!
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Proposzon 3.4.10 - Vrzon  Lrn 2
S ∃ Dn−1f(x) ∀x  Ω  ∃ Dnf(x0), llor:

∥Rn(x− x0)∥ ≤ 
y∈Ω

∥Dn−1f(t)−Dn−1f(x0)− (y − x0)D
nf(x0)∥∞,Ω · ∥x− x0∥n−1

(n− 1)!
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3.5 Ottmzzzon  Funzon

3.5.1 Punt  Mnmo

Dnzon 3.5.1 - Vlor  Mnmo  Punto  Mnmo
S S ⊆ Rn   x  S,  f : S → R:

• x      f : f(x) ≤ f(y) ∀ y  S

• f(x)        ( )

3.5.2 Crttrzzzon  Mnmo

S E   B  Ω ⊆ E . S f : Ω→ R.

Proposzon 3.5.1 - Proprt Nssr 1
S x0  Ω  un punto  mnmo llor:

∀ v  E ∂vf(x0) = 0

pur ∂vf(x0) sst.

Dmostrzon. I

∂vf(x0) =
d

dt
f(x0 + tv)t=0 = 0

  t = 0       f(x0 + tv). ■

Proposzon 3.5.2 - Proprt Nssr 2
S x0  Ω  un punto  mnmo  f  rnzl 2 volt n x0 (o ∃ D2f(x0) 
L2
simm(E × E)) llor:

∀ v  E D2f(x0)[v, v] ≥ 0

ovvro D2f(x0)  postv.

Dmostrzon. I   v  E:

D2f(x0)[v, v] =
d2

dt2
f(x0 + tv)t=0 ≥ 0

 t = 0    f(x0 + tv)      0, ]− , [. ■

Proposzon 3.5.3 - Proprt Sunt
S x0  Ω  f  rnzl 2 volt n x0.
In prtolr Df(x0) = 0; D2f(x0) lnr smmtr  nt postv. Allor:
∃B(x0, r) ⊆ Ω tl  x0  uno punto  mnmo pr f


B(x0,r)

.

Dmostrzon. I: ∀v  E, ∥v∥ < r        
P:

f(x0 + v) = f(x0) +Df(x0)v +
1

2
D2f(x0)[v, v] + o(∥v∥2)

≥ f(x0) +


2
∥v∥2 + o(∥v∥2) = f(x0) +


2
+ o(1)


∥v∥2

P  r > 0   B(x0, r) ⊆ Ω  ∀r, 0 < ∥v∥ < r  f(x0 + v) > f(x0),  x0
 ’     f B(x0,r). ■
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Ossrvzon 3.5.1
I       P V  F (
A M 1).
L              T 
W:       Ω ,    Ω .
I  ,    Ω ,     / 
∂Ω ( F     Ω).

Proposzon 3.5.4 - Crttrzzzon vrzonl l utovttor/utovlor
 mtr smmtr rl
S A M simm

n (R), nmo l quoznt  Ryl ∀x  Rn\0:

qA(x) =
(Ax · x)
(x · x)

Qust  un unzon 0-omon. Rsult l sunt proprt.
Un opp (ν,λ)  (Rn \ 0× R)  un opp  utovttor/utovlor  A s  solo
s  un opp punto rto/vlor rto  qA.

Dmostrzon. I: qA   ,  C
∞; ∀x  Rn\0

qA(x) = 

(Ax · x)
(x · x)


=

(x · x) ·(Ax · x)− (Ax · x)(x · x)
(x · x)2

 (Ax · x) = 2Ax ,   A  :

(A(x+ h) · (x+ h)) = (Ax · x) + (ax · h) + (Ah · x) + (h · h)
= (Ax · x) + 2(Ax · h) + ∥h∥2

 (Ax · x) = 2Ax. I   A = I,(x · x) = 2x, :

qA(x) = 2
(u · x)Ax− (Ax · x)x

(x · x)2 =
2

∥x∥2 (Ax− qA(x) · x)

       Ax = qA(x) · x,      x    qA(x) 
 .
I ,  A M s

n(R)   ;      :


x̸=0

qA(x) = 
∥x∥=1

(Ax · x)  
x̸=0

qA(x) = 
∥x∥=1

(Ax · x)

■

Ossrvzon 3.5.2
D       u    A = AT  u⊥ = x  Rn : x·u = 0  
 A-7        Rn = (Ru) u⊥

 A-     A     u    Au⊥ : u⊥ → u⊥

3.5.3 Mtoo  Moltpltor  Lrn

Dnzon 3.5.2 - Sottovrt Drnzl
S (E, ∥ · ∥)   ,  M ⊆ E. M      E
  Cm  ∀ p M :

7x · u = 0 ⇒ x · λu = 0 ⇒= (x ·Au) = (Ax · u)  Ax  u⊥
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• ∃ U   p  E.

• ∃ F1, F2  .

• ∃  : U
∼−→ (U)    Cm  (U)   F1 × F2  

(U M) = (U)  (F1 × 0).

Ossrvzon 3.5.3
N   D 3.5.2 D(p)−1(F1 × 0)     
 .

F 3.2: D 

Dmostrzon. S  : V → (V )        F ′
1  F

′
2

   :
(V M) = (V )  (F ′

1 × 0)
S    U = V (    U  V ). M   
  :

 ◦ −1 : (U)  (F1 × 0) −→ (U)× (F ′
1 × 0)

Q  :

D−1(p)

F ′
1 × 0


= D−1(p)


D( ◦ −1)((p))[F1 × 0]



= D−1(p) ◦D( ◦ −1)((p))[F1 × 0]
= D−1(p) ◦D(p) ◦D−1((p))[F1 × 0]
= D−1((p))[F1 × 0]

  . ■

L       ’O 3.5.3.

Dnzon 3.5.3 - Spzo Tnnt TpM
L  F1 × 0      M  p. S  TpM .

Dnzon 3.5.4 - Frto Tnnt TM
I    M :

TM =


p∈M
TpM =



p∈M
(p× TpM) ⊆ E × E

Proposzon 3.5.5
Sno E,F spz normt, Ω ⊆ E prto. S u : Ω→ F un omorsmo Cm.
Allor Γ = graf(u)  un sottovrt rnzl  E × F . Inoltr:

T(x,u(x))graf(u) = graf(Du(x))
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Dmostrzon. B  ’  :

 : Ω× F −→ Ω× F
(x, y) −→ (x, y − u(x))

A,   (x, u(x))  Γ   :

T(x,u(x))Γ = D(−1(x, u(x)))[E × 0] = graf(Du(x))

  . ■

Fttrllo 3.5.1
S E spzo normto, Ω ⊆ E prto. S M ⊆ Ω sottovrt rnzl Cm. S Ω′

prto  E′. Consro  : Ω→ Ω′ omorsmo Cm. Allor:

• M ′ = (M)  sottovrt rnzl Cm  E′

• ∀ p M : Tφ(p)(M) = D(x)[TpM ]

Dmostrzon. S     ’O 3.5.3. ■

Proposzon 3.5.6 - Gro  unzon  sottovrt
S Ω ⊆ Rn prto. S g : Ω → Rk un mpp Cm tl  ∀ x  g−1(p) llor
Dg(x) : Rn → Rk surttv. Allor g−1(p)  un sottovrt  Rn  lss Cm.
Inoltr, pr on x  g−1(p) lo spzo tnnt  to :

Txg
−1(p) = Dg(x)

Dmostrzon. L  :       
    F 8.2.1. ■

Torm 3.5.1 - Mtoo  Moltpltor  Lrn
S Ω ⊆ Rn un prto. Sno f0  C1(Ω) l unzon ”ottvo”  l unzon ”vnolo”
f1, , fr  C1(Ω). S Σ = x  Ωf1(x) =  = fr(x) = 0.
S x∗  Σ  un punto  mnmo pr f0


Σ
llor:

f0(x
∗),f1(x

∗), ,fr(x
∗)

sono lnrmnt npnnt.

Dmostrzon. ( E  G)
A            -
 8:    k  N   gk : Ω → R 


gk(x) = f0(x) + x− x∗2 + k

r

i=1

fi(x)
2 (3.13)

.
S R > 0   B = B(x∗, R) ⊆ Ω   xk     gk  B (’  
T  W). S 3 .

8’     gk    fi(x)   ̸= 0,  ,   ,
    . S       gk    penalità
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1. D  gk(xk)  . S x∗  B. A:


x∈B

f0(x) ≤ f0(xk)
313
≤ gk(xk) ≤ gk(x

∗) = f0(x
∗)

Q    (kj)j∈N    j → +∞:

xkj −→ ξ  B

gkj (xkj ) −→ c  R

2. D  ξ  Σ. O:

0 ≤ kj

r

i=1

f2
i (xkj ) ≤ gkj (xkj ) ≤ gkj (x

∗) = f0(x
∗)

Q   kj  :

0 ≤
r

i=1

f2
i (xkj ) ≤

1

kj
f0(x

∗)
j→+∞−→ 0

M  ,  xkj → ξ,   

r

i=1

f2
i (ξ) = 

j→∞

r

i=1

f2
i (xkj ) = 0

 fi(ξ) = 0   i = 1,    , r. S  ξ  Σ.

3. D  ξ = x∗. I:

f0(xkj ) + ∥xkj − x∗∥2 ≤ gkj (xkj ) ≤ gkj (x
∗) = f0(x

∗) ≤ f0(ξ)

P    j → +∞   :

f0(ξ) + ∥ξ − x∗∥2 ≤ f0(ξ)

   ∥ξ − x∗∥ = 0,  ξ = x∗.

Commnto 4. Qun l xkk stss onvr  x∗.
Co su ll proprt  Uryson: s on sottosusson   xkk  un
sotto-sottosusson onvrnt  x∗, llor l susson xkk onvr  x∗.

I :  xk     
◦
B = B(x∗, R)  (

 xk → x∗),   () :

gk(xk) = 0

   xk      gk. D ’ 3.13:

gk(x) = f0(x) + 2(x− x∗) + 2k

r

i=1

fi(x)fi(x)

 ı     fi(x). V  x = xk   
:

0 = gk(xk) = f0(xk) + 2(xk − x∗) + 2k

r

i=1

fi(xk)fi(xk)

C           
k  N:
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•   λ0,k = 1  f0(xk).

•   λi,k = 2kfi(xk)  fi(xk) ( i = 1, · · · , r).

Cı      :

r

i=0

λi,kfi(xk) = −2(xk − x∗)

P    k → +∞,        -

 λi,k
k→+∞−→ +∞.

D 


1 + 4k2

r
i=1

f2
i (xk),     (λ0,k,λ1,k,    ,λr,k)  Rr+1. Cı

:
r

i=1

∼
λi,kfi(xk) = −

2(xk − x∗)
µk

k→+∞−→ o(1)

:
r

i=1


∼
λi,k2 = 1 (3.14)

R,        (
∼
λ0,k,    ,

∼
λr,k)k ⊆ Sr 9. Q

   , (
∼
λ0,k,    ,

∼
λr,k)k    (r + 1)-   

 (λ0,    ,λn) (    = 1     ).
I :

n

i=1

λifi(x
∗) = 0

        f0(x0),f1(x0),    ,fr(x0). Q
  . ■

Commnto 5. L sunt mostrzon ltrntv utlzz l tto  l’nsm Σ s
prmtrzz om sottovrt rnzl, ov g1(x0),    ,gr(x0) nrno lo
spzo ortoonl l tnnt. Dto  g0  mnmo n x0  Σ pr f Σ, l oornt 
g0  ntno lo spzo tnnt ovrnno nnullrs (pr l proprt  punt 
mnmo).

Dmostrzon ltrntv. D     .
S Ω ⊆ Rn,  g0, g1,    , gr  C1(Ω,R)   :

x0  Σ =

r

i=1

gi = 0

  x0    g0Σ.
S g1(x0),    ,gr(x0)   ,  .
S   g1(x0),    ,gr(x0)   . E-
,      :

g : Rn −→ Rr

x −→ (g1(x),    , gr(x))

9P Sr ⊆ Rr+1       r + 1-,    z 
’z 3.14.
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        x0:

Jg(x0) =



g1(x0)

...
gr(x0)


 =



∂1g1(x0)    ∂ng1(x0)

...
...

∂1gr(x0)    ∂ngr(x0)




S     P 3.5.6:      g  ( 
x0)  .

C       (   ”-
”):  f : Ω→ R  C1. S x0  Rk   (x0, 0,    , 0)  Rn   
  ’ Rk × 0. O:

(x0, 0,    , 0) = 
x∈(Rk×0)Ω

f(x)

M ,  x0  Rk        f(·, 0,    , 0) : Rk → R:

∂if(x0) = 0 ∀ i = 1,    , k

    :

f(x0, 0,    , 0) ⊥ (Rk × 0)

U        Rk × 0.

T   ,  Σ    Rn  x0  Σ 
     C1:

g0 : Σ ⊆ Ω −→ R

C    : U ⊆ Rn → Rn     .
C        (Σ  U) ⊆ Rk × 0:

(f ◦ −1)((x0)) ⊥ (Rk × 0)

I     ,    h  Rn:

⟨(f ◦ −1)((x0)) · h⟩ = D(f ◦ −1)((x0))[h] = Df(x0)[D−1((x0))[h]]

= ⟨f(x0) ·D−1((x0))[h]⟩ = ⟨D(x0)[f(x0)] · h⟩

   :

D(x0)[f(x0)] = (f ◦ −1)((x0)) ⊥ (Rk × 0)

  D(x0)
T :

f((x0)) ⊥ Tφ(x0)(R
k × 0)

    : f((x0)) 

Tφ(x0)(Rk × 0)

⊥
.

M   Σ = g−1(0)   P 3.5.6     :

Tx0Σ = kerDg(x) = Span (g1(x0),    ,gr(x0))
⊥

Q     :

f(x0)  (Tx0Σ)
⊥ = Span (g1(x0),    ,gr(x0))

 g0(x0),g1(x0),    ,gr(x0)    . ■
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3.6 Complsszon

Ossrvzon 3.6.1 - Rstrzon  Rl
S E     C. I ,       R 
     . D    E0.
V    j : E0 → E0   j(x) = ix ∀ x  E0.
T      −id : E0 → E0.

Dnzon 3.6.1 - Spzo vttorl Complssto
S E0     R. I   :

EC = C⊗R E =





dim(E)

i=1

ivi  i  C, vi  E





= E × E dove i · (x, 0) = (0, x)

Dnzon 3.6.2 - Applzon Lnr n snso Complsso
S E,F   . U’ L : EC → FC     
    :

• L : E → F     

• L  j 

Dnzon 3.6.3 - Norm Complss
S E  . L’ ∥ · ∥ : E → [0,+∞)      E
:

• ∥ · ∥    E0

• ∀ λ  C, x  E : ∥λx∥ = x · ∥x∥

Dnzon 3.6.4 - Funzon Drnzl n snso omplsso
S E,F   ,  Ω ⊆ E .
L’ f : Ω→ F   C-  x0  Ω   x→ x0:

∃ L  LC(E,F ) : f(x) = f(x0) + L(x− x0) + o(x− x0)

Ossrvzon 3.6.2
N   D 3.6.4,  :

• f  C-

• f  R-  L ◦ j = j ◦ L



68 CAPITOLO 3. CALCOLO DIFFERENZIALE



Cptolo 4

Equzon Drnzl

4.1 Esponnzl n L(E)

I        . Q  
   E,      B.

4.1.1 Dnzon

Dnzon 4.1.1 - Esponnzl su Lnr
S E   B. S A  L(E),  :

exp(A) = eA =

+∞

n=0

An

n!

4.1.2 Proprt

Proposzon 4.1.1 - Convrnz n Norm
L sr sponnzl nt  normlmnt onvrnt. ∀ A  L(E):

∥eA∥ ≤ e∥A∥

Dmostrzon. O   A,B  L(E)   ∥AB∥ ≤ ∥A∥ · ∥B∥. Q 
k  N  ∥Ak∥ ≤ ∥A∥k. S :

+∞

k=0


Ak

k!

 ≤
+∞

k=0

∥A∥k
k!

= e∥A∥

■

Proposzon 4.1.2 - Srttur l lmt
L sr sponnzl  un srttur l lmt:


n→+∞


I +

A

n

n
= eA

Dmostrzon. D  :    ’ .
■

Proposzon 4.1.3 - Contnut  Drnzlt
L’pplzon exp : L(E)→ L(E) nt ll’sponnzl  ontnu  rnzl.

69
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Dmostrzon. S BR = B(0, R) ⊆ L(E). D    sn =
n

k=0
Ak

k! .
V  sn −→ eA   n→ +∞:

∥exp− sn∥∞,BR
= 


+∞

k=n+1

Ak

k!

 ≤ 
+∞

k=n+1

∥A∥k
k!

≤ 
 ∥A∥n+1

(n+ 1)!
e∥A∥



≤ Rn+1

(n+ 1)!
eR = o(1) per n→ +∞

Q   R > 0: exp    (  BR)  sn . S 
exp    .
L     srzo:  Dexp(A)[H ]. ■

Proposzon 4.1.4 - Curv Esponnzl
S A  L(E). S ns l urv:

 : t −→ etA

Ess  rvl, on rvt:
(etA)′ = AetA

Dmostrzon. S     :

sn(t) =

n

k=0

Ak

k!
tk

E  :

s′n(t) =
n

k=1

Ak

(k − 1)!
tk−1 = A · sn−1(t)

O    [−R,R] ⊂ R      -
 (      P ):

sn(t)
n→+∞−→ etA e s′n(t) = Asn−1(t)

n→+∞−→ AetA

   sn(t) ,      e
tA.

L      T  L S S  D
 s′n. ■

4.1.3 Rol  Clolo

Proposzon 4.1.5 - Commutzon  Somm
Sno A,B  L(E)  ommutno, o AB = BA. Allor:

AeB = eBA ed eAeB = eBeA = eA+B

Dmostrzon. D  A  B     :

A


n

k=0

Bk

k!


=

n

k=0

ABk

k
=

n

k=0

BkA

k!
=


n

k=0

Bk

k!


A

     n→ +∞    AeB = eBA.
C ’  u′(t) = (A+B)u(t)    etAetB  et(A+B)
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 . A,    t = 0   I,    
 : 

etAetB
′
= AetAetB + etABetB = (A+B)etAetB

  
et(A+B)

′
= (A+B)et(A+B)

I,       :

etAetB = et(A+B) = et(B+A) = etBetA

■

Proposzon 4.1.6 - Conuzon
Sno A  L(E), P  GL(E). Allor:

exp(PAP−1) = Pexp(A)P−1

Dmostrzon. L         ’ -

. P        sn(A) =
n

k=0

Ak

k! :

Psn(A)P−1 = sn(PAP−1)

F    n→ +∞,        . ■

Proposzon 4.1.7 - Donl  Blo
Sno E1, E2 spz  Bn. Sno A1  L(E1)  A2  L(E2).
Dnso:

A1  A2 =


A1 0

0 A2


(4.1)

Allor: exp(A1  A2) = exp(A1) exp(A2)

Dmostrzon. C A = A1A2  B = B1B2    -
   . A

• A+B = (A1 +B1) (A2 B2)

• AB = (A1B1) (A2B2)

            . S
 . ■

Proposzon 4.1.8 - Blo  Jorn
Consro l mtr nlpotnt  mnson m×m:

N =




0 1 0 · · · 0

0
. . .

. . .
. . .

...
...

. . .
. . . 0

...
. . . 1

0 · · · · · · · · · 0
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Allor pr t→ +∞ o :

etN =
tm−1

(m− 1)!
Nm−1(1 + o(1))

S λ  R, llor to l loo  Jorn B = λI +N :

etB = etλetN

 pr t→ +∞:

∥etB∥ = etλ · ∥etN∥ = et Reλ · tm−1

(m− 1)!
· (1 + o(1))

Dmostrzon. C     tN ,  t→ +∞:

etN =

+∞

k=0

tk
Nk

k!
=

m−1

k=0

tk
Nk

k!

=




1 tN t2N2

2!    tm−1Nm−1

(m−1)!

0 1 tN    tm−2Nm−2

(m−2)!
...

. . .
. . .

. . .
...

...
. . .

. . . tN
0       0 1



= tm−1 Nm−1

(m− 1)!
(1 + o(1))

     (     ). ■

Corollro 4.1.0.1
S B loo  Jorn  mnson m×m. Allor pr t→ +∞:

∥etB∥ = o(1) ⇔ Reλ < 0

∥etB∥ = O(1) ⇔ Reλ < 0 oppure Reλ = 0 m = 1

Dmostrzon. S   P . ■
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4.2 Equzon Drnzl Ornr Lnr

4.2.1 E.D.O. Lnr  Cont Costnt

Dnzon 4.2.1 - E.D.O.  Cont Costnt
U’      :

u′(t) = A · u(t)

 ’   A  L(E)    u : I ⊆ R → E    
I.

Ossrvzon 4.2.1 - Cso Rn

N  E = Rn ’   D 4.2.1   :




u′1 = a1,1u1 + · · ·+ a1,nun
· · ·

u′n = an,1u1 + · · ·+ an,nun

Dnzon 4.2.2 - Prolm  Cuy Omono
I   C     E.D.O.     
u : I ⊆ R→ E ,   ∀ t  I:


u′(t) = A · u(t)
u(t0) = u0

 A  L(E)   u0  E.

Torm 4.2.1 - Esstnz  Unt ll soluzon
Il prolm  Cuy ll Dnzon 4.2.2  un un soluzon:

u(t) = e(t−t0)A · u0
Dmostrzon. S u(t)     C . M ’
  e−tA    :

0 = e−tAu′(t)− e−tAAu(t) = e−tAu′(t)− Ae−tAu(t) =

e−tAu(t)

′

M  e−tAu(t)   ’     I. S:

e−tAu(t) = e−t0Au(t0) = e−t0Au0

   u(t) = e(t−t0)A · u0         
 C.
E   ́         v(t) 
  C. ■

Dnzon 4.2.3 - Prolm  Cuy Non Omono
I   C      E.D.O.    
 u : I ⊆ R→ E ,   ∀ t  I:


u′(t) = A · u(t) + b(t)

u(t0) = u0

 A  L(E), b  C(I, E)   u0  E.
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Torm 4.2.2 - Esstnz  Unt ll soluzon
Il prolm  Cuy ll Dnzon 4.2.3  un un soluzon:

u(t) = e(t−t0)A · u0 +
 t

t0

e(t−s)Ab(s)ds

Dmostrzon. S u : I → E    C1. C     
,  :

e−tA

u′(t)− Au(t)


= e−tAb(t)

 : 
e−tAu(t)

′
= e−tAb(t)

I  :

e−tAu(t) = e−t0Au0 +

 t

t0

e−sAb(s)ds

  ’    :

u(t) = e(t−t0)Au0 +

 t

t0

e(t−s)Ab(s)ds

■

Proposzon 4.2.1 - Cs Prtolr
S A Mn×n(C). Ho 3 s, onuno on 3 proposzon quvlnt.
Cso A

1. L soluzon  u′(t) = A(t) · u(t) sono o(1) pr t→ +∞

2. ∥etA∥ = o(1)

3. Spec(A) ⊂ z  CRe(z) < 0

Cso B

1. L soluzon  u′(t) = A(t) · u(t) sono O(1) pr t→ +∞

2. ∥etA∥ = O(1)

3. Spec(A) ⊂ z  CRe(z) ≤ 0  Spec(A)  iR  smsmpl1

Cso C

1. L soluzon  u′ = Au sono lmtt n R

2. 
t∈R

∥etA∥ < +∞

3. Spec(A) ⊂ iR  Spec(A)  smsmpl

1L spec(A)   ””  ∀ λ  spec(A)   mgeom(λ) = malg(λ)
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Dmostrzon. D     J   A,  
P  GL(n,C):

A = P




r

j=1

(λjImj +Nmj )


P−1

 Imj      mj  Nmj     
mj   - 1. P   ’ :

etA = P




r

j=1

(eλjtetNmj )


P−1

   P 4.1.8    t→ +∞:

etNmj

 =
tmj−1

(mj − 1)!
(1 + o(1))

M   :

• (1)⇔ (2):    etA   :

etA =

u1(t)    un(t)



  uj(t) = etA[ej ]       C:


u(t) = Au(t)

u(0) = ej

 ∥etA∥ = 
1≤j≤n

uj(t)  o(1)/O(1)/        , 

   u(t) =



u1(t)
...

un(t)


.

• (2)⇔ (3):   3  ,   C 4.1.0.1:

1. ∥etA∥ = o(1)  t→ +∞         J  ∥eλjtetNmj ∥ =
o(1)   Reλj < 0   1 ≤ j ≤ r.

2. ∥etA∥ = O(1)  t→ +∞         J  ∥eλjtetNmj ∥ =
O(1)    ”Reλj ≤ 0   Reλj = 0  mj = 1”   1 ≤ j ≤ r.

3. ∥etA∥        t→ +∞  :


∥etA∥ = O(1)

∥e−tA∥ = O(1)

M       Re(±λj) ≤ 0,      spec(A) ⊂ iR. M 
     (2): mj = 1  1 ≤ j ≤ n,  A  .

S  . ■
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4.2.2 E.D.O. Lnr  Cont Vrl

Dnzon 4.2.4 - E.D.O.  Cont Vrl
U’      :

u′(t) = A(t) · u(t) + b(t)

   u : I ⊆ R → E     I, b  C0(I, E)   
A  C0(I,L(E)).

Dnzon 4.2.5 - Prolm  Cuy
I   C   E.D.O.       u : I ⊆
R→ E  : 

u′(t) = A(t) · u(t) + b(t)

u(t0) = u0

 u0  E.

Lmm 4.2.1
S u  C1(I, E) soluzon  u′(t) = A(t) · u(t). Allor:

u(t) ̸= 0 ∀ t  I oppur u(t) = 0 ∀ t  I

Dmostrzon. V        u     I. I,
  I     u ̸= 0 = u−1((−∞, 0)  (0,+∞))  ,   
  u = 0 = I  u = 0 = ∅,   .
S t0  u = 0. S J ⊆ I   t0    :

J  · ∥A∥∞,J < 1

(      J   A     ).
M    t  J  :

u(t) = u(t)− u(t0) =

 t

t0

u′(s)ds =
 t

t0

A(s)u(s)ds

   T  V M :

∥u(t)∥ ≤ t− t0 · ∥A∥∞,J · ∥u∥∞,J

P   
t∈J

:

∥u∥∞,J ≤ J  · ∥A∥∞,J · ∥u∥∞,J

    J  · ∥a∥∞,J < 1       ∥u∥∞,J = 0 
J ⊆ u = 0. Q u = 0  . ■

Torm 4.2.3 - Unt ll soluzon
Du soluzon l Prolm  Cuy 4.2.5 onono sull’ntrszon  loro omn.

Dmostrzon. S   L 4.2.1:   u, v   
  C     I,    u − v : I → R  
 .
P  L, u − v = 0   I   (u − v)(t0) = u0 − u0 = 0,  u  v
. ■
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Proposzon 4.2.2 - Oprtor  Trnszon
S A  C0(I,L(E)). Allor sst W = WA  C0(I × I,L(E)) tl :

• sst ∂1W  C0(I × I,L(E))

• pr on t, s  I vl


∂1W (t, s) = A(t) ·W (t, s)

W (s, s) = idE

Dmostrzon. C ’ W (t, s)   S  P-B.
C   vkk∈N ⊆ C0(I × I, L(E))    :


v0(t, s) = idE

vk+1(t, s) =
 t
s A(τ)vk(τ, s)dτ

D  WA(t, s) =
+∞
k=0

vk(t, s).

P         J × J ⊆ I × I  J
  . S :

vk(t, s) =

 t

s

 τk

s

 τk−1

s
· · ·

 τ2

s
A(τk)A(τk−1)   A(τ1)dτ1dτ2    dτk

Q:

∥vk∥∞,J×J ≤

 t

s

 τk

s

 τk−1

s
· · ·

 τ2

s
∥A∥k∞,Jdτ1dτ2    dτk



= ∥A∥k∞,J ·

 t

s

 τk

s

 τk−1

s
· · ·

 τ2

s
1dτ1dτ2    dτk



= ∥A∥k∞,J

t− sk
k!

≤ ∥A∥k∞,J

J k
k!

   :

∥WA∥∞,J×J ≤
+∞

k=0

J k∥A∥k∞,J

k!
= eJ ·∥A∥∞,J < +∞

M            WA 
  C0(I × I, L(E)).
I,     ∂1vk+1(t, s) = A(t)vk(t, s) :

∂1


m+1

k=0

vk(t, s)


=

m

k=0

A(t)vk+1(t, s) = A(t)

m

k=0

vk+1(t, s)

   T  L S S  D  m → +∞    
  . S :

∂1W (t, s) = A(t)W (t, s)

■
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Torm 4.2.4 - Esstnz ll soluzon nl so omono
Consro l Prolm  Cuy omono:


u′(t) = A(t) · u(t)
u(t0) = u0

Allor l su soluzon sr u(t) = W (t, t0)[u0].

Dmostrzon. D ’   W   P 4.2.2, 
  :

u′(t) = ∂1W (t, t0)[u0] = A(t) ·W (t, t0)[u0] = A(t)u(t)

 :
u(t0) = W (t0, t0)[u0] = idE [u0] = u0

   u(t) ı    P  C . ■

Proposzon 4.2.3 - Proprt ll’oprtor WA

L’oprtor  trnszon W nto nll Proposzon 4.2.2  l sunt proprt:

1. ∂1WA(t, s) = A(t) ·WA(t, s) ∀ t, s  I

2. W (s, s) = idE ∀ s  I

3. W (t, s) ·W (s, r) = W (t, r) ∀ t, s, r  I

4. W (t, s) ·W (s, t) = idE ∀ t, s  I

5. Esst l rnzl przl: ∂2WA(t, s) = −WA(t, s) · A(s) ∀ t, s  I

6. L’oprtor WA   lss C1(I × I,L(E))

7. S E  uno spzo  mnson nt, llor W−AT = W−T
A

Dmostrzon. D   .

1. S   P 4.2.2,       
 ’ WA.

2. C   ,        WA.

3. O   s  I,  W (t, s) · W (s, r)  W (t, r)   
E.D.O.  u′(t) = A · u(t).

4. C u0  E   r, s  I. A u(r) = W (r, s)[u0]  
()    C:


u′(t) = Au(t)

u(s) = u0

S  u1 = u(r) = W (r, s)[u0]. O  v(s) = W (s, r)[u1]  
   C: 

v′(t) = Av(t)

v(r) = u1
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  ,   u = v,   :

W (s, r)W (r, s)[u0] = W (s, r)[u1] = v(s) = u(s) = u0

D     u0  E,   W (s, r)W (r, s) = idE .
S  W (t, s) = W (s, t)−1.

5. O   W (s, t)      (4) (  idE 
). S    :

s −→W (s, t)
inv−→W (t, s)

R  ’ inv(L) : L −→ L−1  C∞    2 
Dinv(L)[H ] = −L−1HL−1.
S  :

d

ds
W (t, s) =

d

ds
invW (s, t) = Dinv(W (s, t))[∂1W (s, t)]

= −W (s, t)−1 · A(s) ·W (s, t) ·W (s, t)−1 = −W (s, t)−1 · A(s)

   .

6. P  T  D T 3.3.1 (  C 3.3.1.1)  
∂1WA(t, s)  ∂2WA(t, s)  ,   WA(t, s)  C1.

7. C   :

∂tWA(t, s)
−1 = ∂tWA(s, t) = −A(t) ·WA(s, t)

   , :


∂tWA(t, s)

−1
T

= ∂tWA(s, t)
T = −AT (t) ·WA(s, t)

T = −AT (t) ·WA(t, s)
−T

M ,   ∂tWA(s, t)
T = −AT (t) · WA(t, s)

−T , ’ WA(t, s)
−T 

   u′(t) = −AT (t)u(t)  :

WA(t, s)
−T = W−AT (t, s)

  .

■

Torm 4.2.5 - Esstnz ll soluzon nl so non omono
Consro l Prolm  Cuy non omono:


u′(t) = A(t) · u(t) + b(t)

u(t0) = u0

Allor l su soluzon sr u(t) = W (t, t0)[u0] +
 t
t0
W (t, τ)b(τ )dτ .

2D    (L+H)−1 =

L−1(I + L−1H)


= (I +L−1H)−1L−1 = I −L−1HL−1 + o(H) 

   N.
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Dmostrzon. C  E.D.O.      W (t, τ):

W (t, τ)u′(τ )− A(τ )W (t, τ)u(τ ) = W (t, τ)b(τ )

M          ∂τ :

∂τ [W (t, τ)u(τ )] = W (t, τ)b(τ)

  ’ [s, t] :

W (t, t)u(t)−W (t, s)u(s) =

 t

s
W (t, τ)b(τ )dτ

,   W (t, t) = idE ,   :

u(t) = W (t, s)u0 +

 t

s
W (t, τ)b(τ )dτ

   u(s) = u0. ■

Ossrvzon 4.2.2 - WA ostruto n un vrl
S    t0  I . A ∀ t, s  I   W (t, s)  
  :

W (t, s) = W (t, t0) ·W (s, t0)
−1

I,     3  4  P 4.2.3:

W (t, s) = W (t, t0) ·W (t0, s) = W (t, t0) ·W (s, t0)
−1

Proposzon 4.2.4 - Mpp W
Consro l mpp:

W : C0(I,L(E))→ C0(I × I,L(E))

A →WA

Tl mpp  C∞  (C0(I,L(E)), ∥ · ∥∞,I)  (C0(I × I,L(E)), ∥ · ∥∞,I×I).
In prtolr, s  

DW (A)[H ] =

 t

t0

WA(t, τ) ·H(τ ) ·WA(τ, t0)dτ

Dmostrzon. C       W . C  
A,    H . A    F  V
 C A:

∂1WA+H(t, s)u0 = (A(t) +H(t))WA+H(t, s)u0 = A(t)WA+H(t, s) +H(t)WA+H(t, s)

 u(t) = WA+H(t, s)    :

u′(t) = A(t)u(t) + b(t)

Q   T 4.2.5, ’   :

u(t) = WA+H(t, s) = WA(t, s) +

 t

s
WA(t, τ)b(τ )dτ

= WA(t, s) +

 t

s
WA(t, τ)H(τ )WA+H(τ, s)dτ
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S ’   WA+H(τ, s)      :

WA+H(t, s) = WA(t, s) +

 t

s
WA(t, τ)H(τ )WA(τ, s)dτ+

+

 t

s

 τ

s
WA(t,σ)H(τ )WA(τ,σ)H(σ)WA+H(σ, s)dσdτ

V   ’   o(1)   ∥ · ∥∞,J×J :

 t

s

 τ

s
WA(t,σ)H(τ )WA(τ,σ)H(σ)WA+H(σ, s)dσdτ

 ≤

≤ J 2 · ∥WA∥2∞,J×J · ∥WA+H∥ · ∥H∥2∞,J×J = O(∥H∥2) = o(∥H∥)

Q   : DW (A)[H ] =
 t
s WA(t, τ)H(τ )WA(τ, s)dτ . ■

Lmm 4.2.2 - Svluppo  t(I + H)
S H M(n,C). Pr H → 0 vl:

(I +H) = 1 + trH + o(H)

Dmostrzon. U    L  det(I +H)  :

det(I +H) =


σ∈Sn

sgn(σ)

n

i=1

(I +H)i,σ(i) =


σ∈Sn

sgn(σ)

n

i=1

(i,σ(i) + hi,σ(i))

=

n

i=1

(1 + hi,i) +O(∥H∥2) = 1 +

n

i=1

hi,i +O(∥H∥2)

= 1 + tr(H) +O(∥H∥2) = 1 + trH + o(∥H∥)
■

Torm 4.2.6 - Formul l Dtrmnnt Wronskno
S A  C0(I,M(n,C)). Pr on t, s  I nso w(t, s) = detWA(t, s).
Vl l sunt proprt:


∂tw(t, s) = trA(t) · w(t, s)
w(s, s) = 1

S ottn llor :
w(t, s) = e

 t
s trA(τ)dτ

Dmostrzon. S  > 0. P      W (t, s)  
 :

W (t+ , s) = W (t, s) + ∂1W (t, s) ·  + o() = W (t, s) + A(t)W (t, s) + o()

= (I + A(t) + o()) ·W (t, s)

P   :

det (W (t+ , s)) = det (I + A(t) + o()) · det (W (t, s))

= (1 + tr(A(t)))det (W (t, s)) + o()

  L 4.2.2. N    T:

w(t+ , s) = w(t, s) + tr(A(t)) · w(t, s) + o()

      : ∂1w(t, s) = tr(A(t)) w(t, s). ■
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Commnto 6. Al ro lttor vrr  rs: ”    ?”
C lo smo st pur no. Dopo un pproont rr (sut  rs sstnzl
 pus  rsson) l mtoo rvnt  qusto Torm ttvmnt puo tornr
utl pr l soluzon  E.D.O. ll orm:

y′′(t) + a(t)y′(t) + b(t)y(t) = f(t)

Pr pproonr s rmn ll Sottoszon 4.4.3.

4.2.3 E.D.O. Lnr  Cont Pro

C   S 4.2.3 E = Rn  Cn,     
.

Dnzon 4.2.6 - Sstm on soluzon pro
S A  C0

T (R,L(E))   T -. C  :

u′(t) = A(t) · u(t) ↭ 3 u(t) = W (t, 0) · u(0)

E       x0  E  :

x0 = u(T ) = WA(T, 0)[x0]

  ’ WA(t, 0)   1.

Ossrvzon 4.2.3 - Sstm quvlnt
N ,      WA(t, 0),     
: 

X ′(t) = A(t) ·X(t)

X(0)  GL(n,C)

 X  C0
T (R,M(n,C)).

D  ,  X(t) = W (t, 0) ·X(0)    ∀ t  R (  X(0)
 W (t, 0) ). I ,      u′(t) = A(t) · u(t) :

u(t) = X(t) · u0

    ,   D 4.2.6, :

X(T ) · u0 = X(0) · u0

 1    X(0)−1 ·X(T ).
A   , X(0)−1 ·X(T )  W (T, 0)  :

X(0)−1 ·X(T ) = X(0)−1 ·W (T, 0) ·X(0)

Ossrvzon 4.2.4 - Prot  W (t, s)
N   D 4.2.6,     t, s  R:

WA(t+ T, s+ T ) = WA(t, s)

I   ’  ∂tW (t, s) = A(t) ·W (t, s):

∂tW (t+ T, s+ T ) = A(t+ T ) ·W (t+ T, s+ T ) = A(t) ·W (t+ T, s+ T )

3P    Sz 4.2.2,      .
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      u′(t) = A(t)u(t)   ’  
.
I ,   ,  m  N:

W (mT, 0) = W (mT, (m− 1)T ) · · · · ·W (2T, T ) ·W (T, 0) = W (T, 0)m

L     W (mT, 0)     1. D ’
W (mT, 0) = W (T, 0)m,  W (T, 0)      m-
’.

Dnzon 4.2.7 - Mtr  Monorom
D  M  M   X ′(t) = A(t) ·X(t) :

MT (X) = X(0)−1 ·X(T ) = X(0)−1 ·WA(T, 0) ·X(0)

Fttrllo 4.2.1 - Invrtl om Esponnzl n Cn

On mtr M  GL(n,C)  l’sponnzl pr un mtr L M(n,C).

Dmostrzon. C    J4    M :

M = P ·


 

1≤j≤r

λj


I +

1

λj
Nmj



 · P−1

 P  GL(n,C).
A           : 
     I+N  Nn = 0 ( N )     
.
D  z  C   Q(z):

Q(z) =

n−1

k=0

zk

k

    T  log(1 + z) ’ n− 1, :

log(1 + z) = Q(z) +O(zm)

 :

eQ(z) =

+∞

k=0

Q(z)k

k!
= 1 + z + znH(z)

 H(z)       z.
C  Q(z)    N ,  L = Q(N):

eL = eQ(N) = I +N +Nn ·H(N) = I +N

  . ■

Proposzon 4.2.5 - Srttur pr Soluzon onmntl n Cn

S X(t)  GL(n,C) soluzon onmntl ll’quzon X ′(t) = A(t) · X(t). Ess s
puo rsrvr om:

X(t) = P (t) · etB

ov P (t)  T -pro  B M(n,C).
4U  z        4.1.
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Dmostrzon. P  F 4.2.1,  B  M(n,C)   eTB = MT  
   X ′(t) = A(t) ·X(t). A:

eTB = MT = X(0)−1 ·X(T )

X(0) = X(T ) · e−TB

P   ’ etB    t  R.
I ,    P (t)  GL(n,C):

P (t) = X(t) · e−tB ∀ t  R

C  ,    P (t)  T -, :

P (0) = X(0) = X(T ) · e−TB = P (T )

      T -. ■

Fttrllo 4.2.2 - Invrtl om Esponnzl n Rn

Pr on mtr M  GL(n,R), M2  l’sponnzl pr un mtr L M(n,R).
N su un susson nlo  qull ll Proposzon 4.2.5: t X(t)  GL(n,Rn)
soluzon onmntl l sstm X ′(t) = A(t) ·X(t) llor  possl srvr:

X(t) = P (t) · etB

ov P (t)  2T -pro  B M(n,R).

Dmostrzon. C  ,    ’...

Ctzon 3. E’ solo un ”urost” pr l lttor.

...,   .
N, ,   . ■

Proposzon 4.2.6 - Proprt  MT

L mtr  monorom MT l sstm u′(t) = A(t) · u(t)  l sunt proprt:

1. u′(t) = A(t) · u(t)  soluzon T -pro ⇔ MT  utovlor 1.
In prtolr,  k soluzon npnnt s l’utovlor 1  moltplt om-
tr k.

2. u′(t) = A(t) · u(t)  soluzon mT -pro ⇔ MT  om utovlor un r
m-sm ll’unt.
In prtolr,  k soluzon npnnt s l utovlor r m-sm ll’unt
nno moltplt omtr totl k.

3. MT  onut  W (T, 0).

Dmostrzon. D   .

1. L  u(t) = WA(t, 0)[x0]  T -    :

u(T ) = WA(T, 0)[x0] = x0

    WA(T, 0)   1.
S   k  T - ,     k  
 1:   WA(T, 0)   1    k.
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2. S   u(t) = WA(t, 0)[x0] mT -,    W (mT, 0)
  1.
O  W (mT, 0) = W (T, 0)m,  W (T, 0)     
m- ’.
C   ,    k  mT -,   
 m- ’    k.

3. S X(t)  ’  X ′(t) = A(t) ·X(t). A  :

X(T ) = WA(T, 0)X(0)

     X(0)−1  :

MT = X(0)−1X(T ) = X(0)−1WA(T, 0)X(0)

   WA(T, 0)    MT .

■

Dnzon 4.2.8 - Moltpltor  Floqut
G   MT (X) (    WA(T, 0))  
  F.

Proposzon 4.2.7 - Cs Prtolr
S A  C0

T (R,L(E)) un mmno T -proo. Ho 3 s, onuno on 3 proposzon
quvlnt.
Cso A

1. L soluzon  u′(t) = A(t) · u(t) sono o(1) pr t→ +∞

2. ∥X(t)∥ = o(1)

3. Spec(MT (X)) ⊂ z  C
 z < 1

Cso B

1. L soluzon  u′(t) = A(t) · u(t) sono O(1) pr t→ +∞

2. ∥X(t)∥ = O(1)

3. Spec(MT (X)) ⊂ z  C
 z ≤ 1  Spec(MT (X))  z = 1  smsmpl5

Cso C

1. L soluzon  u′(t) = A(t) · u(t) sono lmtt su R

2. ∥X(t)∥∞,R < +∞

3. Spec(MT (X)) ⊂ z  C
 z = 1  Spec(MT (X))  smsmpl

Dmostrzon. V  :

• (1)⇔ (2):  , X(t)  6     u′(t) = A(t)u(t).

• (2)⇔ (3):   .

■

5L spec(A)   ””  ∀ λ  spec(A)   mgeom(λ) = malg(λ)
6Ṕ     z ? M,    senso estetico,  

Pz 4.2.1    !
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4.3 Equzon Drnzl Ornr

I  S 4.3,  (E, ∥ ·∥)   B,   
 E = Rn.

4.3.1 Dnzon  E.D.O.

Dnzon 4.3.1 - Equzon Drnzl Ornr
S Ω ⊆ R× E  . U’       ,
  :

u′(t) = f(t, u(t))

 f : Ω→ E  ’  u : R→ E.
U’    k   :

u(k)(t) = f(t, u(t), u′(t), , u(k−1)(t))

Proposzon 4.3.1 - Rormulzon  E.D.O.  prmo orn
Consro l’quzon rnzl  orn k:

u(k)(t) = f(t, u(t), u′(t), , u(k−1)(t))

Ess s puo ronurr  un’quzon  prmo orn sullo spzo Ek−1. Consro
ntt x(t)  Ek−1 om:

x(t) =




u(t)

u(1)(t)


u(k−1)(t)




Allor l’quzon rnzl s puo srvr x′(t) = F (t, x(t)) ov:

F (t, x(t)) = F


t,




u(t)

u(1)(t)


u(k−1)(t)





 =




u(1)(t)

u(2)(t)


f(t, u(t), u(1)(t), , u(k−1)(t))




Arontrmo qun l so ll E.D.O.  prmo orn,  u s puo rvr po un
mtoo  soluzon nrl.

Dnzon 4.3.2 - Soluzon Lol
U   ’ u′(t) = f(t, u(t))      
u : I → E  I ⊆ R    u   I. I   :


graf(u) ⊆ Ω
u′(t) = f(t, u(t)) ∀ t  I

Ossrvzon 4.3.1 - u′ ontnu
D  f  u ,  u′(t) = f(t, u(t))   ,  
. S  u  C1.

Ossrvzon 4.3.2
I ,          f ,  R× E.
A ,   Ω ⊆ R× R:

f(t, x(t)) = 1 + x(t)2
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A       x(t) = tan(t− c)  c  R, :

f(t, x(t)) = f(t, tan(t− c)) = 1 + tan2(t− c) =
1

cos2(t− c)
= (tan(t− c))′ = x′(t)

    x(t)     ]c− π
2 , c+

π
2 [.

Dnzon 4.3.3 - Prolm  Cuy
I   C  ’      :


u′(t) = f(t, u(t))

u(t0) = x0

 (t0, x0)  Ω  ’  u : I  R→ E  t0  I.

4.3.2 Torm  Cuy - Lpstz - Pr - Lnlö

Dnzon 4.3.4 - Ipots  Lpstz (IL)
S Ω ⊆ R × E . L  f : Ω → E     L  f 
    (t0, x0)  Ω  L, ,  > 0  :

•

t0 − , t0 + 


×B(x0, ) ⊆ Ω

•   t 

t0 − , t0 + 


   x, x′  B(x0, ) :

∥f(t, x)− f(t, x′)∥ ≤ L∥x− x′∥

E, f     L    :

• f 

• f 7 L   

Ossrvzon 4.3.3 - Conzon sunt pr Ipots  Lpstz
S f  C0   D2f  C0  f     L.

Dmostrzon. S   T  V M. ■

Ossrvzon 4.3.4 - Cso f lnr
S Ω = I × E ⊆ R × E . S A  C0(I, L(E))  . S f : Ω → E
 f(t, x) = A(t) · x.
A   J  I , x, x′  E:

∥f(t, x)− f(t, x′)∥ ≤ ∥A(t)∥∞,J · ∥x− x′∥

 f     L.

Proposzon 4.3.2 - Cso  mnson nt
S f : Ω ⊆ R × E → E un mpp  sos l pots  Lpstz. S K ⊆ Ω un
omptto tl  pr on t  I s onvsso8:

Kt =

x  E  (t, x)  K


= j−1

t (K)

Allor f

K

 Lpstzn nll son vrl.
7P ””       (t0, x0)  R × E,       

 x0  E
8C   jt : E → R× E ’   jt(x) = (t, x)
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Dmostrzon. P    H-B   , K     
   Ji ×Bimi=1  Ji =]ti − i, ti + i[  Bi = B(xi, i)     :

f Ji×Bi e Li − lipschitziana nella 2a variabile

    L f      .
M  f K  L-  L = 

1≤i≤m
Li. I   (t, x) ̸= (t, x′)  K

   v = x−x′
∥x−x′∥ . Cı    -:

 : [0, ∥x− x′∥] −→ K
s −→ (t, x+ sv)

      Ji ×Bi   1 ≤ i ≤ m. M :

̃ : [0, ∥x− x′∥] −→ E
s −→ f(t, x+ sv)

   L-. N   f  L-   . ■

Ossrvzon 4.3.5
N  E = Rn  P 4.3.2   .
S f : Ω ⊆ R× Rn → Rn     L. S (t0, x0)  Ω.
A (      Rn)  ,  > 0     -
  :

K = [t0 − , t0 + ]×B(x0, )

P  ,  g  C0([a, b], [0,+∞]) 
    :

K = (t, x)  Ω  t  [a, b] e ∥x− x0∥ ≤ g(t)

     .

Proposzon 4.3.3 - Unt lol ll soluzon sotto IL
S (E, ∥ · ∥) uno spzo  Bn. S Ω ⊆ R × E prto  f : Ω → E unzon 
sos l pots  Lpstz. Allor u soluzon lol u1  u2 l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

onono n un ntorno  t0.

Dmostrzon. S    L:  > 0   > 0  L   L
   .
C  J = [t0− , t0+ ]  B = B̄(x0, ),  J ×B ⊆ Ω    f J×B

 L-.
D u1  u2     C,    (  
   )    u1(J) ⊆ B  u2(J) ⊆ B    · L < 1.
M ,  u1(t0) = u2(t0) = x0:

u1(t)− u2(t) =

 t

t0


u′1(τ )− u′2(τ )


dτ =

 t

t0

(f(τ, u1(τ )− f(τ, u2(τ )))) dτ
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M ,  (τ, ui(τ ))  J ×B   τ  J  i = 1, 2:

∥u1(t)− u2(t)∥ ≤ t− t0 · L · ∥u1 − u2∥∞,J ≤ L · ∥u1 − u2∥∞,J

P  
t∈J

  :

∥u1 − u2∥∞,J ≤ L∥u1 − u2∥∞,J

  L < 1  ∥u1 − u2∥∞,J = 0. C u1 = u2   J . ■

Corollro 4.3.0.1 - Uulnz sull’ntrszon  omn
Nll pots ll Proposzon 4.3.3, t u soluzon u1  u2, ss onono sull’n-
trszon  loro omn:

I = dom(u1)  dom(u2)

Dmostrzon. I      J =

t  Iu1(t) = u2(t)


:

• J  ,       .

• J         u1(t) − u2(t) = 0 (u1 − u2   
,     0 ,  ).

A,  I  , I = J . ■

Corollro 4.3.0.2 - Soluzon Mssml
Nll pots  Lpstz, un prolm  Cuy  soluzon mssml, t pr nlu-
son sul omno.

Dmostrzon. S   C 4.3.0.1. ■

Torm 4.3.1 - Esstnz  Unt ll soluzon sotto IL
Sno E, ∥ · ∥ uno spzo  Bn  Ω ⊆ R× E. Sno:

• (t0, x0)  Ω

• ,  > 0  sno J =

t0 − , t0 + 


 B = B(x0, ) tl  J ×B ⊆ Ω

• f : Ω→ E un unzon L-Lpstz su J ×B nll son vrl

•  · ∥f∥∞,J×B ≤ 

Allor l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

 un soluzon un u : J → E.

Ossrvzon 4.3.6 - Enunto pu ol
L   T      L < 1. Q 
    .

Dmostrzon. R       P F,  ’-
 :
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1.    C: 
u′(t) = f(t, u)

u(t0) = x0

2.    P F,  B∞ = C0(J,B) = B(x0, ) ⊆ C0(J,E):


u(t) = x0 +

 t
t0
f(τ, u(τ ))dτ

u  B∞

I:

• 2 ⇒ 1:  u  C0(J,B) = B∞    (2)    u′(t) =
f(t, u(t))   (  )  u  C1(J,B)  

u(t0) = x0 +

 t

t0

f(τ, u(τ ))dτ = x0

 u  (1).

• 1 ⇒ 2:  u    (1),  :

u(t) = u(t0) +

 t

t0

u′(τ )dτ = x0 +

 t

t0

f(τ, u(τ ))dτ

  u(J) ⊆ B. S      , u
 (2). D ’ u(J) ⊆ B. S    t∗  J
  ∥u(t∗) − x0∥ > . S  ,  t∗  [t0, t0 + [. P
:

t1 = min t  [t0, t
∗]  ∥u(t)− x0∥ = 

  ́ u   ’        
.
A   τ  [t0, t1[   (τ, u(τ))  J ×B 

u′(τ ) = f(τ, u(τ )) ≤ ∥f∥∞,J×B

M ,   T  V M  C:

 = ∥u(t1)− u(t0)∥ ≤ t1 − t0 · 
τ∈[t0,t1]

∥u′(τ )∥ < ∥f∥∞,J×B ≤ 

   (’    ).

D    ’    (2)  P F. C 
:

T : B∞ = B̄∞(x0, ) −→ C0(J,E)
v −→ Tv

   t  J :

Tv(t) = x0 +

 t

t0

f(τ, v(τ ))dτ
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A   T (B∞) ⊆ B∞    v  B∞    (τ, v(τ ))  J×B
  ∥f(τ, v(τ ))∥ ≤ ∥f∥∞,J×B  :

∥Tv(t)− x0∥∞,E =


 t

t0

f(τ, v(τ ))dτ


∞,E

≤

 t

t0

∥f∥∞,J×Bdτ



≤ t− t0 · ∥f∥∞,J×B ≤  · ∥f∥∞,J×B ≤ 

    
t∈J

:

∥Tv − x0∥∞,J ≤ 

 Tv  B∞.
S     :

1.  ’ L < 1,   T      dL 
  ∥ · ∥∞,J . I   v, w  B∞    t  J :

∥Tv(t)− Tw(t)∥ ≤

 t

t0

(f(τ, v(τ ))− f(τ, w(τ ))) dτ


≤ t− t0 · L · ∥v − w∥∞,J ≤ L∥v − w∥∞,J

  
t∈J

:

∥Tv − Tw∥∞,J ≤ L · ∥v − w∥∞,J

 T  L-. I T  C  ’  ’-
      P F (     C).

2.   ,    n  N   T n    B∞.
Q    ’        P
F.
S v, w  B∞, t  J  n  N. D :

∥T nv(t)− T nw(t)∥ ≤ Ln

n!
t− t0n · ∥v − w∥∞,J

   n  N:

• n = 0:     ∥v(t)− w(t)∥ ≤ ∥v − w∥∞,J

• n > 0:       n− 1. A:

∥T nv(t)− T nw(t)∥ =

 t

t0


f(τ, T n−1v(τ ))− f(τ, T n−1w(τ ))


dτ



≤
 t

t0

f(τ, T n−1v(τ ))− f(τ, T n−1w(τ ))
 dτ

≤ L ·
 t

t0

∥T n−1v(τ )− Tn−1w(τ )∥dτ

≤ Ln

(n− 1)!
∥v − w∥∞,J

 t

t0

τ − t0n−1dτ

=
Ln

(n− 1)!
∥v − w∥∞,J

 t−t0

0
sn−1ds

≤ Ln

n!
t− t0n∥v − w∥∞,J
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P  
t∈J

:

∥T nv − T nw∥∞,J ≤
(L)n

n!
∥v − w∥∞,J

     (L)n

n!  n  N   (L)n

n! < 1.
A T n       .

■

4.3.3 Crttrzzzon  Susson Mssmlmnt Dnt

Proposzon 4.3.4 - Estnson  Domno ll soluzon (lmt)
S u :]a, b[→ E un soluzon l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

ov f : Ω ⊆ R× E → E sos l pots  Lpstz.
Supponmo  ∃ 

t→b
u(t) = x tl  (b, x)  Ω.

Allor sst  > 0 tl  u mmtt un’stnson propr  un soluzon on omno
]a, b+ [.

Dmostrzon. S v       C:


v′ = f(t, v)

v(b) = x

 v :]b− , b+ [→ E. D    u⋆ :]a, b+ [→ E  :

u⋆(t) =


u(t) a < t < b
v(t) b ≤ t < b+ 

P  u⋆    ]a, b + [  u′⋆    ]a, b[   ]b, b + [. V
  u′⋆(t) = f(t, u(t))   t  ]a, b+ [ \b. P    :


t→b

u′⋆(t) = 
t→b

f(t, u⋆(t)) = f(b, x)

         u′(t)  v′(t)  . Q  
P        u⋆    t = b 
u′(b) = f(b, u(b)). ■

Proposzon 4.3.5 - Estnson  Domno ll soluzon (susson)
S u :]a, b[→ E un soluzon l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

ov f : Ω ⊆ R× E → E sos l pots  Lpstz.
Supponmo  ∃ tkk∈N ⊆]a, b[ tl :

• tk −→ b  u(tk) −→ x
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• (b, x)  Ω

Allor sst  > 0 tl  u mmtt un’stnson propr  un soluzon on omno
]a, b+ [.

Dmostrzon. P  P 4.3.4     
t→b

u(t).

S f  ,     (b, x)  Ω:  0 > 0   
R = [b− 0]×B(x, 0) ⊆ Ω  ∥f∥∞,R = M <∞.
S        

t→b
u(t)   

t→b
u(t) ̸= x. E-

,      > 0     k  N:

u([tk, b[) ⊈ B(x, ) (4.2)

        0 <  < 0. D:

t∗k =  t  [tk, b[  ∥u(t)− x∥ ≥ 

          ’ 4.2.
Q   t  [tk, t

∗
k]   ∥u(t)− x∥ ≤  :

∥u′(t)∥ = ∥f(t, u(t))∥ ≤ ∥f∥∞,[tk,b]×B(x,) ≤ ∥f∥∞,R = M

M   k → +∞:

∥u(t∗k)− u(tk)∥ ≤ (t∗k − tk)M = o(1)

  :

∥u(t∗k)− u(tk)∥ ≥ ∥u(t∗k)− x∥+ ∥x− u(t)∥ ≥  ̸= o(1)

   . S     
t→b

u(t) = x   . ■

Proposzon 4.3.6 - ”Fu  Comptt”
S u :]a, b[→ E un soluzon mssml l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

ov f : Ω ⊆ R× E → E sos l pots  Lpstz. S K ⊆ Ω un omptto.
Allor ∃, tl  a <  ≤  < b tl :

(t, u(t))  K ∀ t  ]a, b[ \ [,]

Dmostrzon. S     .
E   tkk∈N ⊆ ]a, b[   a  b (  -
  b, ’   )   (tk, u(tk))k∈N ⊂ K.
A     ,    K  :

(tk, u(tk))
k→+∞−→ (b, x)  Ω

M    P 4.3.5       u  
, . ■
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4.3.4 Dpnnz  Dt Inzl

Torm 4.3.2 - Dpnnz ontnu  u(t0) = x0

Sno Ω ⊆ R× E prto  f  C0(Ω, E) un unzon  sos l pots  Lpstz.
S u : I → E soluzon l prolm  Cuy:


u′(t) = f(t, u(t))

u(t0) = x0

 s t1  I, t0 < t1
Allor sstono ρ > 0  c ≥ 0 tl  pr on prolm  Cuy:





v′(t) = f(t, v(t))

v(t0) = y0

∥x0 − y0∥ < ρ

 soluzon mssmlmnt nt v : J → E tl :

• t1  J

• ∥v − u∥∞,[t0,t1] ≤ c · ∥x0 − y0∥

Ossrvzon 4.3.7
I  ,     x0    C,   
     L.

Dmostrzon. P    graf(u[t0,t1]) (   -
   [t0, t1] )         Ji ×Bii∈I
   i  I   Ji × Bi ⊆ Ω   f Ji×Bi  Li- ( I 
L).
S   9:

 = 
t0≤t≤t1

d


(t, u(t)) , Ω \



i∈I
(Ji ×Bi)



A :

T = (t, x)  [t0, t1]× E  ∥x− u(t)∥ < 
9C  z d -     .
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P   T ⊆

i∈I

(Ji ×Bi) ⊆ Ω.
P L = 

i∈I
Li   f T  L-   . I

  f    T :

M := 
t0≤t≤t1

∥f(t, u(t))∥+ L ≥ ∥f∥∞,T

D        :

ρ =  · e−L(t1−t0)

c = eL(t1−t0)

S y0  E   ∥x0 − y0∥ < ρ      v :]a, b[→ E 
  C: 

v′(t) = f(t, v(t))

v(t0) = y0

D10  graf

v[t0,b[


⊈ T. I    t  [t0, b[   (t, v(t))  T,

:
∥v′(t)∥ = ∥f(t, v(t))∥ ≤M

 v[t0,b[  M -   
t→b

v(t)    P 4.3.4

  v   .
C      graf(v[t0,b[)  :

1. graf(v)    graf(u)   ,     T.

2. graf(v)     ””,     t1.

I  ,  t  [t0, b[   (t, v(t)) ̸= T, :

1. ∥u(t)− v(t)∥ > 

2. t > t1

I  :

t∗ =  t  [t0, b[  ∥u(t)− v(t)∥ ≥   t1

     graf(v)   T.
P  t0 ≤ t∗ ≤ t1       t∗ < t1   
 v    :

∥u(t∗)− v(t∗)∥ = 

V     ,    t∗ = t1 (  
  (2)).
D r = ∥u(t0)− v(t0)∥. P  t  [t0, t∗] :

∥u(t)− v(t)∥ ≤ ∥u(t0)− v(t0)∥+ ∥u(t)− v(t)− u(t0) + v(t0)∥

= r +


 t

t0


u′(τ )− v′(τ )


dτ

 ≤ r +

 t

t0

∥u′(τ )− v′(τ )∥dτ

= r +

 t

t0

∥f(τ, u(τ))− f(τ, v(τ ))∥ dτ ≤ r + L

 t

t0

∥u(τ )− v(τ )∥dτ

10  grafv   > t0   ”” T.
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D ϕ(t) =
 t
t0
∥u(τ )− v(τ )∥dτ . A     :


ϕ′(t) ≤ r + Lϕ(t)

ϕ(t0) = 0

M     e−tL       :

0 ≥ e−tL

ϕ′(t)− Lϕ(t)


− re−tL =


e−tLϕ(t)

′
+


re−tL

L

′
=


e−tL


ϕ(t) +

r

L

′

Q   e−tL

ϕ(t) + r

L


   [t0, t∗]     

t  [t0, t∗]:

e−tL

ϕ(t) +

r

L


≤ e−t0L

r

L

 :
r + Lϕ(t) ≤ eL(t−t0)r

M     :

∥u(t)− v(t)∥ = ϕ′(t) ≤ r + Lϕ(t) ≤ eL(t−t0)r < eL(t−t0)ρ = 

  t = t∗   :

∥u(t∗)− v(t∗)∥ < 

       t∗. Q t∗ = t1. M :

∥u− v∥∞,[t0,t1] ≤ eL(t1−t0)∥x0 − y0∥ = c∥x0 − y0∥

  . ■

Dnzon 4.3.5 - Flusso o Soluzon Gnrl
S u′(t) = f(t, u(t))  E.D.O.      L ( f : Ω→ E).
S Ξ ⊆ R× R× E   ∀ (t1, t0, x0)  Ξ  :

• u : I  R→ E      C:


u′(t) = f(t, u(t))

u(t0) = x0

• t1  I  (t0, x0)  Ω

L  ξ : Ξ→ E  :

ξ(t1, t0, x0) = u(t1)

     .

Dnzon 4.3.6 - Mpp τ∗  τ ∗

N   D 4.3.5,    (t0, x0)  Ω:

τ∗(t0, x0) = 

dom(u)


 [−∞,+∞[

τ∗(t0, x0) = 

dom(u)


]−∞,+∞]
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Ossrvzon 4.3.8 - Proprt  ξ
V     :

• ξ(t, t, x) = x   (t, x)  Ω

• ξ(t2, t1, ξ(t1, t0, x0)) = ξ(t2, t0, x0)

Dmostrzon. S    ξ. ■

Torm 4.3.3 - Torm sull mpp τ∗  τ ∗

Consro l pots ll Dnzon 4.3.5. Allor Ξ  prto  l usso ξ : Ξ→ E  un
unzon ontnu nll prm  trz vrl. Inoltr:

• τ∗ : Ω→ [−∞,+∞[  smontnu suprormnt

• τ∗ : Ω→]−∞,+∞]  smontnu nrormnt

Dmostrzon. L   ξ : Ξ → Ω        
    C  ,     T 4.3.2.
D     τ∗     c  R   τ ∗ > c
.
S (t0, x0)  τ∗ > c ⊆ Ω. C t∗  R   (c, t0) < t∗ < τ∗(t0, x0),
        C    u(t0) =
x0      [t0, t

∗].
P  T 4.3.2,  ρ > 0     y0  B(x0, ρ)    v
   C: 

v′ = f(t, v)

v(t0) = y0

   t∗  dom(v). I  , [t0, t
∗] × t0 × B(x0, ρ) ⊆ Ξ. C  

  τ∗     τ∗(t0) < t∗ < t0. Q:

[t∗, t∗]× t0×B(x0, ρ) ⊆ Ξ

I,   t0  [t∗, t∗]. P   ξ      > 0
 :

ξ(]t0 − , t0 + [, t0, x0) ⊆ B(ξ(t0, t0, x0), ρ) = B(x0, ρ)

M      (̄t) ]t0 − , t0 + [      C:


u′(t) = f(t, u(t))

u(t̄) = x0


v′(t) = f(t, v(t))

v(t0) = ξ(t0, t̄, x0)

       : dom(u) = dom(v). M  
T 4.3.2,   t∗  dom(v),  t∗  dom(u).
P    t̄  [t0 − , t0 + ]  

[t∗, t∗]× t̄×B(x0, ρ) ⊆ Ξ

Q  :
[t∗, t∗]×]t0 − , t0 + [×B(x0, ρ) ⊆ Ξ (4.3)

M    (t1, x1) ]t0 − , t0 + [×B(x0, ρ)   τ
∗(t1, x1) ≥ t∗ > c, :

]t0 − , t0 + [×B(x0, ρ) ⊆ τ ∗ > c
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Q   τ ∗ > c       (t0, x0),  τ∗ > c  .
C       τ∗   .
O       Ξ   .
C       (t1, t0, x0)  Ξ    t∗, t∗  R ́
τ∗(t0) < t∗ < t1 < t∗ < τ∗(t0)  , ρ > 0  :

[t∗, t∗]×]t0 − , t0 + [×B(x0, ρ) ⊆ Ξ

      4.3. Cı Ξ      , . ■

Ossrvzon 4.3.9
L        . T ’
          :

”Ξ ”  ”τ∗, τ∗     ”

  . E  , ,     
 T 4.3.2. R       F 4.1.

F 4.1: R  Ξ     .

Torm 4.3.4 - Dpnnz Drnzl  Dt
S Ω ⊆ R× E prto  s f : Ω→ E tl :


f  C0(Ω, E)

D2f  C0(Ω,L(E))

Allor f sos l pots  Lpstz  l usso ξ : Ξ→ E  un unzon C1.

Dmostrzon. P  T  D T 3.3.1     
 :

1.  ∂1ξ  C0(Ω, E)

2.  ∂2ξ  C0(Ω, E)

3.  D3ξ  C0(Ω, L(E))
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I  :

1.    ξ   ∂1ξ(t, s, x) = f(t, ξ(t, s, x))   
 :

(t, s, x) −→ (t, ξ(t, s, x))
f−→ f(t, ξ(t, s, x))

 ∂1ξ  .

2.    (1)  (3),  ’     (t, s, x) 
Ξ:

x = ξ (s, t, ξ(t, s, x))

D  t, x : u(s) = ξ(t, s, x). M  ’  :

x = ξ(s, t, u(s))

S    (3)   ξ      
( ),   T  F I 3.3.6    u  C1.

3.    D3ξ(t, s, x)  GL(E).
L’     E.D.O.    . I 
      ,  ’:

∂1ξ(t, s, x) = f(t, ξ(t, s, x))

D  x (      ∂1D3 = D3∂1)
:

∂1D3ξ(t, s, x) = D3∂1ξ(t, s, x) = D2f(t, ξ(t, s, x)) ◦D3ξ(t, s, x)

   ξ(t, t, x) = x,  D3ξ(t, t, x) = IE .
M      C       -
 D3ξ(t, s, x). I A(t) = D2f(t, ξ(t, s, x)), :


X ′(t) = A(t)X(t)

X(s) = IE

I ””   D3ξ(t, s, x) = WA(t, s), ’   
    C.
D  WA(t, s)     ,   y → x:

ξ(t, s, y)− ξ(t, s, x)−WA(t, s)[y − x] = o(∥x− y∥)

C z(t) = ξ(t, s, y)− ξ(t, s, x)−WA(t, s)[y − x]. A:

z′(t) = f(t, ξ(t, s, y))− f(t, ξ(t, s, x))− A(t)WA(t, s)[y − x]

= A(t) [ξ(t, s, y)− ξ(t, s, x)−WA(t, s)[x− y]] + f(t, ξ(t, s, y))−
− f(t, ξ(t, s, x))− A(t) [ξ(t, s, y)− ξ(t, s, x)]

= A(t)z(t) + h(t)

:

h(t) = f(t, ξ(t, s, y))− f(t, ξ(t, s, x))− A(t) [ξ(t, s, y)− ξ(t, s, x)]
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P  F  V  C A:

z(t) =

 t

s
WA(t, τ)h(τ )dτ

    :

∥z(t)∥ ≤ t− s · ∥WA∥∞,[s,t]×[s,t] · ∥h∥∞,[s,t]

C   ∥h∥∞,[s,t] = o(∥x− y∥),    X = ξ(t, s, x)
 Y = ξ(t, s, y). P  τ  [s, t]:

h(t) = f(t, Y )− f(t, s,X)− A(t) [Y −X]

= f(t, Y )− f(t,X)−D2f(t,X)[Y −X]

S   T  V M11   f(t, ·)  X  Y :

∥h(τ )∥ ≤∥ξ(τ, s, y)− ξ(τ, s, x)∥ · 
0≤λ≤1

∥D2f(τ, ξ(τ, s, x)+

+ λ[ξ(τ, s, y)− ξ(τ, s, x)]−D2f(τ, ξ(τ, s, x)))∥

P   ∥ · ∥∞,[s,t],   D2f  C0:

∥h∥∞,[s,t] ≤ ∥ξ(·, s, y)− ξ(·, s, x)∥∞,[s,t] · 
0≤λ≤1
τ∈[s,t]

∥D2f(·, ξ(·, s, x)+

+ λ[ξ(·, s, y)− ξ(·, s, x)])−D2f(·, ξ(·, s, x))∥
= O(∥y − x∥) · (∥y − x∥) = o(∥y − x∥)

   .

■

11I TVM  ’ X → F (X)− LX   :
∥F (Y )− F (X)− L(X)[Y −X]∥ ≤ ∥Y −X∥ · 

0≤λ≤1
∥DF (X + λ(Y −X))− L∥
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4.4 Esrtzon su E.D.O.

4.4.1 E.D.O.  Vrl Sprl

Dnzon 4.4.1 - E.D.O.  Vrl Sprl
U E.D.O.      :

f(t, x) = h(t) · g(x)

Fttrllo 4.4.1 - Mtoo  Intrzon
S lo spzo  Bn12 E = R.
Un mtoo utl pr rsolvr l prolm  Cuy rltvo ll E.D.O.  vrl sp-
rl 

x = h(t) · g(x)
x(t0) = x0

 utlzzr l sunt ntt:

 x

x0

1

g(s)
ds =

 t

t0

h(s)ds

In prtolr,  possl rvr normzon qulttv sull soluzon l prolm 
Cuy o, nvuno ll prmtv, trovr l soluzon stss l prolm.

Dmostrzon. D    2 :

•   g(x0) = 0  . I  x(t) = x0   :

x = h(t) · g(x) = h(t) · g(x0) = 0

•  g(x0) ̸= 0,      I  x0   g   . I
       g(x):





x = h(t) · g(x(t))
x(t0) = x0

g(x) ̸= 0 ∀ x  I

P  ’   g(x(t))  :

x(t)

g(x(t))
= h(t)

    t :

 t

t0

x(s)

g(x(s))
ds =

 t

t0

h(s)ds

B     τ = x(s)          
 :  t

t0

x(s)

g(x(s))
ds =

 x(t)

x0

dτ

g(τ)

■
12Q z           z.
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4.4.2 Equzon  Brnoull

Dnzon 4.4.2 - Equzon  Brnoull
U   C   ’  B   :


y′ = a(x)y + b(x)y

y(x0) = y0

   [0,+∞).

Fttrllo 4.4.2 - Mtoo  rsoluzon
D un’quzon  Brnoull  possl ronurs  un E.D.O. lnr on l mtoo
sunt.
Il so y(x0) = 0  om soluzon nl y(x) = 0 ostnt.
S y(x0) ̸= 0, llor y non s nnullr n un ntorno I  x0. In qusto so  lto
vr pr y l’quzon  Brnoull:

y′

y
=

a(x)

y−1
+ b(x)

 s mo z = 1
yα−1 ottno l’quzon rnzl lnr:

z′

1− 
= a(x)z + b(x)

4.4.3 Mtoo l Wronskno

Q       .

C ’      :

y′′(t) + a(t)y′(t) + b(t)y(t) = f(t)

Cso Omono

C   :

y′′(t) + a(t)y′(t) + b(t)y(t) = 0 (4.4)

   E.D.O.      :

y′

y′′


=


y
y′

′
=


0 1

b(t) a(t)


·

y
y′


= A(t) ·


y
y′



T ’   WA(t, t0),   :

y
y′


= WA(t, t0) ·


y(t0)
y′(t0)



S  ’  13     :

WA(t, t0) =


v1(t) v2(t)
v′1(t) v′2(t)

 
y(t0)
y′(t0)


=


c1
c2



        :

y(t) = c1v1(t) + c2v2(t)
13O               

,       y′     y. Q ’  z 
 ,   i-      i-  ,    W.
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Cso Non Omono

S    ’  ,   :

∼
y(t) = c1v1(t) + c2v2(t)

V     :

y(t) = c1(t)v1(t) + c2(t)v2(t)

       :

y′(t) = c1(t)v
′
1(t) + c′1(t)v1(t) + c2(t)v

′
2(t) + c′2(t)v2(t)

P14  c1(t)  c2(t)   :

0 = c′1(t)v1(t) + c′2(t)v2(t)

  :

y′(t) = c1(t)v
′
1(t) + c2(t)v

′
2(t)

  :

y′′(t) = c′1(t)v
′
1(t) + c1(t)v

′′
1(t) + c′2(t)v

′
2(t) + c2(t)v

′′
2(t)

S     ’ ,  ( ’ t 
    ):

f(x) = y′′ + a(t)y′ + b(t)y

= c′1v
′
1 + c1v

′′
1 + c′2v

′
2 + c2v

′′
2 + a(t)


c1v

′
1 + c2v

′
2


+ b(t) (c1v1 + c2v2)

= c′1v
′
1 + c′2v

′
2 + c1


v′′1 + a(t)v′1 + b(t)v1


+ c2


v′′2 + a(t)v′2 + b(t)v2


= c′1v

′
1 + c′2v

′
2

 ’       v1   v2   ’-
 4.4.
A     c1(t)  c2(t)    :


c′1(t)v1(t) + c′2(t)v2(t) = 0

c′1(t)v
′
1(t) + c′2(t)v

′
2(t) = f(t)

  C: 
c′1(t) = −f(t) v1(t)

w(t,t0)

c′2(t) = f(t) v2(t)
w(t,t0)

 w(t, t0) = detWA(t, t0)  W. A    :

y(t) = −v1(t)


f(τ )
v1(τ )

w(τ, t0)
dτ + v2(t)


f(τ )

v2(τ )

w(τ, t0)
dτ

D T 4.2.6    w(τ, t0),   trA(t) = a(t):

y(t) = −v1(t)


f(τ )
v1(τ )

(
 τ
t0
a(s)ds)

dτ + v2(t)


f(τ )

v2(τ )

(
 τ
t0
a(s)ds)

dτ

14N  ́, z  .
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4.4.4 E.D.O. on Torm  Dn

S        C:


y′ = A(x,y)

B(x,y)

y(x0) = y0

D      A(x, y)dx − B(x, y)dy   (’  (x0, y0))
  F (x, y)       F (x0, y0) = 0,      T
 D 3.3.7 ’     :

y′ = −∂xF (x, y)

∂yF (x, y)

  y(x)     x0          F
   (x0, y0).

Cso n u Adx − Bdy non  stt

(   ⇐⇒           (x0, y0))
I           .
D   Adx − Bdy   M(x, y)   AM - BM  ? S 
   F     ,       y′ = AM

BM = A
B

P   ∃M     MAdx−MBdy  ()15  
    M  

∂y(MA) + ∂x(MB) = 0 ⇐⇒ ∂yMA+M∂yA+ ∂xMB +M∂xB = 0

(         ). V     
:

• ∂yA+∂xB
B    x. D        

M = M(x). I   M    x  ’  M
:

M∂yA+ ∂xMB +M∂xB = 0 ⇐⇒ ∂xM = M

−∂yA− ∂xB

B



   M = e
−

 x
x0


∂yA+∂xB

B
dτ



• ∂yA+∂xB
A    y. S   A(x0, y0) ̸= 0. I   

M = M(y). Q ’  M   :

∂yMA+M∂yA+M∂xB = 0

   M(y) = e
−

 x
x0


∂yA+∂xB

A
dτ



15C    28   z 30/03
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4.4.5 Stuo  Soluzon lol  non

Proposzon 4.4.1 - Conzon sunt pr Soluzon lol
S f(t, x) : R× E → E tl :

∥f(t, x)∥ ≤ A(t) +B(t)∥x∥

ov A,B  C(R,R).
Allor l soluzon  x = f(t, x) sono lol su R.

Dmostrzon. —————————— ■

Dnzon 4.4.3 - Soprsoluzon  Sottosoluzon
S ’  y = f(x, y)   z(x)      
I. A:

• z    ’  :

z(x) ≥ f(x, z(x)) ∀ x  I

• z    ’  :

z(x) ≤ f(x, z(x)) ∀ x  I

Torm 4.4.1 - Conronto sottosoluzon  soprsoluzon
Consro un’quzon rnzl y = f(x, y)  sos l pots  Lpstz.
Sno z(x) un soprsoluzon  w(x) un sottosoluzon nt su un ntrvllo I. Su
:

• S z(x0) ≥ w(x0) pr un rto x0  I llor:

z(x) ≥ w(x) ∀ x  I  [x0,+∞)

• S z(x0) ≤ w(x0) pr un rto x0  I llor:

z(x) ≤ w(x) ∀ x  I  (−∞, x0]

Dmostrzon. T   z(x0) ≥ w(z0). L’   .
P   : 




z(x) ≥ f(x, z(x))

w(x) ≤ f(x, w(x))

z(x0) ≥ w(x0)

    :

w(x)− z(x) ≤ f(x,w(x))− f(x, z(x))

z(x0)− w(x0) ≥ 0

I      I  . I 
 I ,   ’   , 
             I.
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A    I,  L  f      (
  ,      L). S :


w(x)− z(x) ≤ L · w − z
w(x0)− z(x0) ≤ 0

O      ,  u(x) = w(x)−z(x),    
 . ■

Lmm 4.4.1
Consro l sstm, pr I ntrvllo  x0  I:


u(x) ≤ L · u(x) ∀ x  I

u(x0) ≤ 0

Allor u(x) ≤ 0 pr on x  I  [x0,+∞).

Dmostrzon. S     x̄ > x0   u(x̄) > 0.
A   ξ  [x0, x̄)   u(ξ) = 0    :


x  [x0, x̄]  u(x) = 0


̸= ∅

P   x1 = max

x  [x0, x̄]  u(x) = 0


. M   x  [x1, x̄]  

   1 ,    :


u(x) ≤ Lu(x) ∀ x  [x1, x̄]

u(x1) = 0

P      e−Lx:

e−Lx u(x) ≤ e−LxLu(x)

 :
d

dt


e−Lxu(x)


≤ 0

  ,   :

e−Lx̄u(x̄) ≤ e−Lx1u(x1) = 0

        u(x̄) > 0. ■

Torm 4.4.2 - Lmm  Gromwll
Supponmo  y : [x0, x1]→ R s ontnu  sos l onzon:

y(x) ≤ A+B

 x

x0

y(s)ds

pr on x  [x0, x1]  ov A,B > 0.
Allor pr on x  [x0, x1] vl l stm:

y(x) ≤ AeB(x−x0)
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Dmostrzon. C   :

F (x) = A+B

 x

x0

y(s)ds

A     F ′(x) = By(x). M  ,  :


F ′(x) ≤ B · F (x)

F (x0) = A

    e−Bx     :

e−BxF ′(x) ≤ Be−BxF (x)

 : 
d
dt


e−BxF (x)


≤ 0

F (x0) = A

  ,   :

e−BxF (x) ≤ e−Bx0A

    F (x) ≤ AeB(x−x0). V ,  , y(x) ≤ A + B
 x
x0

y(s) ds =
F (x)    . ■

Corollro 4.4.2.1
S lo spzo  Bn X. Supponmo :

∥f(x, y)∥X ≤ C(x) +D(x) · ∥x∥X

ov C,D : R→ R+ unzon ontnu.
Allor on soluzon  y(x) = f(x, y)  nt lolmnt su R.

Dmostrzon. P          -
. F ,   ’    y(−x)  
  (   ’  )    .
S     x∗ > 0   

x→(x∗)−
∥y(x)∥X = +∞.

A   C∗ = 
[0,x∗]

C(x)  D∗ = 
[0,x∗]

D(x)  :

∥f(x, y(x))∥X ≤ C(x) +D(x)∥y(x)∥X ≤ C∗ +D∗∥y(x)∥X

P ’       y = f(x, y(x)) :

y(x) ≤ y(0) +

 x

0
f(s, y(s))ds

   ,   x  [0, x∗]:

∥y(x)∥ ≤ ∥y(0)∥+
 x

0
∥f(s, y(s))∥ds ≤ ∥y(0)∥+

 x

0


C∗ +D∗∥y(s)∥X


ds

≤

∥y(0)∥+ C∗x∗


+D∗

 x

0
∥y(s)∥ds
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     L 4.4.2     x  [0, x∗]:

∥y(x)∥ ≤

∥y(0)∥+ C∗x∗


eD

∗x

   :


x∈[0,x∗)

∥y(x)∥ ≤

∥y(0)∥+ C∗x∗


eD

∗x∗
< +∞

    . D     x∗,        
 . ■

4.4.6 Stlt  Punt  Equlro - Tor  Lypunov

Dnzon 4.4.4
x0      

·
x = f(x)  x ≡ x0  

Dnzon 4.4.5 - Punto  Equlro Stl
S x∗  Rd    f : Rd → Rd. S   x∗       (
 )     > 0   > 0        C:


x′(t) = f (x(t))

x(0) = x0

  : 
t>0

∥x(t)− x∗∥ <   ∥x0 − x∗∥ < .

Ossrvzon 4.4.1
I T 4.3.2  D C         T > 0
,    > 0   > 0  :


t∈(0,T )

∥x(t)− x∗∥ <  se ∥x0 − x∗∥ < 

T   ,    = (, T )   T    :

(, T )
T→+∞−→ 0

Dnzon 4.4.6 - Punto  Equlro Asntotmnt Stl
I    x∗           
 :


t→+∞

x(t) = x∗

Dnzon 4.4.7 - Funzonl  Lypunov
S f : Rd → Rd   f(x∗) = 0. S    L  
 V : Bd(x∗, r)→ R+  :

1. V (x) = 0     x = x∗

2.   x  Bd(x∗, r)   V (x) · f(x) ≤ 0

Torm 4.4.3 - Funzonl  Lypunov ⇒ Stlt
S sst un unzonl  Lypunov ssoto  f on x∗ punto  qulro, llor x∗ 
stl.
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Dmostrzon. S     x∗ = 0. F  > 0 -
  :

m = 
∥x∥=

V (x)

 ’ (1)     L   m > 0.
P   0   V (x),    > 0   :


∥x∥≤

V (x) ≤ m

2

C         :


x(t) = f(x(t))

x(0) = x0

     x(t):

d

dt
V (x(t)) = V (x(t)) · x(t) = V (x(t)) · f(x(t)) ≤ 0

Q   V (x(t))    t,     ∥x(0)∥ <  
V (x(0)) ≤ m

2 . D   :

V (x(t)) ≤ m

2
per ogni t > 0 (4.5)

Q        , :

∥x(t)∥ < 

      t̄ > 0  ∥x(t̄)∥ = ,   :

V (x(t̄)) = 
∥x∥=

V (x) = m

     4.5. ■

Torm 4.4.4 - Funzonl  Lypunov ⇒ Stlt Asntot
S V un unzonl  Lypunov ssoto  x∗  f  sos pr on x ̸= x∗:

V (x) · f(x) < 0

Allor x∗  sntotmnt stl.

Dmostrzon. C  T ,     
x∗ = 0. D   

t→+∞
∥x(t)∥ = 0  ∥x(0)∥ ≤ r.

D        r > 0   ( r > 0):

∥x(0)∥ ≤ r ⇒ ∀ t > 0 ∥x(t)∥ ≤ r

2

V    r        .

S      x(0)  Bd(0, r)   x(t)
t→+∞↛ 0. E 

  tkk∈N   ∥x(tk)∥ ≥ 0 > 0   k  N (
   x(t)        B(0, 0)).



110 CAPITOLO 4. EQUAZIONI DIFFERENZIALI

M    ,        R+: 
 0 > 0  :

∀ t > 0 ∥x(t)∥ ≥ 0 (4.6)

I  T  V (x(t))  ,   
t→+∞

V (x(t))  

     ̸= 0  ,    ,   
tkk∈N    x(tk) −→ x ̸= 0     16:

V (x(tk)) −→ V (x) ̸= 0

Q           t̃k 
t̃k → +∞   

k→+∞
x(t̃k) = 0,  :

V (x(t̃k)) −→ 0

M       V (x(t̃k)) −→ V (x) ̸= 0, .
N    ’  t̃k ⊆ tk   x(t̃k) −→ 0. M  tk
       B(0, 0)  x

∗ = 0. A  
 4.6.
C   :    :

0 ≤ ∥x(t)∥ ≤
r

2

C  :

m = 
0≤∥x∥≤ r

2

V (x) · f(x) < 0

A  :

d

dt
V (x(t)) = V (x(t)) · f(x(t)) ≤ m < 0

   :

0 ≤ V (x(t)) = V (x(0)) +

 t

0

d

dt
V (x(s))ds ≤ V (x(0)) +mt

t→+∞−→ −∞

  . O 
t→+∞

∥x(t)∥ = 0  . ■

Torm 4.4.5 - Stlt Asntot  Jono
S x∗ punto  qulro pr x′ = f(x). S s  

Spec (Jf(x∗)) ⊂ z  C  Rez < 0
llor x∗  sntotmnt stl.

Dmostrzon. S     x∗ = 0   A =
Jf(0). P  :

Spec(A) ⊂ z  C  Rez < 0
S    T  1° :

f(x) = f(0) + Ax+ o(∥x∥) = Ax+ o(∥x∥)
C    L V (x)    :

V (x) = ⟨Px, x⟩
 P  Sym(d× d)   :

16L’  V (x) = 0     x = x∗ = 0.
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1. ⟨Px, x⟩ ≥ 0∥x∥2

2.   x ̸= 0  V (x) · f(x) < 0

I      V (x) = 2Px,      
 T 4.4.4 :

⟨2Px,Ax+ o(∥x∥)⟩ < 0 ∀ x  Bd(0, r) \ 0

I      P     0 > 0   :

⟨Px,Ax⟩ ≤ −0∥x∥2

  ,  ∥x∥ << 1:

⟨2Px,Ax⟩+ ⟨Px, o(∥x∥)⟩ ≤ −20∥x∥2 + o(∥x∥) ≤ −0∥x∥2

A       L     -
:    A   Spec(A) ⊆ z  C  Rez < 0   
 P > 0  :

⟨Px,Ax⟩ ≤ −0∥x∥2

V        :

P =

 +∞

0
etA

T
etAdt

:

• P  Sym(d× d)  ’ etA
T
etA  .

• P > 0 ́: 
etA

T
etAx, x


=


etAx, etAx


= ∥etAx∥2 > 0

• V :

⟨Px,Ax⟩ =
 +∞

0


etA

T
etAx,Ax


dt =

 +∞

0


etAx, etAAx


dt

=

 +∞

0


etAx,AetAx


dt =

 +∞

0


etAx,

d

dt


etAx


dt

=
1

2

 +∞

0


d

dt
∥etAx∥2


dt =

1

2


etAx

t=+∞
t=0

= −1

2
∥x∥2

        0 =
1
2 .

■
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Cptolo 5

Torm  Dnst

5.1 Equontnut  Asol-Arzl

S  3    .

Dnzon 5.1.1 - Insm Equontnu  Mpp tr Mtr (1)
S (X, dX)  (Y, dY )  .
U  Λ ⊆ Y X        > 0   > 0    
x, x′  X    f  Λ :

dX(x, x′) <  ⇒ dY (f(x), f(x
′)) < 

Dnzon 5.1.2 - Insm Equontnu  Mpp tr Mtr (2)
L’ Λ         

val : Y X ×X −→ Y
(f, x) −→ f(x)

    Λ×X   1 d∞ + dX .

Dnzon 5.1.3 - Insm Equontnu  Mpp tr Mtr (3)
N  ,   f  Λ     .

Proposzon 5.1.1
L nzon ppn nunt sono quvlnt.

Dmostrzon. I:
1⇒ 2: ∀f, f ′  Λ, ∀x, x′  X:

dY (val(f, x
′), val(f, x)) = dY (f

′(x′), f(x)) ≤ dY (f
′(x′), f(x′)) + dY (f(x

′), f(x))

≤ d∞(f, f ′) + dY (f(x
′), f(x))

S  (1),           > 0   
: 

d∞(f, f ′) ≤ 

dX(x, x′) ≤ 


2⇒ 3 S val : Λ×X → Y         :

dY (f
′(x′), f(x)) ≤ (d∞(f, f ′) + dX(x, x′))

1,  z   dY ,  d∞(f, g) = 
x∈X

dY (f(x), g(x))

113
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I   f = f ′:

dY (f(x), f(x
′)) ≤ (dX(x, x′)) ∀f  Λ, ∀x, x′  X

3⇒ 1 D  > 0   > 0   () < .
■

Lmm 5.1.1 - Convrnz n Equontnu
Sno (X, d) spzo mtro  (E, ∥ · ∥) spzo normto. S fn : X → E un susson
 unzon quontnu2 on moulo  ontnut . Allor:

1. l’nsm C = x  X  fn(x) e di Cauchy  uso n X.

2. s fn onvr puntulmnt  f : X → E, llor f  -ontnu (o quontnu
 fn)  l lmt  unorm su omptt.

Dmostrzon. L          .

1. S x  C. S c  C. P p, q  N    fn(x)   C:

∥fp(x)− fq(x)∥ ≤ ∥fp(x)− fp(c)∥+ ∥fp(c)− fq(c)∥+ ∥fq(c)− fq(x)∥
≤ 2(d(x, c)) + ∥fp(c)− fq(c)∥

    > 0   > 0   () ≤ 
4 . S x  C  

c  C   d(x, c) ≤ . D c,  fn(c)  C, ∃n0  N  
∀p, q ≥ n0  ∥fp(c)− fq(c)∥ ≤ 

2 . M    p, q > n0  :

∥fp(x)− fq(x)∥ < 

 x  C:  C = C.

2. ∀x, x′  X  ∀n  N
∥fn(x)− fn(x

′)∥ ≤ (d(x, x′))

  n→∞
∥f(x)− f(x′)∥ ≤ (d(x, x′))

 f  -. V  fn → f   .
S K ⊆ X ,    f = 0  K (   -
 gn = fn − f ,  gn → 0      K).
S xk  K   ∥fk∥∞,K = ∥fk(xk)∥ ( xk     fkK).
P     xkj   x∗  K

∥fkj (xkj )∥ ≤ ∥fkj (x∗))∥+ ∥fkj (x∗)− fkj (xkj )∥
≤ ∥fkj (x∗))∥+ (d(x∗, xkj )) = o(1) per j → +∞

Q,    U, ∥fn(xn)∥ → 0  ∥fn∥∞,K → 0.

■

Torm 5.1.1 - Torm  Asol-Arzl
Sno (X, d) spzo mtro omptto  (E, ∥ · ∥) spzo  Bn.
S Λ ⊆


C0(X,E), ∥ · ∥∞


. Allor Λ  omptto s  solo s:

2O ’ fn  
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1. Λ  uso

2. Λ  quontnuo

3. sst S ⊆ X nso tl  pr on x  S l’nsm

Λ(x) = f(x)  f  Λ = val(Λ× x)

 rltvmnt omptto3 n E.
(Oppur, un onzon pu ort (3.)  Λ(X) = val(Λ×X)  omptto)

Dmostrzon. ⇒: S Λ . A:

1. Λ   (      H   ).

2.  val : C(X,E) → E   (  )   T 
H-C    ,  Λ  .

3.   (3.):  val    Λ×X   (  
), ’ Λ(X) = val(Λ×X)  .

⇐: P  ,   L 5.1.1.
S Λ ⊆ C0(X,E)    (1),(2),(3). P  Λ   -
. S (fn)n∈N    Λ. X        S ⊆ X,
S  . S skk∈N     ⊆ S,  skk∈N = X.
F    :    fkk   fk,1k
  fk,1(s1)k  (  fk(s1) ⊆ Λ(s1)  -
).
E    fk,2k  fk,1k     s2.
C  ∀nfk,nk   sn.
P :          -
 fk,n  :


fk,n+1k e sottosuccessione di fk
fk,n(sn)k converge per k → +∞ (da Λ(sk) relativamente compatto)

 fk,n    s1,    , sn. A  (fk,k)k   -
   (fk,n)       ’ snn∈N.
A     L 5.1.1,   fk    
  X,        Λ (  ). ■

Dmostrzon ltrntv pr Λ = Cω. S (X, dX)  (Y, dY )  .
S xj1≤j≤m ⊆ X, yi1≤i≤n ⊆ Y ,   −  X   − 
Y . S     , 

Cω := f : X → Y   − continua

O ∀  [n]m ( ) 

S := f  Cω : dY (f(xj), y(j)) ≤  ∀j  [m]

  f  Cω   S     [n]m.

3U          . S X  z  
(z)  Y   ⇔ Y  
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 ’    f :
X → Y     <   
     ( -
  F 5.1). A:

Cω =


∈[n]m
S

F 5.1: E    f  Sα

O  S  ”” ,   2(+ ())   f, g  S 
x  X, d(x, xj) ≤    j  1,    ,m.

d(f(x), g(x)) ≤ d(f(x), f(xj)) + d(f(xj), y(j)) + d(y(j), g(xj)) + d(g(xj), g(x))

≤ (d(x, xj)) + + + (d(x, xj)) ≤ 2(+ ())

S  f  S, ∀  [n]m    η− ,  η = 2( + ()), -
  ≤ nm .
D   (X, dX)  (Y, dY )          
 ,  Cω ⊆ C(X,Y )   . I     L
5.1.1. S   ’ ⇐  5.1.1  ’ (3a) 
Y = Λ(X) . ■
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5.2 Smontnut

Dnzon 5.2.1 - Topolo ll Smontnut nror
L      R    :

τinf =

]c,+∞]  c  R





R


Ossrvzon 5.2.1 - Compttzz n τinf
U  C ⊆ R      τinf      .

Dnzon 5.2.2 - Smontnut nror
S f : X → R  X   . f      
  τinf  R.

Dnzon 5.2.3 - Smontnut nror squnzl
S f : X → R. E         τinf . C 
  xk → x∗:

 
k→∞

f(xk) = f(x∗)

Proposzon 5.2.1
Sno f : X → R smontnu nror (squnzlmnt4)  X spzo topoloo
omptto (squnzlmnt). Allor f  mnmo.

Dmostrzon. f(X)    (R, τinf)       X   
    .
S xkk∈N ⊂ X   : f(xk) →  f(X). P 
        xk   X   
x∗  X.
A  ’    :

 f = 
k→∞

f(xk) =  
k→∞

f(xk) ≥ f(x∗)

 x∗  . ■

Proposzon 5.2.2
S fλ : X → Rλ∈Λ un ml  unzon smontnu nror. Allor l’nvluppo
supror f(x) = 

λ∈Λ
fλ  smontnu nror.

Dmostrzon. I: A ⊆ R    A > c      a  A   a > c.
Q   c  R    x  X:


λ∈Λ

fλ(x) > c ⇐⇒ ∃ λ  Λ : fλ(x) > c

 

λ∈Λ

fλ > c


=



λ∈Λ
fλ > c

    τinf . ■

4L z     z.
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5.3 Lunzz  Curv  Hop-Rnow

Dnzon 5.3.1
S  ,  ,    [, ]  n-    
a = x1 < x2 <  < xn = b    P  P[a, b].

Dnzon 5.3.2 - Lunzz  urv n mtr
S (X, d)  . S  : [a, b] → X    P = xknk=0  P[a, b] 
.
D       P :

l(, P ) =

n

k=1

d((xk), (xk−1))

L      :

l(, [a, b]) = 
P∈P[a,b]

l(, P )

Proposzon 5.3.1 - Proprt
Vlono l sunt proprt:

1. dditivit: sno a < c < b numr rl   : [a, b]→ X un urv. Allor:

l(, [a, b]) = l(, [a, c]) + l(, [c, b])

2. invrinz per riprmetrizzzione: s σ : [a, b]→ [c, d] un unzon ttv
monoton tr ntrvll  s  : [c, d]→ (X, d). Allor:

l( ◦ σ, [a, b]) = l(, [c, d])

3. scrittur con limite: supponno   C0([a, b], X), llor:

l(, [a, b]) = 
P →0

l(, P )

ov P  = k d(xk, xk+1)

4. scrittur con integrle: supponno   C1([a, b], E), ov (E, ∥ · ∥) spzo
normto. Allor:

l(, [a, b]) =

 b

a
∥ (x)∥dx

Dmostrzon. P           
A 1,        ■

Proposzon 5.3.2 - Contnut l unzonl lunzz rsptto ll’ntrvllo
Sno   C([a, b], X)  L = l(, [a, b]). Allor l unzonl:

[a, b] −→ [0, L]
x −→ l(, [a, x])

 ontnuo  rsnt su [a, b].
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Dmostrzon. L   .
P    ( )  b: S L′ < L = ℓ(, [a, b]) P  
b′ < b   ℓ(, [a, b′]) > L′

DISEGNO

P   P  P[a, b]  

L′ <
n−1

k=1

d((xk), (xk−1)) = ℓ(, P )− d((xn−1), (b))

(    P    ’ , d((xn−1), (b))  ,
     b) E      

ℓ(, P\b) ≤ ℓ(, [a, xn−])

   b′ := xn−1   L′ < l(, [a, b′]). C     b. A
 [a,c]           c  [a, b]. C

∼
 : x→ (b− a+ x)  C([a, b], X)

(   )         x→ ℓ(, [x, b]); 

ℓ(, [a, x]) = ℓ(, [a, b])− ℓ(, [x, b])

 x→ ℓ(, [a, x])    . ■

Proposzon 5.3.3 - Contnut l unzonl lunzz rsptto  γ
Il unzonl:

C([a, b], X) −→ [0,+∞]
 −→ l(, [a, b])

 smontnuo nrormnt rsptto ll onvrnz unorm ( squnzlmnt sm-
ontnuo nror rsptto ll onvrnz puntul.)

Dmostrzon. I  :

ℓ(, [a, b]) = 
P∈P[a,b]

ℓ(, P )

     −→ ℓ(, P ) =
n

k=1

d((xk), (xk−1))   ,  ,

        .
■

Ossrvzon 5.3.1
I    : [a, b]→ X    L     [0, L+ 1]
( [0, L + ])     1−L     [0, 1]    
(L+ 1)−L

Torm 5.3.1 - Torm  Hop-Rnow
S (X, d) spzo mtro omptto  sno x0, x1  X ollt  un mmno  lunzz
nt. Allor sst un mmno  lunzz mnm tr qunt ollno x0  x1.
In ltr prol, s l’nsm

Cx0,x1 =

  C([0, 1], X)  (0) = x0 , (1) = x1 e l(, [0, 1]) <∞



 non vuoto, llor l unzonl ”lunzz”  → l(, [0, 1]) mmtt mnmo n Cx0,x1 .
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Dmostrzon. P       x0, x1    L.
A:


∈Cx0x1

ℓ(, [0, 1]) = 
∈Cx0x1

ℓ(([0,1])≤L

ℓ(, [0, 1]) = 5 
∈Cx0x1

lip()≤L+1

ℓ(, [0, 1])

 ’     ́       ́
’  : [0, 1] → X  lip() ≤ L + 1    A-A. L  
     . ■

5E          :      
 zz   L-Lz (     zz   
zz  ’Oz 5.3.1).
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5.4 Polnom  Brnstn

Dnzon 5.4.1 - Polnom  Brnstn
S f : [0, 1]→ C  . I    B   n  N :


Bnf


(x) =

n

k=0


n

k


f


k

n


xk(1− x)n−k

5.4.1 Costruzon urst

P ’ ,  I ⊂ R :

D : C1(I) −→ C0(I)
f −→ f ′

       Dn :

Dnf(x) =
f

n−1
n x+ 1

n


− f


n−1
n x


1
n

S         ”” 
””   CR → CR:


τh(f(·)) = f(·+ h)

h(f(·)) = f(h·)

    :

Dn = n n−1
n


τ 1

n
− I


(5.1)

A  ,       B    
n  N: 




B0f = f(0)

Bnf(0) = f(0)

DBn = Bn−1Dn

(5.2)

  ,  ’  : evx(f) = f(x):


evxB0 = ev0 = ev0Bn

DBn = Bn−1Dn

(5.3)

Ctzon 4. Nturlmnt s volt qustoo...  un vrtmnto!
Eo, qus smpr qullo  s  n un trttzon , pr rsprmr tmpo, sm-
plmnt r lı l ormul ll’oprtor ... l polnomo  Brnstn  o-
po sturn l proprt  v nssmo, nsomm. Pro to... vsto  smo
mtmt volmo pr os ’ tro!

V            Bn. D
    5.2  ,  f  C0([0, 1]) ( Bnf(0) = f(0)):

Bnf(x) = f(0) +

 x

0
Bn−1Dnf(t)dt
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        x   ≤ n. Q   
     T  0   n.
I  :

DkBn = Bn−k ·Dn−k+1 · · · · ·Dn−1 ·Dn

O,     :

τa+b = τaτb

ab = ab

τab = −1
b τab ⇐⇒ bτa = τabb

 ’ : f(x)→ f(x+ ab) = f

b(xb + a)


.

Ctzon 5. E’ qullo    om s smno... om mo... os su
quno l ltzon nontr un trslzon pr str  : ”Buonorno, uon-
orno!”  po ”U!” un trno ol orroo strtto... v n. Il... s! L ltzon
mtt l mno nl portolo ll trslzon  ”FIU”,  ab om non  rmn solo
on a. V n.

D  ’ 5.1  :

Dn = n

τ 1

n−1
− I


n−1

n

D    n   :

Dn−k+1   Dn−1Dn = (n− k + 1)    (n− 1)nn−k
n


τ 1

n
− I

k

      :

Dn−k = (n− k)n−k−1
n−k


τ 1

n−k
− I



 :

Dn−k (Dn−k+1   Dn−1Dn) = n(n− 1)    (n− k)n−k−1
n−k


τ 1

n−k
− I


n−k

n


τ 1

n
− I

k

= n(n− 1)    (n− k)n−k−1
n−k

n−k
n


τ 1

n
− I


τ 1

n
− I

k

= n(n− 1)    (n− k)n−k−1
n


τ 1

n
− I

k+1

Ctzon 6. Qun ’ qusto omno, v n...

Q      :

DkBn = Bn−kDn−k+1   Dn =
n!

(n− k)!
Bn−kn−k

n


τ 1

n
− I

k

D   5.3, B0f   0 , ,   DBn =
Bn−1Dn   n− 1, Bn   n. Q    T   n  0 
Bnf   Bnf  D

kBnf = 0  k > n   :

evxBn = ev0


n

k=0

xk

k!
DkBn


= ev0


n

k=0

xk

n

k


Bn−kn−k

n


τ 1

n
− I

k


   ev0 : f → Tn(x, 0, f)     0   x  
. D  ev0Bk = id  ev0 = id:
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Ctzon 7. Or s smpl tutto mmnt...

evxBn = ev0


n

k=0


n

k


xk


τ 1

n
− I

k

=

Ctzon 8. A qusto punto o (n lstto) TOP!!  llor...

...      N:

= ev0


I + x


τ 1

n
− I

n
= val0


xτ 1

n
+ (1− x)I

n

= ev0


n

k=0


n

k


xk(1− x)n−kτ k

n



D   ’  Bnf :

Bnf(x) =

n

k=0


n

k


xk(1− x)n−kf


k

n



 Bnf   omnzon onvss    f   0, 1
n ,    ,

n
n .

Ctzon 9. Volno or  smo vrtt m s volssmo r n moo pu stn-
r...

Proposzon 5.4.1 - Proprt  Bn

Vlono l sunt proprt:

1. l’oprtor Bn vr l proprt nt  5.3.

2. Bn  vlor sull unzon polnoml  ro ≤ n  non umnt l ro  tl
polnom.

3. s vr pr  monom 1, x  x2 :





Bn1 = 1

Bnx = x

Bnx
2 =


1− 1

n


x2 + x

n

4. l’oprtor Bn  postvo pr unzon f : [0, 1]→ C:

f ≥ 0 ⇒ Bnf ≥ 0

 lnr:

f ≥ g ⇒ Bnf ≥ Bng

5. n norm l oprtor ∥ · ∥: ∥Bn∥ = 1

Dmostrzon. D   .
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1. S        B,   
  Bnf      T   n. I   , 
 DnBn     .

2. S  ’ .

3. C   .

• Bn1 = 1  .

• D   Bnx  :

(Bnx)
′ = Bn−1Dnx = Bn−11 = 1

  0  0. P  Bnx = x.

• D   Bnx
2  :


Bnx

2
′
= Bn−1


Dnx

2

= nBn−1


n− 1

n
x+

1

n

2

−

n− 1

n
x

2


= Bn−1


2


1− 1

n


x+

1

n


= 2


1− 1

n


x+

1

n

    ,     :

Bnx
2 =


1− 1

n


x2 +

x

n

4. S       B.

5. D f  C([0, 1],R)   f∥∞ ≤ 1   ∥Bnf∥∞ ≤ 1. M  ∥Bnf∥∞ ≤
∥f∥∞,  ∥Bn∥ ≤ 1. I , ∥Bn1∥ = 1    ’ 
 1.

■

Torm 5.4.1 - Torm  Brnstn
Gl oprtor Bn : C1(I) → C0(I)  Brnstn onvrono puntulmnt ll’ntt. In
ltr prol, pr on f  C1(I) s   Bnf → f unormmnt pr n→ +∞.
Prsmnt, to  moulo  ontnut onvo6 pr f  to  I:

f(x)−Bnf(x) ≤ 


x(1− x)

n



o

∥f −Bnf∥∞,I ≤ 


1

2
√
n



Dmostrzon. S f  C0(I,R)      ;  x  I

f(x)−Bnf(x) = f(x)Bn1−Bnf(x)

=


n

k=0

f(x)


n

k


xk(1− x)n−k −

n

k=0

f


k

n


n

k


xk(1− x)n−k



≤
n

k=0

f(x)− f


k

n



n

k


xk(1− x)n−k ≤ (∗)

6S    z       .
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        :

(∗) ≤
n

k=0



x−
k

n




n

k


xk(1− x)n−k = (∗∗)

       7 t→ (
√
t):

(∗∗) ≤ 





n

k=0


n

k

 x−
k

n


2

xk(1− x)n−k




’       B  :

t −→ x− t2 = x2 − 2tx+ t2

  x (x  ). C8:

x2Bn1− 2xBn(x) +Bn(x
2) = x2 − 2x2 +


1− 1

n


x2 +

x

n
=

x(1− x)

n

D:

f(x)−Bnf(x) ≤ 


x(1− x)

n



 9  
x∈[0,1]

 :

∥f −Bnf∥∞ ≤ 


1

2
√
n



    n→ +∞. ■

O   T  B      p  1, x, x2  
  Bnp→ p . Q       
.

Torm 5.4.2 - Torm  Korovkn
Sno Ln oprtor lnr postv su C0(I) tl  pr p  1, x, x2 vl:

Lnp −→ p uniformemente

Allor pr on f  C0(I) vl :

Lnf −→ f uniformemente

o Ln −→ I puntulmnt om mpp C0(I)→ C0(I).

Commnto 7. (r ssr lnr postvo mpl ssr ontnuo om mo 
ossrvto). Qusto prov l torm  Brnstn, onsrno Bn om oprtor, 
ttvmnt  lnr postvo

7
x− k

n

 =


x− k
n

2
8L z (x)   z .
9U    x(1− x) ≤ 1

2
 x  [0, 1].
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Dmostrzon. S f  C0(I),   > 0  ∀a  I,  ma  R   :

pa(x) = f(a) + +ma(x− a)2 ≥ f(x) ∀x  I

B   

ma = 
x∈I
x̸=a

f(x)− f(a)− 

(x− a)2

P  ? P   -
   a  −∞     
  W     ’
 .

F 5.2: R -
  pa

V  :
0 < pa(a)− f(a) =  < 2

 ’   Ua  a  I  

0 < pa(a)− f(a) < 2 ∀x  Ua

P H-B   a1, a2,    , am  I   Ua1 ,    , Uan  I .

P  paj      ≤ 2, Lnpaj
∥·∥∞−→ paj j = 1, 2,    ,m  

Lnpaj ≤ paj + 

 (∀n ≥ n0, j = 1, 2,    ,m) I  f ≤ paj 

Lnf ≤ Lnpaj ≤ paj + 

, 
Lnf ≤ 

1≤j≤m
paj +  ≤ f + 2+ 

 ’ ≤   ∀x  I    j0   x  Uaj0
 paj0 ≤ f(x) + 2.

L      −f   Lnf ≥ f − 3 , 


Lnf − f  ≤ 3 su I

 ∥Lnf − f∥∞,I ≤ 3
■

Torm 5.4.3 - Torm  Tmpl
S f : [0, 1]→ R onvss. Allor l susson Bnf  rsnt.

Dmostrzon. S f : [0, 1]→ R ; n  N.
S   ∀k = 1,    , n  :

k − 1

n
<

k

n+ 1
<

k

n

             :10

k

n+ 1
=

k

n+ 1
· k − 1

n
+

n+ 1− k

n+ 1
· k
n

10S  a < c < b   c  z : c = b−c
b−a

a+ c−a
b−a

b
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A      f

f


k

n+ 1


≤ k

n+ 1
· f


k − 1

n


+

n+ 1− k

n+ 1
· f


k

n



     k = 0  k = n+ 1. M 

n+1
k


= (n+1)!

k!(n+1−k)! :


n+ 1

k


· f


k

n+ 1


≤


n

k − 1


· f


k − 1

n


+


n

k


· f


k

n



M  xk(1− x)n+1−k,   k = 0, 1,    , n+ 1:

Bn+1f(x) ≤ xBnf(x) + (1− x)Bnf(x) = Bnf(x)

■

5.4.2 Intrprtzon Prolst

P  ’     B    
B.

Polnom  Brnstn

S f  C0(I), n  N \ 0  1,    ,n    B  
11

x  [0, 1]. P       n    1
n

:

x̄ =

n

k=1

k

n

A,     f(x̄)  :

f


n

k=1

k

n


= Bnf(x)

Torm  Brnstn

I T  B       L D  G
N, :    > 0    n→ +∞:

P

f


n

k=1

k

n


− f(x)

 > 


−→ 0

11   P[ωi = 1] = x
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5.5 Torm  Ston-Wrstrss

Torm 5.5.1 - Torm  Dn
S X topoloo omptto,  s fkk∈N susson monoton  unzon ontnu fk :
X → R.
Supponmo fk → f puntulmnt. Allor l susson onvr unormmnt  f .

Dmostrzon. S  ,  f(x) = 0   x  X. S-
 fk(x) ≥ 0  fk+1 ≤ fk   k  N.
F  > 0,  x  X  nx  N  :

fnx(x) < 

   ,     Ux  x   fnx(y) <    y  Ux. P -
,  x1,    , xm   Ux1 ,    , Uxn  X. M   N =
max(nx1 ,    , nxm) :

fN (x) < 

  x  X. D       > 0,  fn → f . ■

Dnzon 5.5.1 - Alr  unzon
U’     K  ’ S     A ⊆ KS

 :
f, g  A ⇒ fg  A

I  ’       1  A.

Notzon 5.1 - Mx  Mn
S a, b  R. A :


a  b = max(a, b) = 1

2(a+ b+ a− b)
a  b = min(a, b) = 1

2(a+ b− a− b)

Dnzon 5.5.2 - Rtolo
U     ’ S    R ⊆ RS    
f, g  R:

f  g, f  g  R

Proposzon 5.5.1
On R-lr  unzon lmtt, us unormmnt,  un rtolo.

Dmostrzon. S12 A ⊆ B(S,R) ’     ∥ · ∥∞,S .
E      f  A   f   A.
S    > 0   f  = 1

 f ,    f  A   ∥f∥∞ ≤ 1.
S pn ⊆ xR[x]        [0, 1] 

√
x.

M  pn◦f2  A (́ A  ,      +  ·)  
 


f2 = f . I,  f2(s) : s  S ⊆ [0, 1]

pn ◦ f2 − f 

∞,S

= 
s∈S

pn(f2(s))− f(s)
 ≤ 

t∈[0,1]
pn(t)−

√
t = ∥pn −

√
·∥∞,[0,1]

 pn◦f2 unif−→ f    A      f   A. S  . ■
12I B(S,R) ’  z f : S → R  ().
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Proposzon 5.5.2
Un rtolo R  unzon ontnu su uno spzo omptto X  unormmnt nso n
C(X,R) s on ”prolm  ntrpolzon13 su 2 punt”  soluzon.

Dmostrzon. S X , R ⊆ C(X)        -
    2 .

S f  C(X)   > 0. P  x, y  X 
  gx,y  R  :

f(z) < gx,y(z) < f(z) + 

    z = x   z = y,  
   (f )   
 Ux,y  x, y.

D  X ,   x    y1,    , ym  X   Ux,yi1≤i≤m 
    X. C  :

gx = gx,y1  gx,y2  · · ·  gx,ym  R

O,   z  R ’   jz   z  Ux,yjz . P   gx  
 z  X:

f(z) < gx(z)

I,  ’   x  Vx =


i=1,,m
Ux,yi  

gx(z) < f(z) +    z  Vx.
F     x  X   Vxx∈X    
 X.
P   x1,    , xn   X =


i=1,,n

Vxi .

D   :

g = gx1  gx2  · · ·  gxn

P , g  R      x  X:

f(x) ≤ g(x) ≤ f(x) + 

    R     C(X). ■

Dnzon 5.5.3 - Insm Sprnt
U    F ⊆ KS   :

∀ s, s′  S  ∃ f  F : f(s) ̸= f(s′)

Dnzon 5.5.4 - Compltmnt Rolr
S X . X        x  X  F ⊆ X 
  x  F  f  C(X)  :

f(x) = 1 f F = 0

13F,     :   x, y  X     a, b  R  f  R
  f(x) = a  f(y) = b
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Dnzon 5.5.5 - Spzo  Tyono
S X  . X    T      H.

Torm 5.5.2 - Torm  Ston - Wrstrss
S A un’lr us  sprnt  unzon ontnu su uno spzo omptto X.
Allor vl un ll sunt:

1. A = C(X)

2. sst x0  X pr u A = Mx0 l mssml nto:

Mx0 = f  C(X)  f(x0) = 0

Dmostrzon. S X     A ’   C(X)  .
Q     P 5.5.1 ( X  T2). V  2 :

1. N       f  A:

∀ x  X ∃ f  A  f(x) ̸= 0

A           A. I 
x ̸= y  X,  A    f  A   f(x) ̸= f(y).
I,    f    f(x) ̸= 0, f(y) ̸= 0. P   
   f(x) = 0 ( f(y) ̸= 0)     f , f + g 
g  A   g(x) ̸= 0   > 0   ́ f + g   
  x   y      x  y.
L’   (u(x), u(y) : u  A ⊆ R2    . I 
  (f(x), f(y))  (f2(x), f2(y))   :




f(x) f(y)
f2(x) f2(y)


= f(x)f2(y)− f2(x)f(y) = f(x)f(y)(f(y)− f(x)) ̸= 0

         R2:     
   x, y  . A,   P 5.5.2, A  .
D   , A = C(X).

2. V   x0  X      f  A (   ’,  ’
  ).
I    :

+ : R×A −→ R+A
(λ, f) −→ λ+ f

     14:

R+A −→ R×A
g −→ (g(x0), g − g(x0))

Q   R+A ⊆ C(X)   15   R×A (   ).
Q  ;  ’;    (   A  A ⊆ R+A), 
      : R+A = C(X). S :

A = Mx := f  C(X) : f(x0) = 0
    .

14D  f(x0) = 0   f  A, ’     λ,    ’
 z +.

15 R   A 
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■

Proposzon 5.5.3 - Il mssml  C(X)
S X omptto. Allor l nsm Mx on x  X sono l un l mssml 
C(X).

Dmostrzon. O      Mx  x  X   -
,      C(X)16.
V  M    C(X),          
  M. S ı  ,   x  X  gx  M   gx(y) = 0
  y  Ux   x. P H-B   x1,    , xn   Ux1 ,    , Uxn

 X. D :
g = g2x1

+ · · ·+ g2xn

   g(x) > 0   x  X. A    1
g  C(X) . N

  g M  g ,  M = C(X), . ■

16C C(X)  z   z  X → R. D f = 1 
z   1,    C(X) = Mx0 ⊕ spanf (   z g  C(X)
     ,   g − g(x0)  Mx0). M dimSpanf = 1  Mx0 
 .
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5.6 Consunz

5.6.1 Sull onvrnz  Polnom  Brnstn

Dnzon 5.6.1 - Norm ∥ · ∥Cr

C   Cr(I). A    :

∥f∥Cr = ∥f∥∞ + ∥f (1)∥∞ + · · ·+ ∥f (r)∥∞
Proposzon 5.6.1 - Convrnz Bn

S f  Cr(I), llor rsult  pr n→ +∞  n norm ∥ · ∥Cr :

Bnf −→ f

o l Torm  Brnstn mpl l Torm  Wrstrss17.

Dmostrzon. S f  Cr(I),   Bnf
∥·∥Cr−→ f    g  Cr :

∥g∥Cr = ∥g∥∞ + ∥g′∥∞ + · · ·+ ∥g(r)∥∞
       ,     .
S     An → A , An  L(E,F ), E, F    Cn →
C   L(F,G)  Cn   (∥Cn∥ ≤ K)   CnAn → CA
; 

∥CnAnv − CAv∥ ≤ ∥CnAnv − CnAv∥+ ∥CnAv − CAv∥
≤ ∥Cn∥∥Anv − Av∥+ ∥Cn(Av)− C(Av)∥ = o(1)

N  : DBn = Bn−1Dn  Dn : C1(I) → C0(I)  , 
  D : C1(I)→ C0(I). I ∀f  C1(I)  ∀x  I:

Dnf(x) =
f(n−1

n x+ 1
n)− f(n−1

n x)
1
n

= f ′(ξ)

 n−1
n x < ξ < n−1

n x+ 1
n  x− ξ ≤ 1

n         f  C0(I)

∥Dnf − f ′∥∞,I ≤ 


1

n



 Dn → D   C1(I).
Q: ∀f  C1(I)

DBnf = Bn−1Dnf
∥·∥∞−→ f ′






Bnf

∥·∥∞−→ f

(Bnf)
′ ∥·∥∞−→ f ′

   ,  f  Cr(I), r  N,

DkBnf = Bn−kDn−k+1   Dnf
∥·∥∞−→ f (k)

  f  Cr(I)   Bnf   f   ∥ · ∥Cr :

(Bnf)
(k) ∥·∥∞−→ f (k) per k = 0, 1,    , r

■
17I       C0([a, b]), ∥ · ∥∞,[a,b].
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V   :

Proposzon 5.6.2
Il Torm  Wrstrss mpl l Torm  Brnstn.

Dmostrzon. I   Bnf
unif−→ f    f ,    deg(f):

• degf ≤ 0:  f  ,  Bnf = f .

• degf > 0:   (Bnf)
′ = Bn−1Dnf ,  degDnf = degf − 1,  

,   f    (Bnf)
′ ∥·∥∞−→ f ′.

S Bnf(0) = f(0),   T  L   S  D, Bnf →
f . O Bnf → f    f .

G  Bn   C
0(I) → C0(I)    

( 1-L   ∥Bn∥ = 1 ∀n). Q ’:
f  C0(I) : Bnf   ∥ · ∥∞

   C0(I) (   (1)  L 5.1.1),   ’ 
,   W,  : Bnf  ∀f  C0(I). I  Bn → L 
      . D  L  ’  
 ’   (    ),  ’   C0(I). ■

Dnzon 5.6.2 - Polnom  Brnstn Vttorl
S (E, ∥ · ∥)   B. P     Bn, D  Dn

 :
f : [0, 1] −→ E

Ossrvzon 5.6.1
V       S 5.4 (     Bn).

5.6.2 Sul Torm  Ston-Wrstrss

S X     A ⊆ C(X,R) ’ .
C    (        
 X):

RA =

(x, x′)  X ×X  f(x) = f(x′) ∀ f  A



     (    π):

π : X −→ XRA

P  ’ RA,   f  C(X,R)   f̃ : XRA → R  :

f = f̃ ◦ π

S    ’:

Ã = g  C(XRA)  g ◦ π  A

V   ’ :

π⋆ : Ã −→ A
g −→ g ◦ π
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     18:

∥π⋆(g)∥∞,X = 
x∈X

g(π(x)) = 
y∈XRA

g(y) = ∥g∥∞,XRA

I  :

1. Ã   C(X),  A   C(X) ,  A ,  
   Ã , .

2. Ã   .

S    T  S-W: Ã  ’   1  C(XRA)
     C(XRA).

Corollro 5.6.0.1 - Corollro  Ston-Wrstrss (rl)
S X spzo omptto, A ⊆ C(X,R) lr us. Allor v  un prtzon F n
us  X tl  vl un ll sunt:

1. A = f  C(X,R)  f C costante ∀ C  F

2. sst un uso C0  F tl :

A = f  C(X,R)  f C costante ∀ C  F e f C0 = 0

Dmostrzon. L     ,  F 
’     π (     f−1(x) , 
x  R):

1.  A = C(XRA)      (1).

2.  A = Mx0    C(XRA)  x0  X,     
(2)  C0 = f−1(x0).

■

Corollro 5.6.0.2 - Corollro  Ston-Wrstrss (omplsso)
S X spzo omptto, A ⊆ C(X,C) lr us unormmnt, sprnt  utoo-
nut19. Allor v  un prtzon F n us  X tl  vlno:

1. A = C(X,C)

2. sst x  X tl  A = Mx

Dmostrzon. D  ’     ( ’ AR =
f  A  f = f̄):

A = AR + iAR

  :

1. AR  ’:  f, g     f + g, f · g   .

2. AR  :  x, x′  X  ,  f  A  
 f(x) ̸= f(x′). A Ref(x) ̸= Ref(x′)  Imf(x) ̸= Imf(x′), 
Ref, Imf  AR.

18Q   π  .
19U’      f  A  f̄  A   Re(f)  A.
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3. AR    C(X,R):         
A ∼= AR ×AR. D  A  ,  . A AR ×AR ,  
AR ∼= AR × 0  ( ).

A  C 5.6.0.1,  :

1. AR = C(X,R)   A = C(X,C)

2. AR = M  C(X,R)  A = M

   . ■

Torm 5.6.1 - Torm  Müntz-Szsz
S I = [0, 1]. Dt un susson non ntv (λk) tl  λ0 = 0  λk → +∞ vl
:

Span(xλk  k  N)  nso n C([0, 1],R) s  solo s
+∞
k=1

1
λk

= +∞

Dmostrzon. (G, 1980)

S q > 0. M  xq  span(xλk). A       
(     C([0, 1],R),      C([0, 1],R)).
C   Qn ⊆ C(I,R)   :


Q0(x) = xq

Qn(x) = (λn − q)xλn
 1
x Qn−1(t)t

−1−λndt

Ctzon 10. susson trt uor l CAPPELLO!!

A  2 :

•    ( ak,n  R):

Qn(x) := xq −
n

k=1

ak,nx
λk

I  :

– n = 0:  .
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– n > 0:    ta ’ Qn−1 ( ’ 
 a = q  a = λk, 1 ≤ k < n) :

(λn − q)xλn

 1

x
tat−1−λndt = (λn − q)Cxλn [ta−λn ]1x = (λn − q)C(xλn − xa)

 C = 1
a−λn

. Q   , Qn     x
q 

xλk , 1 ≤ k ≤ r (  = 1  xq).

•   :

Qn(x) ≤ λn − q · ∥Qn−1∥∞,I(x
λn

 1

x
t−1−λndt)

≤ λn − q · ∥Qn−1∥∞,I
1

λn
(1− xλn) ≤

1−
q

λn

 · ∥Qn−1∥∞,I

 ∥Qn∥∞ ≤
1− q

λn

 ∥Qn−1∥∞   ∥Q0∥∞ = 1:

∥Qn∥∞ ≤
n

k=1

1−
q

λk

 = o(1) per k →∞

P ’:

∥Qn∥−1
∞ ≥

n

k=1

1−
q

λk


−1

  ’
+∞
k=1

1
λk

= +∞, :



1≤k≤n
λk>q


1− q

λk

−1

≥


1≤k≤n
λk>q


1 +

q

λk


≥ q



1≤k≤n
λk>q

1

λk
→∞

A xq =
n

k=1 ak,nx
λk +Qn(x)   ∥Qn∥∞ → 0. S :

n

k=1

ak,nx
λk

∥·∥∞−→
n→∞

xq

 xq  Spanxλk : k ≥ 0    ∥ · ∥∞. ■



5.7. ESERCITAZIONI E APPLICAZIONI 137

5.7 Esrtzon  Applzon

5.7.1 Equontnut

Dnzon 5.7.1 - Fml Equontnu
S (M,dM )     (X, ∥ · ∥)   B. U   
F ⊆ C0(M,X)        > 0   > 0  :


f∈F

∥f(x)− f(y)∥X <  se dM (x, y) < 

Dnzon 5.7.2 - Fml Puntulmnt Equontnu
S (M,dM )     (X, ∥ · ∥)   B. U   
F ⊆ C0(M,X)        x  M   > 0 
 = (, x) > 0  :


f∈F

∥f(x)− f(y)∥X <  se dM (x, y) < 

Proposzon 5.7.1
Vlono l sunt proprt:

1. un ml quontnu  puntulmnt quontnu.

2. un ml puntulmnt quontnu non  nssrmnt quontnu.

3. to (M,d) omptto, llor F ⊆ C0(M,X)  quontnu s  solo s  puntul-
mnt quontnu.

Dmostrzon. —————————— ■

5.7.2 Torm  Pno

Torm 5.7.1 - Torm  Esstnz  Pno
S f : Rn → Rn un unzon ontnu. S x0  Rn. Allor l prolm  Cuy:


u′(t) = f(u(t))

u(0) = x0

 soluzon lol (n nrl puo ssr non un).
Inoltr pr r > 0, nmo B = B̄(0, r,Rn)  f  C0(B,Rn) tl :

a∥f∥B,+∞ ≤ r

Allor l prolm  Cuy ormulto prntmnt mmtt u  C0([−a, a],Rn)
soluzon.

Dmostrzon. S fjj≥0     fj : Rn → Rn  -
     f  B ( ,  fj  ).
S      ∥fj∥∞,B ≤ ∥f∥∞,B . B ,    fj ,  

gj =
∥f∥∞
∥fj∥∞ fj     ∥gj∥∞,B = ∥f∥∞,B .

S fj
∥·∥→ f  ∥f∥∞

∥fj∥∞ → 1  gj
∥·∥→ f . P  T  E 4.3.1,  

 C: 
uj = fj(uj)

uj(0) = 0
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 ’  uj  C1([−a, a],Rn).
L  uj  ,    :

∥u′j∥∞,J ≤ ∥fj∥∞ ≤ ∥f∥∞
P  T  A-A 5.1.1 ’       

 ,   ujj∈N   uj
∥·∥∞,[−a,a]−→ u   :

u′j = f(uj)
∥·∥∞,[−a,a]−→ f(u)

P  T  L  S  D,   u  ,  u′ =


j→+∞
f(uj) = f(u).

I,  u(0) = 
j→+∞

uj(0) = x0.

Ctzon 11. E un nomno  prostrs. Pr os vuol r prostrs?
Vuol r uno  tolo!

■

5.7.3 Pnnllo  Pno

Ctzon 12. Dl ro nonno Pno,  s  l r ll mttn on l suo l
pnnllo...

B        .

Fttrllo 5.7.1 - Intrszon numrl  omptt
S X uno spzo  Husor. Dt un susson rsnt Ckk∈N  omptt
onnss non vuot, llor


k∈N

Ck  omptto, onnsso  non vuoto.

Dmostrzon. —————————- ■

Dnzon 5.7.3 - Vlor Arnt
S X  Y     D ⊆ X . D   S : D −→ Y , 
 y  Y    ( )  S  d→ x  X  d  D      
U  I(x)  V  I(y)  :

V  S(D  U) ̸= ∅
E,   , :


d→x
d∈D

S(d) =


U∈I(x)
S(D  U)

  y  
d→x
d∈D

S(d).

Fttrllo 5.7.2 - Vlor rnt n spz A1

Sno X  Y spz topolo I-numrl. Allor, nll pots ll nzon prnt,
y  vlor rnt  S s  solo s sst dkk∈N ⊆ D tl  pr k → +∞:


dk −→ x

S(dk) −→ y
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Fttrllo 5.7.3
Sno X  Y spz normt, s D ⊆ X un nso onvsso. S S : D → Y ontnu 
omptt20. Allor pr on x  X:


d→x
d∈D

S(d) =


k≥1

S


D B


x,

1

k



 omptto, onnsso  non vuoto.

Dmostrzon. S   F 5.7.1 ■

Pnnllo  Pno
D  . L’ I = [−a, a],    r, R > 0   aR ≤ r,
  B = B̄∞(0, r;Rn)     B E = C0(I ×B,Rn), :


D = f  C0(I ×B,Rn)  ∥f∥I×B ≤ R, L   
D̄ = f  C0(I ×B;Rn)  ∥f∥∞,I×B ≤ R = B̄(0, R;E)

D T  C-L     S : D → C0(I,Rn) 
S(f) = u : 

u = f(t, u(t))

u(0) = 0

O  D      S    :  S(D)
      (  R),    0. D S(D) 
    T  A-A 5.1.1.
S(D) :  fk → f  D,  S(fk)      (
  S(D))    :


u = f(t, u)

u(0) = 0
(5.4)

  ,   S(f). A S(fk) → S(f)  ’  
U.
D   f  X   ’ 

g→f
g∈D

S(g)  ,     

 F 5.7.3.
V       P  P,   f  E:

P =


u  C0(I,Rn)

 u risolve il sistema


u = f(t, u)

u(0) = 0



I   
g→f
g∈D

S(g) ⊆ P ,    :  T 3.3.4,   :


uk = gk(t, uk)

uk(0) = 0

20P             
 (     ).
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  :

uk
∥·∥∞−→ u =⇒ gk(t, uk)

∥·∥∞−→ f(t, u)

   uk → u,    u  ’  u = f(t, u).
P ,    

g→f
g∈D

S(g) ⊇ D,    u  C1(I,Rn) 

  C 5.4          
. I  , ∃gkk ⊆ D     uk : I → Rn 


uk = gk(t, uk)

uk(0) = 0

    u : I → Rn.
D:  u    5.4,  (fk)k ⊆ D    
    f ( T  W   fk
)   C1(I ×B,Rn). A     uk   :
uk → u  uk → u. D:

gk(t, x) = fk(t, x) + uk(t)− fk(t, uk(t))

A    gk: 
uk(t) = gk(t, uk(t))

uk(0) = 0

 uk = S(gk)  gk(t, x)
k→∞−→ f(t, x) + u(t)− f(t(u(t)) = f(t, x).

L  gk  L      (  ∥gk∥∞ ≤ R)
  gK ⊆ D. A  ’ , :

P = 
g→f
g∈D

S(g)

Q  P  P    ,    .



Cptolo 6

1-Form Drnzl

6.1 1-Form rnzl

Dnzon 6.1.1 - 1-Form rnzl
S E   B  Ω ⊆ E . S E⋆ = L(E,R).
U 1-       : Ω→ E⋆.

Esmpo 6.1.1
S f  C1(Ω,R). A    df : Ω→ E⋆   1- .

Dnzon 6.1.2 - 1-Form rnzl stt
U 1-   : Ω→ E⋆     f  C1(Ω,R)    = df .
I  , f     .

Dnzon 6.1.3 - 1-Form rnzl us
S   C1(Ω, E⋆)   x  Ω. N  D(x)  L(E,E⋆) ∼= L2(E ×E),  D(x) 
     1-  .

Ossrvzon 6.1.1 - Estt ⇒ Cus
P  T 3.3.2,       ⇒  .

141
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6.2 Intrl  Ln

Dnzon 6.2.1 - Intrl  Ln pr C1

S  1-   : Ω → E⋆  Ω ⊆ E      
C1([a, b],Ω).
L’        :




 =

 b

a
((t)) (t)dt

Proposzon 6.2.1 - Atvt rsptto l omno
Nll pots ll nzon 6.2.1, s c  [a, b]. Allor:




 =



[a,c]
 +



[c,b]


Dnzon 6.2.2 - Intrl  Ln pr C1  trtt
S  1-   : Ω → E⋆  Ω ⊆ E    1  
C1,T r([a, b],Ω)        x1 < x2 <  < xn−1. S x0 = a
 xn = b.
L’        :




 =

n

i=1

 xi

xi−1

((t)) (t)dt

Proposzon 6.2.2 - Invrnz pr rprmtrzzzon
S σ : [c, d]→ [a, b] un unzon C1 tl  σ(c) = a  σ(d) = b. S  : [a, b]→ Ω un
unzon C1. Allor: 

◦σ
 =






Dmostrzon. B  :


◦σ
 =

 b

a
((σ(t)))[ (σ(t))σ′(t)]dt =

 b

a
((σ(t)))[ (σ(t))]σ′(t)dt

=

 σb

σ(a)
((s))[ (s)]ds =






■

Proposzon 6.2.3 - Conzon nssr pr ω stt
S   stt, llor l’ntrl  ln pn solo l strm ll urv su u s
ntr.

Dmostrzon. S  = df . A:

((t))[ (t)] = df((t))[ (t)] =

f((t))

′

   T F  C I:

f((b))− f((a)) =

 b

a


f((t))

′
dt =






1P z  C1,Tr    z         
   .
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A    C1  ,        
  . ■

Proposzon 6.2.4 - Conzon nssr/sunt pr ω stt
S   C1(Ω, E⋆). S pr on   C1,T r([a, b],Ω) vl 


  pn soltnto  (b)

 (a), llor   stt.

Dmostrzon. S   C0(Ω,E∗)  

     (a), (b), ∀  C1tr([a, b],Ω).

S  ,  Ω  (⇒  ),     -
       ı  . H   
x0, x  Ω:  x

x0

 =






    C1,tr([a, b],Ω)  (a) = x0, (b) = x. F x0  Ω  
f(x) :=

 x
x0

.
S x  Ω  B(x, r) ⊆ Ω, r > 0. S h  E, ∥h∥ < r. P     
  :

f(x+ h) =

 x+h

x0

 =

 x

x0

 +

 x+h

x
 = f(x) +

 x+h

x


S       f :

f(x+ h)− f(x)− (x)h =

 1

0
(x+ th)[h]dt−

 1

0
(x)[h]dt

=

 1

0
((x+ th)− (x))[h]dt

     ,  h→ 0:

∥f(x+ h)− f(x)− (x)h∥ ≤ 
0≤t≤1

∥(x+ th)− (x)∥ · ∥h∥ = o(∥h∥)

 df = .
■

Dnzon 6.2.3 - 1-orm rnzl onsrvtv
S  1- . S        :




 = 0



144 CAPITOLO 6. 1-FORME DIFFERENZIALI

6.3 Cso  1-orm su Rn

I    E = Rn.

U    E ∼= E∗   . C    
E  : (ek)nk=1       E

∗   (dxk)
n
k=1 :

< dxk, eh > = k,h = (ek · eh)

       k-    .

S   1-   C0(Ω,E∗),  Ω ⊆ E,   :

(x) =

n

k=1

ak(x)dxk

 ak  C0(Ω,R).
P ’ E ∼= E∗  1- (x)    F  C0(Ω,E):

F (x) =

n

k=1

ak(x)ek

              , :

(x)[h] = (F (x) · h)

Proposzon 6.3.1 - Conzon  usur
S   C0(Ω,E∗) un 1-orm.   us s  solo s pr on i, j = 1,    , n:

∂iaj = ∂jai

Dmostrzon (Mr). D D 6.1.3,         :

D(x) =

∂1(x)  ∂2(x)    ∂n(x)



 .
P    ,     :

∂i(x) =




∂ia1(x)
∂ia2(x)

...
∂ian(x)




  :

D(x) =




∂1a1(x) ∂2a1(x)  ∂na1(x)
∂1a2(x) ∂2a2(x)  ∂na2(x)

...
... 

...
∂1an(x) ∂2an(x)  ∂nan(x)




         i, j = 1,    , n:

∂iaj = ∂jai

■



6.3. CASO DI 1-FORME SU Rn 145

Dmostrzon (Vsl). —————————— ■

Dnzon 6.3.1 - Omotop
S X  . D    0, 1  C0([a, b], X)  
   ( A = 0(a) = 1(a)  B = 0(b) = 1(b))    
 : [0, 1]× [a, b]→ X   :

• (0, t) = 0(t)  (1, t) = 1(t)   t  [a, b].

• A = (s, a)  B = (s, b)   s  [0, 1].

D       A  B  CA,B([a, b], X).

Lmm 6.3.1
S g  C0([0, 1]× [a, b],R) on rvt nll prm vrl:

∂1g  C0([0, 1]× [a, b],R)

Allor l unzon nt ll’ntrl pr on s  [0, 1]:

J(s) =

 b

a
g(s, t)dt

 rvl, on rvt:

J ′(s) =
 b

a
∂1g(s, t)dt

Dmostrzon. U   ,  s, r  [0, 1]:

J(r)− J(s)− (r − s)

 b

a
∂1g(s, t)dt =

 b

a
[g(r, t)− g(s, t)− (r − s)∂1g(s, t)]dt

L’     T  V M:

g(r, t)− g(s, t)− (r − s)∂1g(s, t) = (g(r, t)− r∂1g(s, t))− (g(s, t)− s(∂1g(s, t))
= [g(r, t)− σ∂1g(s, t)]

σ=r
σ=s ≤ r − s 

a≤t≤b
σ∈[s,r]

∂1g(σ, t)− ∂1g(s, t)

= o(r − s) per r → s

,  ,        ∂1g,     :

r − s − (r − s)

         J . ■

I   L   .

Proposzon 6.3.2
S g  C0(U × [a, b],E) on rnzl nll prm vrl D1g  C0(U × [a, b],E).
Allor l unzon nt ll’ntrl pr on s  [0, 1]:

J(s) =

 b

a
g(s, t)dt

 rnzl:

DJ(s) =

 b

a
D1g(s, t)dt
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Dmostrzon. D  . ■

Proposzon 6.3.3 - Invrnz ntrl pr Cmmn omotop
S   C1(Ω,E∗) us    C2([0, 1] × [a, b],Ω)  strm ss, on (s, a) = A 
(s, b) = B pr on s  [0, 1].
Allor l’ntrl   luno l mmno (s, ·)  ostnt l vrr  s  [0, 1].

Dmostrzon. D   s ’    (s, ·):


(s,·)
 =

 b

a
((s, t))[∂t]dt

R         P 6.3.2:

∂s



(s,·)



=

 b

a
∂s (()[∂t]) dt =

 b

a
(D((s, t))[∂s, ∂t] + ((s, t))∂s∂t) dt

S   C2   ’      
 T  S      ∂s  ∂t  ’   .
Q:

∂s



(s,·)



=

 b

a
(D()[∂t, ∂s] + ()∂t∂s) dt

=

 b

a
∂t (()[∂s]) dt

TFCI
= [((s, t))[∂s(s, t)]]

t=b
t=a

M  (s, a) = A  (s, b) = B ∀s,   ∂s(s, a) = ∂s(s, b) = 0. Q:

∂s



(s,·)



= 0

S  

(s,·)     s. ■

Corollro 6.3.0.1
D onsunz, pr   C1(Ω,E∗) us possmo nr


  n pr qulunqu

  C0([a, b],Ω) ponno: 


 =



0



on 0 mmno C2([a, b],Ω) qulss, on 0  B(, ) ⊆ C0
AB([a, b],Ω).

Dmostrzon. I: C0
AB([a, b],Ω)    C0

AB([a, b],E),     > 0  
B(, ) ⊆ C0

AB([a, b],Ω).
P 2     0  B(, )   C2,    


0
.

S 1     C2  1(a) = A, 1(b) = B    ∥ − 1∥∞ < , 
 


0
 


1
  ’   C2:

H : (s, t) −→ s1(t) + (1− s)0(t)

P       CAB([a, b],Ω) → R   
    CAB([a, b],Ω)       
A,B (  C0). A   . ■

2F  ’Oz 6.3.1.
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Ossrvzon 6.3.1
L   C2([0, 1],E)  (C0([0, 1],E), ∥ · ∥∞)       B
  .
U        3      
 T  W.

3V   ()  z.
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Cptolo 7

Tor ll Msur

7.1 Dnzon sull Msur

Dnzon 7.1.1 - σ-tvt  σ-sutvt
S  : E ⊆ P(X)→ R. A   :

• σ-    E  E      F ⊆ E  E :

(E) =


F∈F
(F )

• σ-    E  E      F ⊆ E  E
:

(E) ≤


F∈F
(F )

Esmpo 7.1.1
S X  , cxx∈X ⊆ [0,+∞]. A   S ⊆ X:

(S) =


x∈S
cx  [0,+∞]

   σ-  P(X) (  ’ ).

Esmpo 7.1.2
S X = [a, b]   R    ’:

I = [c, d[  a ≤ c ≤ d ≤ b

S f : [a, b]→ [0,+∞[       . D:

 : I −→ R
[c, d[ −→ f(d)− f(c)

   σ-  I.

Dmostrzon. P    Jk0≤k≤m ⊆ F  ’.

1. S J1,    ,Jm     J0,  (J0) =
m

k=1

a(Jk).

I ’      . O   

149
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  a0 < · · · < am,  Jk = [ak−1, ak[:




 

k=1,,m

Jk


 = (J0) = f(am)− f(a0)

=

m

k=1

(f(ak)− f(ak−1)) =

m

k=1

(Jk)

2. S J1,    ,Jm    


k=1,,m

Jk ⊆ J0 :

m

k=1

(Jk) ≤ (J0)

I  Jk     [aj−1, aj [       (1).

3. S J1,    ,Jm 1 J0 
m

k=1

(Jk) ≥ (J0).

I  a0 < a1 < · · · < an     Jk,    , 
 [aj−1, aj [1≤j≤n ’ [a0, an[    Jk1≤k≤m 
 [aj−1, aj [     Jk. A:

Jk =


[aj−1,aj [⊆Jk

[aj−1, aj [

  ’:



1≤k≤m

(Jk) =


1≤k≤m



[aj−1,aj [⊆Jk

([aj−1, aj [)

≥


1≤j≤n tc ∃k
[aj−1,aj [⊆Jk

([aj−1, aj [) = (J0)

P   σ-  J0 . S J = [c, d[    
  Jk = [ak, bk[k∈N.

S  > 0. P     f ,  d′ < d   f(d′) > f(d)− .
S,   k  N  a′k < ak   f(a′k) > f(ak) − 2−k. D 
:

([c, d′[) ≥ ([c, d[)− 

   k  N:
([a′k, bk[) ≤ ([ak, bk[) + 2−k

1C   : J0 ⊆
m

k=1

Jk.
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P ]a′k, bk[k∈N      [c, d′] ,    m  N  
m

k=1

]a′k, bk[ ⊇ [c, d′]  
m

k=1

[a′k, bk[ ⊇ [c, d′[. A:

([c, d[) ≤ ([c, d′[) +  ≤
m

k=1

([a′k, bk[) +  ≤
m

k=1

([ak, bk[) +

m

k=1

2−k+ 

≤
∞

k=1

([ak, bk[) + 2

E  > 0 :

([c, d[) ≤
∞

k=1

([ak, bk[)

D’ ,    (2),      m  N  ([c, d[) ≥
m

k=1

([ak, bk[) 

    m→ +∞:

([c, d[) ≥
∞

k=1

([ak, bk[)

     ,   . ■

Dmostrzon. σ-   
L         .

• M 1: S J = [c, d[  J       ’
[a, a′[a∈A  A  ’        ’-
   R.
I:  B ≤ A, ∅ ̸= B   c <  :=  B < d. Q   [a, a′[  
a  A. S    B,     B  [, a′[    = a 
], a′[⊆ [a, a′[  ’   A  [a, a′[  a.

• M 2:   P: VEDERE

• C  :   :

([c, d[) =


x∈Λ
([x, x′[)

    ’   A′ = A  d

([c, d[) =


x∈A
x<a

([x, x′[)

 ∀a  A′. S     a  A   b  A′. I:

–  b = c    (∅) = 
∅ = 0

–  b = a′   a,  ’   a < b  

([c, b[) = ([c, a[) + ([a, a′[) =


x∈A
x<a

([x, x′[) + ([a, a′[) =


x∈A
x<b

([x, x′[)
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–  b > c, b ̸= x′∀x  A  b       an 
  A. A

([c, b[) = f(b)− f(c) = 
n→∞

f(an)− f(c)

= 
n→∞



x∈A
x<an

([x, x′[) =


x∈
x<b

([x, x′[)

S  . ■

Dnzon 7.1.2 - σ-lr
U σ-    X    A ⊆ P(X)  :

•   A  A   AC  A

•   F ⊆ A   


A∈F
A  A

Dnzon 7.1.3 - σ-lr nrt
D   X    E ⊆ P(X)    σ-  E .
E   σ-   E ,  : σA(E).

Dnzon 7.1.4 - σ-lr orln
D    X,  σ-       
   X.

Dnzon 7.1.5 - Msur
U m X      σ-    [0,+∞], 
  σ- A  X:

m : A −→ [0,+∞]

L  (X,A,m)   spzo  msur.

Dnzon 7.1.6 - Msur Estrn
U   m  X      σ-   
[0,+∞],   P(X):

m : P(X) −→ [0,+∞]

Dnzon 7.1.7 - Spzo  msur omplto
U    (X,A,m)       A  A   2  
 B ⊆ A   B  A.

Dnzon 7.1.8 - µ-msurlt sono Crt́oory
S µ : P(X) → [0,+∞]     X . A A  P(X) 
µ-  Ć    S  P(X):

µ(S) = µ(S A) + µ(S  AC)

Dnzon 7.1.9 - Atomo
S (X,A,m)    . U      A  :

• m(A) > 0

2U        m(A) = 0.
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•   B ⊆ A   m(B) =


0

m(A)

S       :

• -:   .

•  : A   σ-    .

7.1.1 Ftt s sull Msur

S (X,A,m)    . V    .

Proposzon 7.1.1 - Monoton
Sno A,B  A tl  A ⊆ B. Allor m(A) ≤ m(B).

Dmostrzon. S   σ-:

m(B) = m(A) +m(B  AC) ≥ m(A)

■

Proposzon 7.1.2 - σ-sutvt
S A  A  (Ak) ⊆ A un roprmnto numrl  A. Allor sst un rnmnto
(A′

k)  (Ak)   prtzon  A. In prtolr:

m(A) =

+∞

k=0

m(A′
k) ≤

+∞

k=0

m(Ak)

Dmostrzon. S  A′
k = Ak \


j<k Aj     A

′
k    

A. S   . ■

Proposzon 7.1.3 - Rolrt strn
S (Ak) ⊆ A susson tl  Ak ⊆ Ak+1 pr on k  N. Allor:

m



k∈N
Ak


= 

k∈N
m(Ak)

Dmostrzon. C   A−1 = ∅. A   :


k∈N
Ak =



k∈N
(Ak \Ak−1)

   :

m



k∈N
Ak


=



k∈N
m(Ak \Ak−1) = 

m∈N

m

k=0

m(Ak \Ak−1)

= 
m∈N

m


m

k=0

Ak \Ak−1


= 

m∈N
m(Am)

■
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Proposzon 7.1.4 - Rolrt ntrn l nto
S (Ak) ⊆ A susson tl  Ak ⊇ Ak+1 pr on k  N. S noltr m(A0) < +∞.
Allor:

m



k∈N
Ak


= 

k∈N
m(Ak)

Dmostrzon. S      , :

m



k∈N
Ak


+m


A0 \



k∈N
Ak


= m(A0)

 < +∞    

m



k∈N
Ak


= m(A0)−m



k∈N
A0\Ak


= m(A0)− 

n∈N
m


 

0≤k≤n

A0\Ak




= 
n∈N


m(A0)−m


 

0≤k≤n

A0\Ak





 = 

n∈N
m(Ak)

■

Torm 7.1.1 - Torm  Svrn-Eoro
S (X,A, µ) spzo  msur tl  µ(X) < +∞. S fn → f qus-ovunqu, llor pr
on  > 0 sst A  A tl  µ(A) <   fn → f unormmnt su X \A.

Dmostrzon. O. ■
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7.2 Costruzon  Msur

7.2.1 Funzon ’nsm → Msur Estrn

Proposzon 7.2.1 - Esstnz ll mssm msur strn
S  : E ⊆ P(X)→ [0,+∞] un unzon  nsm su X.
Allor sst l mssm msur strn tr qunt sono ≤  su E . Ess s m ”msur
strn proott  ”  nott ∗.
In prtolr, vl :

∗ stn  ⇔   σ-sutv

Dmostrzon. S µ : P(X) → [0,∞]      µE ≤ ,   
S  P(X)    (Ek)k∈N ⊆ E 3  S:

µ(S) ≤


k∈N
µ(Ek) ≤



k∈N
(Ek)

        µ     µE ≤ . Q:

µ(S) ≤ ∗(S) := 



k∈N
(Ek)

 (Ek)k∈N ⊆ E   S

 +∞

         ∗   σ-.
V     ””  2−k. S Skk∈N ⊆ P(X) 
S ⊆ 

k∈N
Sk.

•   Sk  ∗(Sk) = +∞,  ’   : ∗(S) ≤
∞
k=0

∗(Sk).

•    > 0. P  k  N  Ek,jj∈N E-  Sk :

∞

j=0

(Ek,j) ≤ ∗(Sk) + 2−k

  Ek,j(k,j)∈N2   E-   S  :

∗(S) ≤


k,j

(Ek,j) =


k∈N




j∈N
(Ek,j)




≤


k∈N
∗(Sk) +



k∈N
2−k ≤



k∈N
∗(Sk) + 2

   :
∗(S) ≤



k∈N
∗(Sk)

I:  ∗E = ,      σ-     ∗.
V:    σ- (   ),   A  E   
Ek  E-   A : (A) ≤ 

n∈N
(Ek),  (A) ≤ ∗(A),

 ’ : ∗(A) ≤ (A) ( ∗E ≤ ). M   = ∗E  ∗ 
. ■

3Q    . I  S  P(X) ,        
S     E . N       α∗(S) = +∞
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7.2.2 Msur Estrn → Msur

Proposzon 7.2.2 - Costruzon m∗  m msur
S (X,A,m) spzo  msur  m∗ : P(X) → [0,+∞] l msur strn ssot 
m. S S  P(X). Allor sst4 S∗  A tl  S ⊆ S∗  m∗(S) = m(S∗).

Dmostrzon. I    m∗:

m∗(S) := 

 ∞

k=0

m(Ak)
 (Ak)k∈N A−   S



P        A  A. I,  Akk∈N 
A-  S, ’ A =


k∈N

Ak   A (σ-)     m(A) ≤
∞
k=0

m(Ak). Q   :

m∗(S) = 
A⊇S
A∈A

m(A)

M :

•  m∗(S) = +∞   S∗ = X.

•   Ann∈N  A,  An ⊇ S ∀n,   . A:

S∗ :=


n∈N
An ⊇ S

   m(S∗) ≤ m(An) ∀n. D:

m(S∗) ≤ 
n∈N

m(An) = m∗(S) ≤ m∗(S∗) = m(S∗)

 m∗(S) = m(S∗).

■

Proposzon 7.2.3 - Somposzon
S (X,A,m) spzo  msur  A  A. Pr on S  P(X) vl :

m∗(S) = m∗(S  A) +m∗(S \A)

S   ”A tl n on S  P(X)”.

Dmostrzon. S A  A  S  P(X). S S∗ ⊇ S     S. P
S ⊆ (S∗  A)  (S∗\A) :

m∗(S) ≤ m∗(S∗  A) +m∗(S∗\A) = m(S∗  A) +m(S∗\A) = m(S∗) = m∗(S)

    (  m∗A = m). ■

Ossrvzon 7.2.1
Q   m∗-    A ( D 7.1.8).

4S∗   . U        .
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Torm 7.2.1 - σ-lr  msur strn
S µ : P(X)→ [0,+∞] un msur strn. Allor:

1. Aµ = A  P(X) tl  A  µ-msurl  un σ-lr.

2. µAµ  un msur omplt.

Dmostrzon. D      A  Aµ  A
C  Aµ  

∅  A.
V   A,B  Aµ  A  B  Aµ. P  S  P(X),  
µ-  A  S  (A B)  P(X)  :

µ(S  (A B)) = µ(S  (A B) A) + µ(S  (A B) Ac) = µ(S A) + µ(S Ac B)

A:

µ(S  (A B)) + µ(S  (A B)c) = µ(S  A) + µ(S Ac B) + µ(S  Ac Bc)

= µ(S  A) + µ(S  Ac) = µ(S)

      A,B  A. D A B  Aµ.
P  Aµ   σ-        
  :  (Ak)k∈N ⊆ Aµ 


k∈N

Ak =

k∈N

(Ak\

j<k

Aj). P Akk∈N ⊆

Aµ . P   n  N     :
n

k=0

Ak  Aµ. A 

 S  P(X)   µ- µ


S 

n
k=0

Ak


=

n
k=0

µ(S  Ak).

O 

µ(S) = µ


S 

n

k=0

Ak


+ µ


S \

n

k=0

Ak


≥

n

k=0

µ(S  Ak) + µ


S \



k∈N
Ak



     n  N. Q:

µ(S) ≥
∞

k=0

µ(S  Ak) + µ


S\



k∈N
Ak



≥ µ


S 



k∈N
Ak


+ µ


S 



k∈N
Ak

C

 ≥ µ(S)

   ,  µ(S) = µ


S  

k∈N
Ak


+ µ


S  (


k∈N

Ak)
c


, 


k∈N

Ak  Aµ.

L σ−   S =

k∈N

Ak,   :

µ



k∈N
Ak


=

∞

k=0

µ



k∈N
Ak  Ak


+ µ



k∈N
Ak\



k∈N
Ak


=

∞

k=0

µ(Ak)

    µAµ   .
I, (X,Aµ, µAµ)      :   A  P(X)  
  ( µ(A) = 0)      S  P(X) :

µ(S) ≤ µ(S  A) + µ(S  Ac) = µ(S  Ac) ≤ µ(S)
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  A  Aµ. P  B ⊆ A, µ(B) ≤ µ(A) = 0      
  ,  B  Aµ. ■

Proposzon 7.2.4
S  : E → [0,+∞] un mpp σ-sutv  s ∗ l msur strn. Allor A  P(X)
 ∗-msurl s  solo s pr on S  E :

∗(S) ≥ ∗(S  A) + ∗(S  AC)

Dmostrzon. S A  P(X)      S  E . P 
     S  P(X). S S  P(X).

• S ∗(S) = +∞  ’   .

• S ∗(S) < +∞,   > 0. S Ekk∈N ⊆ E     S 
 5:

∗(S) +  ≥
∞

k=0

(Ek)

   σ-   ’  :

=

∞

k=0

∗(Ek) ≥
∞

k=0

∗(Ek  A) +

∞

k=0

∗(Ek\A)

≥ ∗(S) ≥ ∗(S  A) + ∗(S\A)

  S  A ⊆ 
k∈N

(Ek  A)  S\A ⊆ 
k∈N

Ek\A.

■

Torm 7.2.2 - Torm  Estnson  Msur (Crt́oory)
S  : E → [0,+∞] un unzon  nsm. Allor ∗Aα∗ stn  s  solo s:

1.   σ-sutv

2. pr on A,B  E vl  ∗(B) ≥ ∗(B  A) + ∗(B  AC)

Ctzon 13. E’ un mostrzon stnz tn  non r rn .
E’ solo l rorrsl, m qull sono r vostr!

Dmostrzon. S ∗Aα∗  ,     ’.
S    ,   6  ∗E =    E ⊆ A∗ . ■

7.2.3 Msur sul Intrvll

R ’E 7.1.2   f : [a, b]→ [0,+∞[     
 I = [c, d[  a ≤ c ≤ d ≤ b,       : I → [0,+∞]:

([c, d[) = f(d)− f(c)

5R   α σ-   α∗E = α
6L z/    T.
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  σ- ( σ-).
V     ’ (2)  T 7.2.2.
S a ≤ c1 ≤ c2 ≤ c3 ≤ c4 ≤ b. A  I1 = [c1, c2[  I2 = [c3, c4[  
p  R   c2 ≤ p ≤ c3:

∗(I1  I2) = 


+∞

k=0

(Jk)  (Jk)k∈N ⊆ I tale che


k∈N
Jk ⊇ I1  I2



≥ 
+∞

k=0

 (Jk ]−∞, p[) +

+∞

k=0

 (Jk  [p,+∞[) 

 (Jk)k∈N ⊆ I tale che


k∈N
Jk ⊇ I1  I2



≥ 


+∞

k=0

(J ′
k)  (J ′

k)k∈N ⊆ I tale che


k∈N
J ′
k ⊇ I1


+

+ 


+∞

k=0

(J ′′
k )  (J ′′

k )k∈N ⊆ I tale che


k∈N
J ′′
k ⊇ I2



= ∗(I1) + ∗(I2)

 ∗    I,   (2) P  T  E,     
    σ-  ’ I (   σ-
 B).

Ossrvzon 7.2.2
D  ,  S ⊆ [a, b]     S∗ = G ( G 
’     R).
B     , ””   S -
  .

Ossrvzon 7.2.3 - Crttrzzzon msurl
O  S   ∗-    S = S∗ \N :

• S∗ = G    

• N       

Dnzon 7.2.1 - Qus-nllo
U  E ⊆ P(X)   -    X    A,B  E :

• A B        E .

• A \B        E .
S  ΣE      X     
   E ,    -   A B  ΣE , A\B  ΣE .
N B: N        E

Ossrvzon 7.2.4
P      Eii∈N  Fjj∈N :



i

Ei







j

Fj


 =



i,j

(Ei  Fj)
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  - E ,  A  ΣE  B  ΣE   A B  ΣE .
P  (iEi)\C = i(Ei\C),  C  E    A\C  ΣE ,   
A  C = (A\C)  (A  C)  ΣE .

C   ,         σ- 
T  E  M 7.2.2:    ’ σ-  
.

Proposzon 7.2.5 - Conzon sunt pr Estnson
S  : E → [0,+∞] un unzon σ-tv su E qus-nllo. Allor vlono l
onzon l Torm 7.2.2.

Dmostrzon. V     σ-   σ-.
S A  E  Ajj∈N   A ⊂ j∈NAk. P ’ ,   k  N
      Ek

i i∈N ⊂ E  F k
i i∈N ⊂ E     k  N

Ak 


A\



j<k

Aj


 =



i∈N
Ek

i

Ak\


A\



j<k

Aj


 =



i∈N
F k
i



Ak =


i∈N
Ek

i  F k
i

A =


k∈N
Ak  (A\



j<k

Aj) =


k∈N
(Ak\



j<k

Aj)  A =


(i,k)∈N2

Ek
i

ı   σ-:

(A) =


(i,k)∈N2

(Ek
i ) ≤



(i,k)∈N2

(Ek
i ) + (F k

i ) =


k∈N



i∈N
(Ek

i ) + (F k
i ) =



k∈N
(Ak)

A    (1)  T 722,     (2), :
(B) ≥ ∗(B  A) + ∗(B\A)   A,B  E .

(B) =


k∈N
(Ek) +



k∈N
(Fk) =



k∈N
∗(Ek) +



k∈N
∗(Fk)

≥ ∗(B  A) + ∗(B\A)

■

Corollro 7.2.2.1 - Msur Fnt su Borln
V  un zon tr:


f : [a, b]→ [0,+∞]

crescenti continue a sinistra


←→ Misure su boreliani di [a, b[

fm(x) = m([a, x[) ←− m

f −→ ⋆ estensione di
 : [c, d[ → f(d)− f(c)
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Ossrvzon 7.2.5
L  fm(x) = m([a, x[)     ;       x0 
   m(x0) = 0


x→x+

0

m([0, x[) = m

 

x>x0

[a, x[


= m([a, x0])

    m([a, x0[)     m(x0) = 0.

7.2.4 Msur  Lsu (pt.1)

Dnzon 7.2.2 - Msur  Lsu
L     R   f(x) = x     L; 
 m(A) = A.

Dnzon 7.2.3 - Msur strn  Lsu
S A ⊆ R. D     L :

Ae = m⋆(A) = 


+∞

i=0

Ii
 Iii∈N ricoprimento di A con intervalli



    Iii∈N:

Ae = 

U 

 U ⊃ A aperto


7.2.5 Msur Prootto

S (X,A, µ)  (Y,B, ν)    . C    X×Y
  σ-  A⊗ B = E .
D   ’:

λ : E −→ R
A×B −→ µ(A)ν(B)

Fttrllo 7.2.1 - λ  σ-tv
Sno A,Ak  A  B,Bk  B ov k  N tl : A×B =


k∈N

Ak ×Bk. Pr on x  A

vl :

B =


k∈N
Ak∋x

Bk

qun vlutno nll msur ν, pr on x  A

ν(B) =


k∈N
Ak∋x

ν(Bk)

 rsrtto pr on x  X:

A(x)ν(B) =


k∈N
Ak∋x

Ak
ν(Bk)



162 CAPITOLO 7. TEORIA DELLA MISURA

In prtolr, onsrmo l somm przl ll sommtor l mmro  str: sono
unzon msurl7 non ntv, pr u pplno l Torm 7.4.1, s ntr rsptto
 X:

µ(A)ν(B) =


k∈N
µ(Ak)ν(Bk)

Qusto mostr l σ-tvt.

Fttrllo 7.2.2 - E  un qus-nllo
Sno A,A′  A  B,B′  B. Allor vl :

• (A×B)  (A′ ×B′) = (A  A′)× (B B′)

• (A×B) \ (A′ ×B′) = [A× (B \B′)]  [(A \A′)× (B B′)]

qun E vr l proprt  un qus-nllo.

M   P 7.2.5   λ       
µ⊗ ν  σ- A⊗ B.

Ossrvzon 7.2.6
L   L  Rn      m⊗ · · ·⊗m = m⊗n  m 
   L  R.

7.2.6 Msur  Lsu (pt.2)

Proposzon 7.2.6 - Invrnt pr l msur  Lsu
L msur  Lsu  nvrnt pr trslzon. Sno A ⊆ Rn msurl sono
Lsu  v  Rn, vl8:

m(A+ v) = m(A)

I    ,    C 7.2.3.2. P    ,
   λ-  π-.

Dnzon 7.2.4 - λ-sstm
S X  . U λ-    M ⊆ P(X)  :

1.  A,B M   A ⊆ B   B \A M.

2.  (An)n∈N ⊆M   , 

n∈N

An M.

Dnzon 7.2.5 - π-sstm
S X  . U π-  E ⊆ P(X)     A,B  E  A B  E .

Proposzon 7.2.7 - Crttrzzzon σ-lr
L sunt rmzon sono quvlnt:

1. M  un σ-lr.

2. M  un λ-sstm  un π-sstm.

Dmostrzon. L     . ■
7  z        7.3
8R  z: A+ v = a+ v  a  A.
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Torm 7.2.3 - Torm ll Clss Monoton (Srpnsk)
S X un nsm. S E ⊆ P(X) un π-sstm tl  X  E.
Allor l mnmo λ-sstm nrto  E  un σ-lr,  nrmo λ(E).

Dmostrzon. E’    λ(E)   π-. P  P 7.2.7
 ı  λ(E)   σ-.
D   A  λ(E):

K(A) = B  λ(E)  A B  λ(E)

   K(A) = λ(E). I:

•   A  λ(E)   K(A)   λ-.

•   E   π-,   A,B  E   A  B  E . M  
 E ⊆ K(A).

D    A  λ(E) ’ K(A)   λ-  E   λ(E) 
  λ-   E ,  K(A) ⊇ λ(E). D  K(A) ⊆ λ(E) 
,  ’. ■

Corollro 7.2.3.1
S (X,A) un nsm otto  un σ-lr  on u msur µ1  µ2. S µ1  µ2

onono su un π-sstm E ⊆ A, llor onono su λ(E).

Corollro 7.2.3.2 - Crttrzzzon ll Msur  Lsu
L msur  Lsu su Rn  l’un msur sullo spzo Rn  sos:

• l’nvrnz pr trslzon.

• m([0, 1]n) = 1, oss   normlzzt su [0, 1]n.

Dmostrzon. S m : B(Rn)→ [0,+∞]       .
D        L n-.
L     4 :

1. M    k  N : m

0, 1k

n ≤ 1
kn .

I  ’ [0, 1]n  ”” n-   1
k ,  

m

0, 1k

n
> 1

kn :

1 = m([0, 1]n) ≥(a) m([0, 1[n)

= m




k

i1,,in=1


i1 − 1

k
,
i1
k


× · · · ×


in − 1

k
,
in
k




=(b) knm


0,

1

k

n
> 1

   9.

9N   :  z   ()  ’z  z  
().
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2. M  m (∂[0, 1]n) = 0. U   ”” n-, 
 k  N,  :

∂[0, 1]n ⊆ [0, 1]n \




k

j1,,jn=2


i1 − 1

k
,
i1
k


× · · · ×


in − 1

k
,
in
k




    σ-  m :

m (∂[0, 1]n) ≤ m([0, 1]n)−m




k

i1,,in=2


i1 − 1

k
,
i1
k


× · · · ×


in − 1

k
,
in
k




= 1− (k − 1)n

kn

D      k  N,     
k∈N

:

m (∂[0, 1]n) ≤ 1−  
k∈N

(k − 1)n

kn
= 0

   m(∂[0, 1]n) = 0. I    ’m([0, 1]n) =
m([0, 1[n). R      (1)   
m


0, 1k

n
= 1

kn .

3. M m


n

j=1
[aj , bj ]


=

n
j=1
bj−aj   bj−aj   Q   j = 1,    , n.

D     ,     M 

  bj − aj     j. P  ’
n

j=1
[aj , bj ]

 ”” n-   1
M . F ,    

  (1)   ’ m

0, 1k

n
= 1

kn :

m




n

j=1

[aj , bj ]


 =

n

j=1

bj − aj 

4. S   bj−aj   R. A      bj,k
k→+∞−→

bj     j, k : bj,k − aj   Q.
M    :

n

j=1

[aj , bj ] =


k∈N

n

j=1

[aj , bj,k]

      m:

m




n

j=1

[aj , bj ]


 = m




k∈N

n

j=1

[aj , bj,k]


 = 

k→+∞
m




n

j=1

[aj , bj,k]




= 
k→+∞

n

j=1

bj,k − aj  =
n

j=1

bj − aj 

M  m      L   π- E  
 λ(E) = B(Rn). S  m      L    ’ 
     . ■
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7.3 Funzon Msurl

Dnzon 7.3.1 - Spzo Msurl
U  X   σ-      (X,A).

Dnzon 7.3.2 - Funzon Msurl
U  f : (X,A)→ (Y,B)       B  B  f−1(B)  A.

Proposzon 7.3.1 - Topoloo → Msurl
S (X, τ) uno spzo topoloo. X vnt spzo msurl on l σ-lr  orln
σA(τ ).

Proposzon 7.3.2 - Crtro  msurlt  f
S f : (X,A)→ (Y,B) unzon tr spz msurl. Allor:

• l’nsm C = B  B tl  f−1(B)  A  un σ-lr.

• f  msurl s  solo s C nr B om σ-lr.

Dmostrzon. S   . ■

Corollro 7.3.0.1
Vlono  sunt tt:

• S f : X → Y  un unzon ontnu tr topolo, llor  msurl.

• f : (X,A)→ R  msurl s  solo s pr on c  R vl f < c  A

Proposzon 7.3.3 - Prootto Crtsno
Sno (X1,A1)  (X2,A2) spz msurl. Allor l prootto rtsno X1 ×X2 s puo
munr ll σ-lr prootto:

A1 ⊗A2 = σA(E) dove E = A1 × A2  A1  A1 A2  A2

Ess  l mnm σ-lr  rn l prozon π1  π2 su X1  X2 msurl.

Dmostrzon. V  A1 ⊗ A2   M,   σ-  
  . S A1  A1  A2  A2. A π−1

1 (A1) = A1 × X2  M 
π−1
2 (A2) = X1 × A2 M. P   σ-  A1 A2 M.

M  E ⊆M,  σA(E) = A1⊗A2 = M     M  ’
(   A1 ⊗A2    ). ■

Corollro 7.3.0.2 - Msurlt sull oornt
Sno X,Y1, Y2 spz msurl. Allor f : X → Y1 × Y2  msurl s  solo s l
oornt lo sono10.

Dmostrzon. L       σ- . ■

Proposzon 7.3.4 - Invluppo Supror  lmt
Sno fk : (X,A)→ R unzon msurl, pr k  N. Allor:

1. l’nvluppo supror f(x) = 
k∈N

fk(x)  un unzon msurl.

10O    z    σ-  Y1   Y2 .
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2. l unzon  
k→+∞

fk   
k→+∞

fk sono unzon msurl.

Dmostrzon. I  (1)       c  R:


k∈N

fk < c


=



k∈N
fk < c

D  fk < c  A,    σ- ’   

k∈N

fk < c


 A. M    C 7.3.0.1   

k∈N
fk  . L

  
k∈N

.

P   (2)  :





 
k→+∞

fk = 
n∈N



k>n

fk



 
k→+∞

fk = 
n∈N



k>n

fk



          ,    . ■

Dnzon 7.3.3 - Lmt Supror  susson  nsm
S Ann∈N ⊆ P(X),  :

 (An) = x  X  x  An 

Torm 7.3.1 - Torm  Borl-Cntll
S Ann∈N ⊆ P(X) susson  msurl n (X,A, µ) spzo  msur. Supponmo



n∈N

µ(An) < +∞. Allor:

µ ( (An)) = 0

Ctzon 14. E’ sorprnnt. A volt on ll  l volo s rrv  r ll
os sorprnnt!

Dmostrzon. —————————— ■
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7.4 Intrzon sono Lsu

Dnzon 7.4.1 - Funzon Smpl
U   f : (X,A) → R      Imf  
, :

f(x) =

n

i=1

ci · f(x)=ci =


c∈R
c · f(x)=c

 f  SpanA  A  A.
D:

S+ = f : (X,A)→ [0,+∞[ funzioni semplici non negative

Proposzon 7.4.1 - Msurlt: susson  unzon smpl
On lmt puntul  unzon smpl (msurl)  msurl. Vvrs, on un-
zon f : (X,A) → R msurl  lmt puntul  unzon smpl  on unzon
msurl non ntv  lmt puntul rsnt  unzon smpl

Dmostrzon. L     P 7.3.4. P  ,
     .
S   ’:  c  R,      
c   :

•  c = +∞  ck = k −→ c = +∞.

•  c = −∞  ck = −k −→ c = −∞.

•  c  R  ck = 2−k⌊2kc⌋ −→ c

    11:

ck = 2−k

2k ((c  k)  −k)



P:
fk(x) = 2−k


2k ((f(x)  k)  −k)



:

• fk      Imfk ≤ 2k + 1,  

• fk → f 

   . I  f ≥ 0     fk   ■

Dnzon 7.4.2 - Intrl  Funzon Smpl
S (X,A, µ)     f  S+,  :

f =

n

k=1

ck · Ak

 Akk=1,,n ⊆ A. D ’  X  f :



X
fdµ =

n

k=1

ckµ(Ak)

11R  z: ∧       , ∨  .
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V   : ’     
  f .
S :

f =

n

k=1

ck · Ak
=

n′

k=1

c′k · A′
k

    Ak = A′
k  n = n′. B   ’

 Ak  A′
k     .

S  B∈P([n])  σ-   A1,    , An      P([n]):

B =



i∈
Ai






i∈
AC

i



I  B    


k=1,,n

Ak,  :

Ai =


∋i
B

A:

n

i=1

ciµ(Ai) =

n

i=1

ci


∋i
µ(B) =



∈P([n])



i∈
ci


µ(B)

=


∈P([n])



i∈
c′i


µ(B) =

n

i=1

c′iµ(Ai)

     ́  i     ci = f Bα = c′i.

Notzon 7.1 - Intrzon su sottonsm
S (X,A, µ)    Y  A. S:



Y
fdµ =



X
f · Y dµ

Proposzon 7.4.2 - Proprt ll’Intrl  Funzon Smpl
Sno f, g  S+. Allor:

1. vl l’tvt, o:



X
(f + g)dµ =



X
fdµ+



X
gdµ

2. l’ntrl  postvmnt omono: pr λ ≥ 0



X
λfdµ = λ



X
fdµ

3. l’ntrl  rsnt, s f ≤ g llor



X
fdµ ≤



X
gdµ
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4. vl l’tvt rsptto l omno. Dt A,B  A sunt



AB
fdµ =



A
fdµ+



B
fdµ

Dmostrzon. D   .

1.  f =
n

i=0
ciAi  g =

m
j=0

djBj . A:

f + g =


i∈[n]
j∈[m]

(ci + dj)AiBj

  ’  :



X
(f + g)dµ =



i∈[n]
j∈[m]

(ci + dj)µ(Ai Bj)

=


i∈[n]
j∈[m]

ciµ(Ai Bj) +


i∈[n]
j∈[m]

djµ(Ai Bj)

=


i∈[n]
ciµ(Ai) +



j∈[m]

djµ(Bj) =



X
fdµ+



X
gdµ

2.    f =
n

i=0
ciAi  :



X
λfdµ =

n

i=0

λciµ(Ai) = λ

n

i=0

ciµ(Ai) = λ



X
fdµ

3.      ,  f =
n

i=0
ciAi  g =

n
i=0

diAi . M

,   ci ≤ di   i = 0,    , n:



X
fdµ =

n

i=0

ciµ(Ai) ≤
n

i=0

diµ(Ai) =



X
gdµ

4.  A,B  A . A:



AB
fdµ =



X
f · ABdµ =



X
f(A + B)dµ =



A
fdµ+



B
fdµ

■

Dnzon 7.4.3 - Intrl pr Msurl non ntv
S f ; (X,A, µ)→ [0,+∞[    . A:



X
fdµ = 

  S+

 ≤ f



X
dµ
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Ossrvzon 7.4.1
I   P 7.4.2        
.
Q    


X fdµ    ’  

 (     ).

Ossrvzon 7.4.2 - Gnrlzzzon  Sommtor
S X        µ:

µ(A) =


card(A)  card(A) < +∞
+∞ 

D f : X → [0,+∞[,           X,
 : 

x∈X
f(x) = 

F∈F(X)



x∈F
f(x) =



X
fdµ

 F(X)  ’    X   .
C  ,         
.

Dnzon 7.4.4 - Qus-ovunqu
S X    . U   -  ’    X
        .

Proposzon 7.4.3
S f : X → [0,+∞[ un unzon msurl non ntv. Allor:

1. f null qus-ovunqu s  solo s

X fdµ = 0.

2.

X fdµ < +∞ mpl f < +∞ qus-ovunqu.

Dmostrzon. D  2  .

1. S f = 0 -,     S+   0 ≤  ≤ f    = 0
-. M 


X dµ = 0. P     f   .

V,   n  N \ 0   f ≥ 1
n · f≥ 1

n
. I:

0 =



X
fdµ ≥ 1

n
µ


f ≥ 1

n



  µ


f ≥ 1
n


= 0   n. M  :

f > 0 =


n∈N


f ≥ 1

n



   .

2. S     A  A   µ(A) > 0     
f = +∞. A   n  N:

n = n · A ≤ f

M : 

X
fdµ ≥  

n→+∞



X
ndµ =  

n→+∞
nµ(A) = +∞
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■

Dnzon 7.4.5 - Funzon Intrl
S (X,A, µ)    . U  f : X → R    :

• f  

•

X f dµ < +∞

Proposzon 7.4.4 - Dnzon quvlnt
Equvlntmnt, s (X,A, µ) uno spzo  msur. Un unzon f : X → R s 
ntrl s:

f = g − h

on g, h : X → [0,+∞] msurl non ntv on ntrl nto.

Dmostrzon. S 

X f dµ < +∞,  : f = f+−f−, 

: 

X
f dµ =



X
(f+ + f−)dµ =



X
f+dµ+



X
f−dµ < +∞

  g = f+  h = f−   .
S  f = g−h  g, h      . M :



X
f dµ =



X
g − hdµ ≤



X
(g+ h) dµ =



X
gdµ+



X
hdµ < +∞

   ’  . ■

Dnzon 7.4.6 - Intrl pr Funzon Intrl
S (X,A, µ)      f : X → R   . D 
 f = g − h   P 7.4.4:



X
fdµ =



X
gdµ−



X
hdµ

Ossrvzon 7.4.3
L’  f      g, h. S  f = g − h = g′ − h′.
L’ ’     12,   g+h′ = g′+h,
: 

X
gdµ−



X
hdµ =



X
g′dµ−



X
h′dµ

Proposzon 7.4.5 - Atvt ll’Intrl pr unzon msurl non n-
tv
S (X,A, µ) uno spzo  msur  sno f, g : X → R msurl non ntv. Allor
vl l proprt  tvt:



X
(f + g)dµ =



X
fdµ+



X
gdµ

Dmostrzon. S  P 7.4.1   : ϕkk∈N ⊆ S+

 kk∈N ⊆ S+       f  g. A

12 7.4.5
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 T  B-L 7.4.1:



X
fdµ+



X
gdµ = 

k→+∞



X
ϕkdµ+ 

k→+∞



X
kdµ

= 
k→+∞



X
(ϕk + k)dµ =



X
(f + g)dµ

■

Corollro 7.4.0.1 - Atvt ll’ntrl pr unzon ntrl
Dt f, g llor


f + g =


f +


g

Dmostrzon. D f = f1 − f2  g = g1 − g2  fi, gi    
:


f + g =


f1 + g1 −


f2 + g2 = (


f1 +


f2) + (


g1 − g2) =


f +


g

■

Dnzon 7.4.7 - Spzo ll Funzon Intrl
S (X,A, µ)    . L’     X   
:

L1(X,A, µ) = L1(X,µ) = L1(X)

Proposzon 7.4.6 - Proprt  L1(X,A, µ)
S (X,A, µ) uno spzo  msur, onsro lo spzo L1(X,A, µ). Vlono l sunt
proprt:

1. l unzon ntrl

X , om pplzon L1(X,A, µ)→ R  un orm lnr.

2. l unzon ∥ · ∥1 nt:

∥ · ∥1 L1(X,A, µ) −→ [0,+∞]
f → ∥f∥1 =


X f dµ

 un smnorm. In prtolr ∥f∥1 = 0 s  solo s f = 0 qus-ovunqu.

3.  n nto lo spzo normto L1(X,A, µ) = L1(X,A, µ)ker∥ · ∥1.

Dmostrzon. L  . ■

Dnzon 7.4.8 - Spz Lp(X,A, µ)
S (X,A, µ)    . P p  [1,+∞[    :

∥f∥p,X =



X
f pdµ

 1
p

   :

Lp(X,A, µ) = f : X → R  ∥f∥p,X < +∞
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7.4.1 Torm  Intrzon

Torm 7.4.1 - Torm  Bppo Lv
S (X,A, µ) uno spzo  msur. Sno fkk∈N un susson rsnt  unzon
msurl non ntv, ov fk : X → [0,+∞].
Cmmo f l lmt puntul: f = 

k→+∞
fk. Allor pr k → +∞:



X
fkdµ −→



X
fdµ

Dmostrzon. D    k  N  fk ≤ fk+1 ≤ f ,   :


X
fkdµ ≤



X
fk+1dµ ≤



X
fdµ

D        :


k→∞



X
fkdµ = 

k∈N



X
fkdµ ≤



X
fdµ

P  ’  (≥)  :

∀   S+,  ≤ f vale



X
dµ ≤ 

k≥0



X
fkdµ

    :


X
fdµ = 

φ≤f
φ∈S+



X
dµ ≤ 

k≥0


fkdµ

S (x) =
n

i=1
ciAi(x) ≤ f(x). B     i  [n] :

ciµ(Ai) =



Ai

dµ ≤ 
k≥0



Ai

fkdµ

         
k→+∞

     i = 1,    , n.

S  ,  Ai = X   c < ci. B,   k  N
  fk ≥ cfk>c. Q:


k≥0



X
fkdµ ≥



X
fkdµ ≥ c · µ(fk > c)

   fk > ck∈N       . Q



k≥0


fkdµ ≥ c · 

k≥0
µ (fk > 0) = c · µ




k≥0

fk > c


 = c · µ(f > c) = c · µ(X)

     f ≥  = ciX  ci > c. A  f ≥ ciµ(X).
S  i = 1,    , n :


k≥0



X
fkdµ ≥



X
dµ
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Q     ≤ f    ’ :



X
fdµ = 

φ∈S+

φ≤f



X
dµ ≤ 

k≥0



X
fkdµ

A   ,  ’  :


k→+∞



X
fkdµ =



X
fdµ

■

Ossrvzon 7.4.4 - Bppo Lv ”rsnt”
I T  B L         fk ≥
fk+1 ≥ 0 ́


X f1dµ < +∞.

I       gk = f1 − fk.

Lmm 7.4.1 - Lmm  Ftou
S (X,A, µ) spzo  msur. Consro fkk∈N susson  unzon msurl non
ntv. Allor:

 
k→+∞



X
fkdµ ≥



X
 
k→∞

fkdµ

Ctzon 15. V́... s uno non... ll’nz... ll’nzo uno om r non v
pŕ l suulnz ust  qust pro ppunto st suto pnsr l so...
smm volst rorrvlo, l so ... unzon...
...s! Pr smpo un ltr... un ltro so ov s v un suulnz strtt 
qusto: pnsmo ll rttrst ll’ntrvllo [k, k + 1]. Qun  un ntrvllo
...  v ll’nnto om un r... lt ml.

Rlorzon rtst ll r lt ml.

Dmostrzon. S  k  N : gk = 
j≥k

fj . Cı gkk∈N    
 13  ,    :

f :=  
j→∞

fj = 
k≥0



j≥k

fj


= 

k≥0
gk

13I   Pz 7.3.4 ’   z   .
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   gk    f =   fk.
I ∀ j ≥ k ≥ 0 : fj ≥ gk  :



X
fjdµ ≥



X
gkdµ

D   ’ :


j≥k


fjdµ ≥



X
gkdµ

D    ∀ k ≥ 0:

 
j→∞



X
fjdµ = 

k≥0



j≥k



X
fjdµ


≥ 

k≥0


gkdµ

BL
=



X
(
k≥0

gk)dµ =



X


 
j→∞

fj


dµ

  . ■

Esmpo 7.4.1 - ”L rtt slt”
S      fk = [k,k+1]   k  N    
:

 
k→+∞



X
fkdµ = 1

 

X
 
k→∞

fkdµ = 0

Torm 7.4.2 - Torm  Lsu (Convrnz Domnt)
S (X,A, µ) uno spzo  msur. S t un susson  unzon ntrl fkk∈N
 onvr puntulmnt  un unzon f : X → R   vn omnt  un
unzon ntrl non ntv g (o tl  vl pr on k  N: fk ≤ g). Allor
pr k → +∞: 

X
fkdµ −→



X
fdµ

Dmostrzon. A  L  F 7.4.1  14  g±fn ≥ 0
(    g ± f). A:



X
(g ± f)dµ =



X
 
k→+∞

(g ± fk)dµ ≤  
k→∞



X
(g ± fn)dµ

U   

X    


X gdµ,      -

: 

X
fdµ ≤  

n→∞



X
fndµ ≤  

n→∞



X
fndµ ≤



X
fdµ

M  ∃ 
n→∞


X fndµ =


X fdµ. ■

14A     z g + fn   z g − fn     
.



176 CAPITOLO 7. TEORIA DELLA MISURA

Torm 7.4.3 - Torm  Intrzon pr Sr
S (X,A, µ) uno spzo  msur. Dt un susson  unzon ntrl fkk∈N
tl 

+∞
k=0

∥fk∥1 < +∞, l sr  unzon
+∞
k=0

fk onvr µ-qus-ovunqu  n

smnorm ∥ · ∥1  un unzon f : X → R ntrl tl :



X
fdµ =

+∞

k=0



X
fkdµ

Dmostrzon. C     :

g(x) =

+∞

n=0

fn(x)

E    Sn     
+∞
n=0

fn, :

Sn =

n

k=0

fk Sn ≤ g

A  T  B-L 7.4.1     g  :



X
gdµ = 

n→+∞

 n

k=0

fkdµ = 
n→+∞

n

k=0

∥fk∥1 =
+∞

k=0

∥fk∥1
hp
< +∞

 g  :    g(x) < +∞ µ- .

A,   x  X     ,  
+∞
n=0

fn(x)  

   (µ- )  f  (     ,
     0). P  T  C D 7.4.2   
    Sn   :



X
fdµ =

+∞

n=0



X
fndµ

A,   :

∥f − Sn∥1 =


X




k>n

fk

 dµ −→ 0

    Sn   f      ∥ · ∥1. ■

Corollro 7.4.3.1 - L1(X,A, µ)  omplto
L1(X,A, µ)  uno spzo  Bn: ll Proposzon 1.2.5 (Compltzz pr Sr)
su  lo spzo  omplto.

Ctzon 16. M qun... omn  Vnrı Snto? ... no lo sntrmo!
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Torm 7.4.4 - Torm Invrso ll Convrnz Domnt
S (X,A, µ) uno spzo  msur. S fkk∈N un susson  unzon ntrl
onvrnt n norm ∥ · ∥1  f  L1(X,A, µ).
Allor v  un sottosusson omnt n L1(X,A, µ)  onvrnt  f µ-qus-
ovunqu.

Dmostrzon. S ∥f − fn∥1 k→+∞−→ 0,     
  n0 < · · · < nk < nk+1 <      ∥f − fnk

∥1 ≤ 2−k   k  N ( 
  ). C     :

g(x) = fn0(x)+
∞

j=1

fnj (x)− fnj−1(x)

A  :

•   T  B-L 7.4.1 (    ):



X
gdµ = ∥fn0∥1 +

∞

j=1

∥fnj (x)− fnj−1(x)∥1

≤ ∥fn0∥1 +
∞

j=1

(2−j + 2−j+1) = ∥fn0∥1 + 3 < +∞

•  , ∀ k : fnk
(x) =

fn0(x) +
k

j=1
(fnj (x)− fnj−1(x))

 ≤ g(x) 

  g    fnk
.

•   T  I  S 7.4.3,  :

fn0(x) +

∞

j=1

(fnj (x)− fnj−1(x))

   (  x  g(x) < +∞)    ∥ · ∥1  
∼
f , 

   f   (       
,   L1).

■

Corollro 7.4.4.1
S (X,A, µ) uno spzo  msur  s f : X × R→ R tl :

1. f(·, t) : X → R  msurl pr on t  R.

2. f(x, ·) : R→ R  ontnu qus-ovunqu su X.

3. f(x, t) ≤ h(x) + c · t ov c  R  h  L1(X,A, µ).

Allor l sunt mpp  n nt  ontnu:

L1(X,A, µ) −→ L1(X,A, µ)
u(x) → f(x, u(x))



178 CAPITOLO 7. TEORIA DELLA MISURA

Dmostrzon. P         f(x, u(x)) 
. I   u  :

u(x) =

m

j=1

cjAj

 (Aj)
m
j=1    X. M :

f(x, u(x)) =

m

j=1

f(x, cj)Aj (x)

      . S  u      
    ϕn,  f(x, u(x))      µ-
  f(x,ϕn(x)). R   :



X
f(x, u(x))dµ ≤



X
h(x)dµ+ c



X
u(x)dµ <∞

 h(x), u(x)  L1(X,A, µ). P    ,  L1(X,A, µ)
,     . S un → u  ∥ · ∥1).
P  T 7.4.4,    unk

   u   
  g  L1. A  :

• P ’ (2),  f(x, t)      ,  
 f(x, unk

(x))→ f(x, u(x))   

• P ’ (3)  f(x, unk
(x)) ≤ h(x) +Cunk

(x) ≤ h(x) +Cg(x)  L1, 
    f(x, unk

(x))  .

• P   T 742   f(x, unk
(x))tof(x, u(x))  ∥·∥1.

D:     ∀un → u   L1,   unk
 

 f(x, unk
) −→ f(x, u(x))   ∥ · ∥1. A:

f(x, un(x)) −→ f(x, u(x))

     U. ■

Torm 7.4.5 - Contnut ll Funzon Intrl
Sno I spzo mtro, (X,A, µ) spzo  msur. S f : I ×X → R tl :

1. f(t, ·) : X → R  msurl pr on t  I

2. f(·, x) : I → R ontnu pr on x  X (o qus-on sono l msur µ)

3. f(t, x) ≤ h(x) pr h  L1(X)  pr on t, x  I ×X

Allor  n nt  ontnu l’pplzon:

ϕ : I −→ R
t →


X f(t, x)dµ(x)
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Dmostrzon. E’    T  C D 7.4.2.
I    (2),     tk → t ’ I,   
 f(tk, x) −→ f(t, x)   x  X.
I,   f(tk, ·)    (1)    L1   h  
 (3). A  T     k → +∞:

ϕ(tk) −→ ϕ(t)

■

Proposzon 7.4.7 - Assolut ontnut ll’Intrl  Lsu
S f  L1(X) on (X,A, µ) spzo  msur. Allor pr on  > 0 sst  > 0 tl :



A
f dµ < 

pr on A  A tl  µ(A) < .

Dmostrzon. S      . A ∃ 0 > 0   ∀ k  N:

µ(Ak) <
1

2k
e



Ak

f dµ > 0

I  Bn =

k≥n

Ak. P  Bn ⊇ Bn+1, :

µ(Bn) ≤


k≥n

µ(An) ≤


k≥n

1

2n
=

1

2n−1

Q  :
µ(Bn)

n→∞−→ 0

O     n  N:

0 <



An

f dµ ≤


Bn

f dµ

  ≤  ́ An ⊆ Bn  . Q      :


n→∞



Bn

f dµ = 0

P  ’. L’       15:


n→∞



X
Bn f dµ = 0

D  fn = Bn f ,   fn ≤ f  ⇒ fn       L1 
     :

fn
n→∞−→ 0

M   :
fn n→∞−→ f n∈NBn

    Bn ⊇ Bn+1  µ(Bn)
n→∞−→ 0  µ(


n
Bn) = 0,  fn n→∞−→ 0

 . ■
15I     ””    ’      z,

ı     .
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Proposzon 7.4.8 - Convrnz Domnt n Spz Lp

S p < +∞. Dt un susson fkk∈N ⊆ Lp(X,µ), su :

1. s fk −→ f puntulmnt µ-qus ovunqu  sst g  Lp tl  fk ≤ g pr
on k  N llor:

fk
∥·∥p−→ f

2. s fk −→ f n norm ∥ · ∥p llor sst un sottosusson fkj ⊆ fk onvr-
nt  f puntulmnt µ-qus ovunqu tl  sst g  Lp on fkj  ≤ g pr
on j  N.

Dmostrzon. D   .

1. S fk → f  µ-    g  Lp.
M    fkp −→ f p   fkp ≤ gp  L1   k  N. P 
T 7.4.2 :



X
fkpdµ −→



X
f pdµ ≤



X
gdµ < +∞

 fk −→ f   ∥ · ∥p  f  Lp.

2. S fk → f   ∥ · ∥p,  fk − f p −→ 0   ∥ · ∥1. P  T
7.4.4   fkj    µ-   f . I
       p-,    
      Lp.

■

Proposzon 7.4.9 - Contnut l Oprtor  Composzon
Sno p, r ≥ 1  f : X × R→ R tl :

• f(x, ·) : R→ R ontnu pr on x  X

• f(·, t) : X → R msurl pr on t  R

• f(x, t) ≤ h(x) + ct
r
p on h  L1

Allor l mpp
Lp(X,µ) −→ Lr(X,µ)

u → f(x, u(x))
 n nt  ontnu.

Dmostrzon. C   ukk∈N ⊆ L1     ∥ · ∥p
   u. A    ukjj∈N   
 u      g  Lp. M :


f(x, ukj (x))

j→+∞−→ f(x, u(x)) quasi ovunque

f(x, ukj (x)) ≤ h(x) + c · unj (x)
r
p ≤ h(x) + c · g(x)

r
p  Lr

M  f(x, ukj (x)) −→ f(x, u(x))   ∥ · ∥r  j → +∞. Q  
 ’ u → f(x, u(x)).
I,     u   f(x, u(x)) . L’
     . ■

Corollro 7.4.5.1 - Omomorsmo tr Lp

Pr 1 ≤ p < +∞ l spz Lp sono topolomnt omomor tr loro.
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Dmostrzon. O    Lp    L1   :

Φ : Lp −→ L1

u −→ upsgn(u)

    :

Φ−1 : L1 −→ Lp

v −→ v
1
p sgn(v)

I,        P . Q Φ 
  Lp  L1. ■

Corollro 7.4.5.2 - Compltzz Lp

Pr 1 ≤ p < +∞ lo spzo Lp(X,µ)  omplto.

Dmostrzon. S  L1(X,µ)     C 7.4.3.1. D 
Lp(X,µ)    L1(X,µ) ,  . ■

7.4.2 Torm  Clolo

Torm 7.4.6 - Torm  Tonll
Sno (X,A, µ)  (Y,B, ν) spz  msur σ-nt16  s f : X ×Y → [0,+∞] msurl
 non ntv rsptto  A⊗ B. Allor:

1. l sunt unzon  A-msurl  non ntv:

X −→ [0,+∞]
x →


Y f(x, y)dν(y)

2. vl l’ntt:


X



Y
f(x, y)dν(y)dµ(x) =



X×Y
f(x, y)d(µ⊗ ν)(x, y)

Dmostrzon. D ’:

F = f : X × Y → [0,+∞] misurabile non negativa  f verifica (1) e (2)

Q    :

1. F   ”  ”:       
    (     (1)  (2)).

2. F       fnn∈N   , 
fn ≤ fn+1 (  B-L    X, Y , X × Y ).

3. F      :

A×B(x, y) = A(x)B(y)  F

D  2   :
16U z    σ-          . A

 R    L      σ-       
[n, n+ 1]  n  Z   z   .
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•  X, Y   . A  S = S  A ⊗ B  S  F. L
   F   S   λ-:

–  Sn ⊆ Sn+1     S,   (2):

Sn = 
n→+∞

Sn

–  S, S′  S   S ⊆ S′  ’  :

S − S′ = S′\S

I: S ⊇ A × B  A  A, B  B   π-,    T 
C M:

S = A⊗ B

•  X  Y  σ- :  Xn  Yn   
       :

X =


n∈N
Xn Y =



n∈N
Yn

M   f : X × Y → [0,+∞]   . D:
fn(x, y) = f(x, y)Xn×Yn  F    X,Y   . Q   
 :

f(x, y) = 
n→∞

fn(x, y)

  B L   f  F .

D          F ,   . ■

Ctzon 17. *pot l pnn* BENISSIMO! Wrummmm wruuuuuum, sso
son nr rpmnt, !

D    C   ””. D    
 X × Y ,   x  X:

jx : Y −→ X × Y
y → (x, y)

Corollro 7.4.6.1 - Prnpo  Cvlr
Sno X, Y spz  msur σ-nt. Consrmo un lmnto ll σ-lr prootto
S  A⊗ B. Allor:

(µ⊗ ν)(S) =



X×Y
S(x, y)d(µ⊗ ν) =



X



Y
S(x, y)dνdµ

noltr, possmo srvr S(x, y) = Sx(y) ov Sx = j−1
x (S). Dunqu s ottn:

(µ⊗ ν)(S) =



X
ν(Sx)dµ
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Ctzon 18. Allor, s S ...

* mtt n ul*

S l s rm  rolr un mtt s pr DUE torm on l vlot  or...

Fttrllo 7.4.1 - Applzon  Tonll
Pr on f  L1(Rn) vl l’ntt:

∥f∥1 =


Rn

f dµ =

 +∞

0
µ (f  ≥ t) dt

Dmostrzon. O :


X
f(x)dµ(x) =



X

 +∞

0
[0,f(x)](t)dtdµ(x) =

 +∞

0



X
[0,f(x)](t)dµ(x)dt

=

 +∞

0
µ (x  X  f(x) > t) dt

■

Torm 7.4.7 - Torm  Fun
Sno (X,A, µ)  (Y,B, ν) spz  msur. S f  L1(X × Y, µ⊗ ν). Allor:

1. pr qus-on x  X  n nt  ntrl su (X,A) l unzon:

x −→


Y
f(x, y)dν(y)

2. vl l sunt ntt:


X



Y
f(x, y)dν(y)dµ(x) =



X×Y
f(x, y)d(µ⊗ ν)(x, y)

Dmostrzon. S f    ( f  L1(X × Y )),   σ-
       X0 × Y0  X0  Y0   σ-. S 
  X = X0  Y = Y0.
D f = f+− f−   T    f+  f−. M 
         (1),  :

x −→


Y
f(x, y)dν(y) < +∞

µ- . ■

Esmpo 7.4.2 - Tonll non ppll
S X = Y = [0, 1]  A = B = ”  [0, 1]”. C   -
  (X,A)  (Y,B): µ   L  ν .
P ∆ = (x, x)  x  [0, 1]. A   :



X



Y
∆(x, y)dν(y)


dµ(x) =



X
1dµ(x) = 1

  ’  :


Y



X
∆(x, y)dµ(x)


dν(y) =



Y
0dν(y) = 0

Q T    (Y,B, ν)   σ-.
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Torm 7.4.8 - Dsuulnz  Volum pr Mpp C1

S Ω ⊆ Rn prto. S g : Ω→ Rn un mpp C1 ov E ⊆ Ω  msurl. Allor:

g(E) ≤


E
detDg(x) dx

Dmostrzon. L’      :

•        E . I  E  ,  
  . A      (    -
),       ( ). D    E ,
 .

•   ’ graph(gE) ’:


h≤

graph(g(·+ h)) ⊆


h≤

graph (g(x) +Dg(x)h+R(h))

  ’    F  T  1° .

•    P  C        ’-
.

•       → 0   T  B L.

S  E ⊆ Ω . C:

0 <  < ∥x− y∥  x  E, y  ΩC

C       DgE ,     x  E  y  Ω:

∥Dg(x)−Dg(y)∥ ≤  (∥x− y∥)

D     1° , ∀ x  E  ∀ ∥h∥ ≤  (   
x+ th  E   t < 1):

∥g(x+ h)− g(x) +Dg(x)h∥ ≤ ∥h∥ · 
0≤t≤1

∥Dg(x+ th)−Dg(x)∥ ≤  · ()

S    ’ Γ ⊆ Γ′    R2n, :




Γ = (x− h, g(x))∥ ∥h∥ ≤ , x  E = (x′, g(x′ + h))∥ ∥h∥ ≤ , x′  E − h
Γ′ =


x∈E

x× g(x) +Dg(x)[B] + ()B

  17 B = B(0, 1)  E = E + B ⊆ Ω.
P     :

B · g(E) ≤ Γ =


g(E)
g−1(y)  E + Bdy

≤ Γ′ =


E

Dg(x)[B] + ()Bdx

17I  , E + B = x = e+ h  Ω  e  E, h  B.
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P ’   ,      n: λE = λnE. N
 ,  ’   :



E

Dg(x)[B] + ()Bdx = n


E

Dg(x)[B] + ()Bdx

=
B
B



E

Dg(x)[B] + ()Bdx

P     :

g(E) ≤ 1

B



E

Dg(x)[B] + ()Bdx

O,     Dg(x)[B] + ()B     
  → 0. Q    :



>0

(Dg(x)[B] + ()B) = Dg(x)[B]

E    ,        -
   :

Dg(x)[B] + ()B · E

→0−→ Dg(x)[B] · E =  Dg(x) · B · E

     :

g(E) ≤ 1

B



E
 Dg(x) · Bdx =



E
 Dg(x)dx

   . ■

Corollro 7.4.8.1
Nll stss pots l Torm 7.4.8 pr u : Ω→ [0,+∞] msurl non ntv vl:



g(Ω)
u(y)dy ≤



Ω
u(g(x))detDg(x)dx

Dmostrzon. D     u = S  S ⊆ Ω . A:

u ◦ g = g−1(S)

Q   T   E = g−1(S):



g(Ω)
u(y)dy = S = g(g−1(S)) ≤



g−1(S)
 Dg(x)dx

=



Ω
g−1(S)(x) ·  Dg(x)dx =



Ω
u(g(x)) Dg(x)dx

L    :

• u    ,     .

• u    ,  B-L    -
 uk          u.

Q’      . ■
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Corollro 7.4.8.2 - Torm  Sr l
Nll stss pots l Torm 7.4.8 l’nsm  punt snolr  g:

Z = x  Ω  detDg(x) = 0

 l’mmn g(Z)  msur null.

Dmostrzon. S   T 7.4.8,      Dg(x) = 0
  x  Z. ■

Torm 7.4.9 - Cmo  Vrl
S Ω ⊆ Rn prto, s g : Ω→ Rn nttv  C1. Allor:

1. pr on u : Rn → R msurl postv vl :



g(Ω)
u(y)dy =



Ω
u(g(x))detDg(x)dx

2. pr on u : Rn → R ntrl vl :



g(Ω)
u(y)dy =



Ω
u(g(x))detDg(x)dx

3. pr on nsm E ⊆ Ω msurl vl 

g(E) =


E
detDg(x)dx

Dmostrzon. D   .

1. S Z = x  Ω : detDg(x) = 0. A g      :

Ω′ = Ω \ Z ∼−→ g(Ω′) \ g(Z)

P       Ω′ ( )   g(Ω′) ( ).
S    Ω = Ω′  g : Ω

∼→ g(Ω)   .
S u : Rn → R   18. P  C 7.4.8.1:



g(Ω)
u(y)dy ≤



Ω=g−1(g(Ω))
u(g(x))detDg(x)dx

≤


g(Ω)
u(g(g−1(y)))detDg(g−1(y))detDg−1(y)dy

=



g(Ω)
u(y)dy

       .

2. P u  L1(Rn)     (1)   u+  u−. C  
’


g(Ω     .

3. S    (1)  E(x).

18B      Ω′. Sz  ,      Ω 
    0   Ω′.
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■

Commnto 8. Qusto Torm mlor l rsultto l Torm 7.4.8.2: or sppmo
 pr r l mo  vrl non srv un omorsmo m st un unzon
nttv.

I       C 7481:    -
      ” ’”,     
   .

Corollro 7.4.9.1
S Ω ⊆ Rn un prto, s g  C1(Ω,Rn)  u : Rn → R msurl postv o ntrl.
Allor: 

Rn

#(g−1(y))u(y)dy =



Ω
u(g(x))detDg(x)dx

Dmostrzon. B     u    .
R ’  Z   g,     g   -
 : g : Ω→ g(Ω).
S   Ω     Aii∈N     g  
 ( g(Ai) ):

gAi : Ai
∼−→ g(Ai)

D   i  N   Bi = Ai \



j<i

Aj


. G  Bi  Ω,

 :

#g−1(y) =


i∈N
g(Bi)(y)

A   T 7.4.9    T  B-L  :



Rn

#

g−1(y)


u(y)dy =



Rn



i∈N
g(Bi)(y)u(y)dy =



i∈N



g(Bi)
u(y)dy

=


i∈N



Bi

u(g(x))detDg(x)dx =



Ω
u(g(x))detDg(x)dx

C  T ,  u       u = u+−u−
          u+  u−. ■

Ossrvzon 7.4.5
A        ,  :



Rn

d(y,Ω, g)u(y)dy =



Ω
u(g(x))detDg(x)dx

 d(y,Ω, g)       (y,Ω, g).

Torm 7.4.10 - Drvzon sotto Sno  Intrl
Sno I = [a, b] spzo mtro, (X,A, µ) spzo  msur. S f : I ×X → R tl :

1. f(t, ·) : X → R  msurl pr on t  I

2. f(·, x) : I → R  C1 pr on x  X (o qus-on sono l msur µ)
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3. f(t, x)+ ∂tf(t, x) ≤ h(x) pr h  L1(X)  pr on t, x  I ×X

Allor  n nt  C1 l’pplzon:

 : I −→ R
t →


X f(t, x)dµ(x)

 n prtolr:

′(t) =


X
∂tf(t, x)dµ(x)

Dmostrzon. L  ∂tf : I × X → R    1, 2, 3  T
7.4.5. I   ’    ∂tf(t, ·)    :

∂tf(t, x) = 
k→∞

f(t+ 1
k , x)− f(t, x)

1
k

     t  I. Q:

(t) =



X
f(t, x)dµ(x)

 C0(I,R). S   I ∋ t →

X ∂tf(t, x)dµ(x)  C

0(I,R)    T
7.4.5.
P  T F  C I,      C1(I,R) 
  ∀ a, s  I:

 s

a



X
∂tf(t, x)dµ(x)dt =



X
f(s, x)dµ(x)−



X
f(a, x)dµ(x)

P  ’,   T  F (     
  F):

 s

a



X
∂tf(t, x)dµ(x)dt =



X

 s

a
∂tf(t, x)dtdµ(x) =



X
(f(s, x)− f(a, x))dµ(x)

=



X
f(s, x)dµ(x)−



X
f(a, x)dµ(x)

V    F,   ∂tf(t, x)  L1(I ×X). P   x  X 
t  I:

∂tf(t, x) ≤ h(x)

I ∂tf(t, x)      I × X → R. B  
∂1f(t, x)    I×X    T  C  F
I 7.4.5. D       (1). D g(t, x) =

∂tf(t, x). A ”” t    tn = ⌊nt⌋
n −→ t. P  

g(·, x):
g(t, x) = 

n→+∞
g

⌊nt⌋
n

, x



     :

g

⌊nt⌋
n

, x


=



k∈Z
na≤k≤nb

g


k

n
, x


· [ kn , k+1

n )(t)

      . Q   g(t, x)  . N 
 g(t, x)     T 7.4.5    . S  
F. ■
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7.4.3 Mpp Lpstz

Fttrllo 7.4.2 - Mpp Lpstz  Msur
S f : Rn → Rn un mpp Lpstz (rsptto  ∥x∥∞ = 

i=1,,n
xi). Allor vl19 

pr on E ⊆ Rn:

f(E)e ≤ cnEe

Dmostrzon. C   B(x, r) =]x− r, x+ r[n. S:

f(B(x, r)) ⊆ B(f(x), cr) = f(x) + cB(0, r)

  :

f(B(x, r)) ≤ cnB(x, r)
C  E ⊆ Rn. P   > 0       
   : B(xi, ri)i∈N  :






i∈N
B(xi, ri) ≤ Ee + 

E ⊆ 
i∈N

B(xi, ri)

  :

f(E) ⊆


i∈N
f(B(xi, ri)) ⊆



i∈N
(f(xi) + cB(0, ri))

P  :

f(E)e ≤ cn


i∈N
B(0, ri) ≤ cn (Ee + )

      > 0,    . ■

Esmpo 7.4.3 - Controsmpo on f ontnu
S g : [0, 1]→ [0, 1]    C (      -
 ’ C  C). S f(x) = x+ g(x). I  f : [0, 1]→ [0, 2] 
 . P:

• C = 0

•  Ck   ””  C, [0, 1] \ C =

k∈N

([0, 1] \ Ck):

f(C) = f([0, 1]) − f([0, 1] \ C) = 2−
f(



k∈N
([0, 1] \ Ck))



= 2−



k∈N
([0, 1] \ Ck)

 = 2− [0, 1] \ C = 1

Fttrllo 7.4.3
S f lolmnt Lpstz. Allor f mn nsm  msur null n nsm  msur
null, mn msurl n msurl.

19I   · e     L.
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Dmostrzon. D F 7.4.2,       E ⊆ Rn 
 ,  f(E)   .
S    E ⊆ Rn    L     
 E = F N :

• F     : F =

n∈N

Cn.

• N      .

M ,    f :

f(E) = f (F N) = f(F )  f(N) = f(N) 


n∈N
f(Cn)

 f(N)   , f(Cn) ,  . S  f(E)  -
. ■

7.4.4 Mpp Lnr

S T  GL(n,R)   . P    ’,
 I = [0, 1]:

L : σ − algebra misurabili Lebesgue −→ [0,+∞]

E → T (E)
T (In)

E   ,     (L(In) = 1)    .
S      L:   E   L 

T (E) = T (In) · E

Fttrllo 7.4.4 - Msur  In

Dnmo l unzon:
c : GL(n,R) −→ [0,+∞]

T → T (In)
Allor s v  c(T ) = detT .

Dmostrzon. O    S, T  GL(n,R)    :

c(ST ) = TS(In) = T (S(In)) = c(T ) · S(In) = c(T ) · c(S)

     (ST ) = (S) · (T ).
B   ’        GL(n,R). P
  ,      T  GL(n,R).
V   :

() M D:  T = diag(τ1, τ2,    , τn). A:

c(T ) = T (In) =


n

i=1

[0, τi]

 =


n

i=1

τi

 =  (T )

() M  P:  T   . A   
’ In:

c(T ) = T (In) = In = 1 =  (T )
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() M O:  T  O(n). L      B(0, 1).
A:

c(T ) = T (In) = T (B(0, 1))
B(0, 1) = 1 =  (T )

() P N  I:  N  L(n,R)  ,  Nk = 0
(  k  N           ).
D20 T = I+N . V     m  N:

Tm = (I+N)m =

k−1

j=0


m

j


N j = O(mk)

S      (     T  ∥T∥-L):

c(T ) = T (In) ≤ ∥T∥n

A   :

c(I+N) = c ((I+N)m)
1
m ≤ ∥(I+N)m∥n ≤ m

kn
m

D      m  N   
m→+∞

m
kn
m = 1 :

c(I+N) ≤ 1

A,  (I+N)−1     I. N  :

c

(I+N)−1


≤ 1

P : 1 = c(I) = c(I + N) · c

(I+N)−1


. L   

  : c(I+N) = 1 =  (I+N).

() P E  I:      Ei,j = (ea,b)
n
a,b=1

         ei,j = 1.
C    ’,  λ  R:

T = I+ λEi,j

L   n = 2,      P 
 (   ()  c(P ) = 1)     T 
i = 1  j = 2.

C  T =


1 λ
0 1


   T (I2)    

     ,     L  I2,   F
7.1.
S :

c(T ) = T (In) = In = 1 =  (T )

B        GL(n,R)    
 ,   c(T )  (T ) . R 3  
(’   ):

20I I   ,    I = [0, 1].
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F 7.1: V     T (I2)

1. D  V S:   T  L(n,R)   
:

T = U · S · V dove


U, V  O(n)

S = diag(σ1,    ,σn)

   σini=1      T  :

c(T ) = c(U) · c(S) · c(V ) = c(S) =

n

i=1

σi = (S) =  (T )

2. D LU:   T  L(n,R)     LU
:

T = L · U · P dove





L triangolare superiore

U triangolare inferiore

P matrice di permutazione

I ,      /  :

L = (I+N) ·D dove


N nilpotente

D = diag(L1,1,    , Ln,n)

   U = D′ · (I+N ′). Q:

T = (I+N) ·D ·D′ · (I+N ′) · P

        (), (), ().

3. D  M E:      (), (). S
   ”Prnpls o Mtmtl Anlyss” - W. Run   -
     .

■
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7.5 Tn  Clolo  Applzon

7.5.1 Tn  Clolo (Intrl Dopp)

Insm Norml

Dnzon 7.5.1 - Insm Norml
S A ⊆ R2. S    ’      , : R → R 
:

A = (x, y)  a < x < b ed (x) < y < (x)

 A     .

Ossrvzon 7.5.1
S A     ’ . S    T 7.4.7:



A
f(x, y)dxdy =

 b

a

 (x)

(x)
f(x, y)dy


dx

I,          ’ .

Coornt Polr

S u : R2 → R       . A:



R



R
u(x, y)dxdy =

 2π

0

 +∞

0
u(ρcosθ, ρsinθ)ρdρdθ

I      :

g


ρ
θ


=


ρcosθ
ρsinθ



 :

Dg


ρ
θ


=


cosθ −ρsinθ
sinθ ρcosθ



   : detDg


ρ
θ


= ρ.

7.5.2 Tn  Clolo (Intrl Trpl)

Intrzon pr Fl

S Ω ⊆ R3     ’ ,   A ⊆ R2   , :
R2 → R  :

Ω = (x, y, z)  (x, y)  A ed (x, y) < z < (x, y)

A: 

Ω
f(x, y, z)dxdydz =



A

 (x,y)

(x,y)
f(x, y, z)dz


dxdy
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Intrzon pr Szon

S Ω ⊆ R3     ’ ,   a < z < b  Azz∈N ⊆
P(R2)  :

Ω = (x, y, z)  a < z < b ed (x, y)  Az
A: 

Ω
f(x, y, z)dxdydz =

 b

a



Az

f(x, y, z)dxdy


dz

Coornt Sr

C    S2 ⊆ R3        1  [0,π]
 2  [0, 2π]. D P  S2 :

• 2 ’  ’     OP .

• 1 ’  ’     OP ′,  P ′   P   .

S       ρ  [0,+∞[. A   :

Φ(ρ,1,2) = (ρsin2cos1, ρsin2sin1, ρcos2)

C    J  Φ,   :

detJΦ(ρ,1,2) = ρ2sin2

   :



R3

f(x, y, z)dxdydz =

 +∞

0

 2π

0

 π

0
f(Φ(ρ,1,2))ρ

2sin2d2d1dρ

7.5.3 Intrl  Eulro  Formul  Strln

R    C   . S f , :

f (n)(0)

n!
=

1

2πi





f(z)

zn+1
dz

C f(z) = ez,     (t) = reit:

1

n!
=

1

2πrn

 π

−π
ere

it
e−nitdt

V   ’   . S r = n,  
  eit  2° :

1

n!
=

1

2πnn

 π

−π
en−

nt2

2
+n(eit−1−it+ t2

2
)dt =

en

2πnn

 π

−π
e−

nt2

2 en(e
it−1−it+ t2

2
)dt

I ,     ’:

en(e
it−1−it+ t2

2
)

 = en(cost−1+ t2

2
) ≤ en

π2t2

24 (7.1)
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  t < π,   ’     ( L):

cos(θ)− 1 + t2

2 = cos(θ) t
4

24 ≤ π2

24 t
2.

S      s =
√
nt:

1

n!
=

en

2πnn+ 1
2



R
e−

s2

2 e
n(e

i s√
n−1−i s√

n
+ s2

n
)
[−√

nπ,
√
nπ]ds

O  ’    e−
s2

2 . I   s  [−√nπ,
√
nπ]

,  n→ +∞:

n


e
i s√

n − 1− i
s√
n
+

s2

n


= n o


1

n


= o(1)

I,   7.1, ’   :

e


− 1

2
+π2

24


s2  L1

́ 1
2 > π2

24 . S   :

1

n!
=

en

2πnn+ 1
2



R
e−

s2

2 ds+ o(1)


(7.2)

R   ’  E   , :

n! =

 +∞

0
e−ttndt

 ’    t = n.
R ’     t = n+

√
ns,   :

•             t = 0.

•       e−ttn (    n → +∞  
  ).

S  ı:

n! =

 +∞

0
e−ttndt =

 +∞

−√
n
e−n−√

ns(n+
√
ns)n

√
nds

= nn+ 1
2 e−n



R


1 +

s√
n

n

+

e−
√
nsds

O  ’     n → +∞  e−
s2

2 .
I     :

log


1 +

s√
n

n

+

e−
√
ns


= nlog


1 +

s√
n



+

−√ns

= n


s√
n
− s2

2n
+ o


1

n


−√ns = −s2

2
+ o(1)
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G     ]−∞, 0]    [0,+∞[,    
   T  B L:

n! = nn+ 1
2 e−n



R
e−

s2

2 ds (7.3)

C    7.2  7.3   :


R
e−

s2

2 ds =
√
2π

7.5.4 Conronto tr Intrl  Rmnn  Lsu

Esmpo 7.5.1
L  Q[0,1]   R-     L.

Proposzon 7.5.1 - Intrl  Rmnn  Lsu
Sno a, b  R tl  a < b. Allor:

R([a, b]) ⊆ L1([a, b])

Dmostrzon. D   ’ [a, b]  : P = xkk=0,,n

 xk < xk+1   k = 0,    , n− 1  x0 = a, xn = b.
A      :

s(f, P ) =

n

k=1


x∈[xk,xk+1]

f(x)(xk+1 − xk) =



[a,b]
fPdx

 fP (x) =
n

k=1




y∈[xk,xk+1]
f(y)


[xk,xk+1](x). O  fP  

. C         Pmm∈N.
A B-L,   m→ +∞:

s(f, Pm) =



[a,b]
fPmdx −→



[a,b]
f⋆dx

 f⋆ = 
m∈N

fPm .

S   f  R-,    . ■
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7.6 Rsultt Topolo

Ctzon 19. E... ’ poo  r,  volt m mnto qul pzzo...

Torm 7.6.1 - Torm  Punto Fsso  Browr (TPF)
S B = B̄(0, 1) ⊂ Rn, on unzon ontnu f  C0(B,B)  lmno un punto sso.

Torm 7.6.2 - Torm  Non-Rtrzon (TNR)
S B = B̄(0, 1) ⊂ Rn, non sst lun rtrzon r : B → ∂B ontnu tl 
r

∂B

= id

∂B

.

Dmostrzon. (TPF  TNR)
D   :

TNR(C2)
(1)
=⇒ TPF (C2)

(2)
=⇒ TPF (C0)

(3)
=⇒ TNR(C0)

   TNR(C2)  T  N-R   C2  -
  . I   T  N-R   C2.

•   f  C2(B,B)    . A   
r : B → ∂B, (    C2).

I,  f  C2(B,B)  f(x) ̸= x  
x  B. D  :

r : B −→ ∂B
x −→ ∂B  x+ t(x− f(x))t≥0

      x ’ 
∂B       x   
f(x) (  F 7.2). F 7.2: R  B  ∂B

A r : B → ∂B      C2(B)  r(x) = x   x  ∂B.
V     C2. P  r(x) = x + t(x) · (x − f(x))
  t = t(x)    :


t ≥ 0

∥x+ t(x− f(x))∥ = 1

L   t(x)    C2    .

Esrzo 7.6.1
I   ’      ≥ 0     
 (       ):

∥x+ t(x− f(x))∥2 − 1 = 0

A   x,    t(x)    C2.

•  f  C0(B,B). P  T  ””  W ( 
   C2(R) ⊆ C0(R))    fkk≥0   C

2(R) (-
 )   fk → f   B.
M  ∥fk∥∞,B → ∥f∥∞,B ≤ 1. I   :
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– 1  ∥fk∥∞,B → 1

– 1
1∥fk∥∞,B

 C0(B,B)

D    ∥fk∥∞,B ≤ 1,  fkB  C2(B,B). P TPF(C2) 
xk  B   fk(xk) = xk ∀ k  N.
P  ∃  xkj    x  B. O :

xkj = fkj (xkj )→ f(x) = x

    fk   f .

•  : ’      ,    ,
       .

R   TNR(C2).
S   r : B → ∂B   C2(B,Rn)   ∀x  ∂B  r(x) = x.
D, ∀t  R  ∀x  B   g(t, x) = gt(x) (    
          t):

gt(x) = (1− t)x+ t · r(x)

F x  B,    t  R      x  r(x),  
g0(x) = x, g1(x) = r(x). I,  , ∀x  ∂B  ∀t  R  gt(x) = x.
C  21:

(x) =



B
Dgt(x)dx

A   :


(0) =


B 1dx = B > 0

(1) =

B Dr(x)dx =


B 0dx = 0

I   Dr(x0)      x0  B,  r  -
   x0  T  I L. Q ’ 
   ,  r(B) ⊆ ∂B,     .
L’    ′(t). T   ,     
      (0) ̸= (1).
P  T 7.4.10   t     22:

d

dt



B
detDgt(x)dx =



B
∂t(detDgt(x))dx

(a)
=



B
∂t(


∂1g

t∂2gt    ∂ngt

)dx

(b)
=



B

n

j=1

det[∂1g
t    ∂j∂tgt    ∂ngt]dx

       J (),    
  S ∂t∂j = ∂j∂t ().
S   ∂j ’ j-,   .

21O  Dgt(x) = D2g(t, x).
22L     T 7.4.10    .
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S   j-  ’  ,     .
I      :

∂j [∂1g
t    ∂tgt    ∂ngt] = [∂1g

t    ∂j∂tgt    ∂ngt]+

+

n

i=1
i̸=j

[∂1g
t    ∂j∂igt    ∂tgt    ∂ngt]

S    j = 1,    , n:

n

j=1

∂jdet[∂1g
t    ∂tgt    ∂ngt] =

n

j=1

det[∂1g
t    ∂j∂tgt    ∂ngt]+

+

n

j=1

n

i=1
i̸=j



∂1g

t    ∂j∂igt    ∂tgt    ∂ngt


         n(n− 1)    2  2
(  i, j     j, i           
 i, j).

Commnto 9. Pront  or  ”W W?” on l n ll rvt przl?
Trovt l rnz tr l r!

I        S:

n

j=1

n

i=1
i̸=j



∂1g

t    ∂j∂igt    ∂tgt    ∂ngt

=

=

n

j=1
i<j





∂1g

t    ∂j∂igt    ∂tgt   

+ 


∂1g

t    ∂tgt    ∂i∂jgt   


=

n

j=1
i<j





∂1g

t    ∂j∂igt    ∂tgt   

− 


∂1g

t    ∂i∂jgt    ∂tgt   


=

n

j=1
i<j





∂1g

t    ∂j∂igt    ∂tgt   

− 


∂1g

t    ∂j∂igt    ∂tgt   


=

n

j=1
i<j

0 = 0

Q   :

′(t) =
n

j=1



B
∂j 


∂1g

t    ∂tgt    ∂ngt

dx

V     . S x  Rn   j- -
:

x = xj + xjej  R× Rn−1
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 xj  R   j-   xj  B  xj = 0. U  T  F
7.4.7:



B
∂j 


∂1g

t    ∂tgt    ∂ngt

dx =

=



R×Bj

∂j 

∂1g

t    ∂ngt

· √

1−∥xj∥2,
√

1−∥xj∥2
(xj)dxjdxj

=



Bj

 √1−∥xj∥2

−
√

1−∥xj∥2
∂j 


∂1g

t    ∂tgt    ∂ngt

dxjdxj

TFI
=



Bj



∂1g

t    ∂tgt    ∂ngt
xj=

√
1−∥xj∥2

xj=−
√

1−∥xj∥2
dxj

 ’  ,  

∂1g

t    ∂tgt    ∂ngt

     

  ±


1− ∥xj∥2.
S  ∀x  ∂B :

∂1g
t(x) = 0

  gt(x) = x   x  ∂B. A ı ’ . ■

D T  P F   :

Proposzon 7.6.1 - Prron - Fronus
S A M(n,R) mtr  ont non ntv.
Allor A  un utovlor non ntvo, orrsponnt  un utovttor  oornt
non ntv.

Dmostrzon. L   (:       A 
). ■

Proposzon 7.6.2
S K ⊆ Rn un omptto  f : K → Rn tl  f(x) = x pr on x  ∂K.
Allor f  surttv su K, oss f(K) ⊇ K.

Dmostrzon. L  . ■
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7.7 Prolm  Momnt

7.7.1 Torm  Rsz-Mrkov-Kkutn

Dnzon 7.7.1 - Pusorwr
S (X,A)  (X ′,A′)      m   (X,A). S p : (X,A) −→
(X ′,A′)   . A      p∗(m):

p∗(m) : A′ −→ R
S −→ m(p−1(S))

      . P     :

A R

A′

m

p∗(m)
p−1

Torm 7.7.1 - Torm  Rsz-Mrkov-Kkutn
S X uno spzo mtro omptto  s ϕ un unzonl lnr postvo su C(X).
Allor sst un’un msur nt µ su orln  X tl  pr on f  C(X) vl:

⟨ϕ, f⟩ =


X
f(x)dµ(x)

Commnto 10 (I  ). Non ostrumo l msur µ, m µ ⊗ λ1,
msur prootto  µ su X  λ1 msur  Lsu su R.

Dmostrzon. C  -    X × R.
C   ”   ”.
P u, v  C(X) :

[u, v) := (x, t)  X × R  u(x) ≤ t < v(x)

S  ,    
u ≤ v  [u, v) = [u, v  u) (  ,
   ”  ”  
).

F 7.3: Z   
 u  v

L       - E    X×R. I  
 2   -:

• V :

[u1, v1)  [u2, v2) = [u1  u2, v1  v2)  E

     ’   :


u1(x) ≤ t < v1(x)

u2(x) ≤ t < v2(x)
⇐⇒ u1(x)  u2(x) ≤ t < v1(x)  v2(x)

• V      E .
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C M ≥ ∥u1∥∞  ∥v1∥∞  ∥u2∥∞  ∥v2∥∞.
S     u1 ≤ v1  u2 ≤ v2. A,
   F 7.4:

[u1, v1) \ [u2, v2) = [u1, v1)  [−M,M ]  [u2, v2)
C

= [u1, v1) 

[−M,u2)  [v2,M)



=

[u1, v1)  [−M,u2)





[u1, v1)  [v2,M)


F 7.4

D:      E     E     
   2   E . S  E    .
L σ−   E  B(X × R). D.
S F ⊆ X . E f  C(X)   F = f−1(0),   23 
f(x) = dist(x, F )   -. S a < b  R. A:

F × [a, b) =


n>0

[a+ nf, b)  σA(E)

D   :

•   ,  (x, t)  F × [a, b)  ∀n  N   a = a+0 = a+nf(x) ≤ t < b
 ∀n  N  (x, t)  [a+ nf, b).

• ,  ∀n  N   (x, t)  [a+nf, b)  a ≤ t ≤ b    f(x) = 0,
  f(x) > 0   n  N   t < a+ nf(x). Q x  F .

A  σ-   F × [a, b)  F   [a, b)   
  σA(E),         B(X × R) (  [u, v) 
      ”  ”).
D        E ,  ∀u ≤ v:

([u, v)) := ⟨ϕ, v − u⟩

Q    ,       u, v   ’.
S  u1 ≤ v1  u2 ≤ v2    [u1, v1) = [u2, v2)    x  X  
:

[u1(x), v1(x)) = [u2(x), v2(x)) ⊆ R

Q     x  X:

v1(x)− u1(x) = v2(x)− u2(x)

:

⟨ϕ, v1 − u1⟩ = ⟨ϕ, v2 − u2⟩

23I      z  X  .
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L  ı   σ-:  u ≤ v
 ukk∈N, vkk∈N ⊆ C(X)    
uk ≤ vk   k. S ( 
      L 
  ):

[u, v) =


k∈N
[uk, vk) ⊆ X × R

P      R,  
 ∀x  X       
 R:

[u(x), v(x)) =


k∈N
[uk(x), vk(x)) ⊆ R

F 7.5: E  
’ [u, v)    
  x

P  σ-    L λ1    (  x  X):

v(x)− u(x) =

+∞

k=0

(vk(x)− uk(x))

        (      
 ).
R  T  D  C M 5.5.1:  fn  
    ,      f ,  
  .
Q     ,   :

v − u =

∞

k=0

(vk − uk)

L        ,  ϕ :

⟨ϕ, v − u⟩ =
∞

k=0

⟨ϕ, vk − uk⟩

       σ-  :

([u, v)) =

∞

k=0

([uk, vk))

P  T  E  C 7.2.2 
    m  B(X × R)  
∀u, v  C(X)   u ≤ v:

⟨ϕ, v − u⟩ = m[u, v)

I, m    ” ”,
    R   F 7.6:

m(E + c) = m(E) ∀E  B(X × R) e ∀c  C(X)

 c     ,  
  (      ”
”   x  X).

F 7.6: R -
 ” ”
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I,       ’   E :

[u, v) + c = [u+ c, v + c)

:
 ([u, v) + c) = ⟨ϕ, (v + c)− (u+ c)⟩ = ⟨ϕ, v − u⟩ = [u, v)

D ,              ∗ 
P(X × R)24         m = ∗Aα∗ .

Lmm 7.7.1
S m un msur su X × R, nvrnt pr ”trslzon vrtl”,  ll orm m =
µ⊗ λ1.

Dmostrzon Lmm. P  E  B(X)     ν  R:

ν : B(R) −→ R
A −→ m(E × A)

D   ” ” pE : E × R −→ R. I  p−1
E (A) =

E × A     :

ν(A) = m(E × A) = m

p−1
E (A)



M   m     ,  ν    
   R:      L     .
P     E  B(X)   A  R:

m(E × A) = µE · λ1(A)

     A = [0, 1]    µE = m(E × [0, 1]).
D  q : X×R −→ X    X. S    m, :

µE = q∗(m)(E)

N     µ = q∗(m)       . I 
   ””   E × A  B(X × R) :

m(E × A) = µE · λ1(A) = µ(E) · λ1(A) = (µ⊗ λ1)(E × A)

U  C 7.2.3.1,   m  µ ⊗ λ1   π-  
  B(X × R)  m = µ⊗ λ1   B(X × R). S  . ■

C     T.
P  f  C(X)  , :

⟨ϕ, f⟩ = ⟨ϕ, f − 0⟩ = (µ⊗ λ1) ([0, f))

      f ,  :

⟨ϕ, f⟩ = (µ⊗ λ1) ([0, f)) =



X×R
[0,f(x))(t)d(µ⊗ λ1)(x, t)

=



X

 +∞

0
[0,f(x))(t)dλ1(t)dµ(x) =



X
λ1([0, f(x)))dµ(x) =



X
f(x)dµ(x)

24S α    z  ’  α∗  z   .
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I ,  f  C(X)    f = f+ − f−    .
A   :

⟨ϕ, f⟩ = ⟨ϕ, f+ − f−⟩ =


X
f+dµ−



X
f−dµ =



X
fdµ

     µ . ■

7.7.2 Prolm  Momnt

Dnzon 7.7.2 - Momnto
S I ⊆ R+. D   µ    I,  k  N   k-  µ :

m(k) =



R
xkdµ(x)  [0,+∞]

Dnzon 7.7.3 - Prolm  Momnt
S I ⊆ R  . D    u(k)k∈N ⊆ [0,+∞],    
    I    u(k)   .
S      H  I = [0, 1].

C  T 7.7.1  R-M-K     
  C0([0, 1])    :

ϕµ : f −→


I
f(x)dµ

        :    u(k)k∈N 
           ϕ  C0([0, 1]) ( 
 k  N 25 u(k) = ⟨ϕ, xk⟩).

Conzon Nssr su {u(k)}
S         .
S µ      C0([0, 1]). L      
  ,    0 ≤ k < h   :

• xk ≥ 0   x  [0, 1],   ⟨µ, xk⟩ ≥ 0.

• xk ≥ xh   x  [0, 1],   ⟨µ, xk⟩ ≥ ⟨µ, xh⟩.

P  ,   xk(1− xn) ≥ 0   x  [0, 1]  :

0 ≤ ⟨µ, xk(1− xn)⟩ = ⟨µ,
n

j=0

(−1)j

n

j


xj+k⟩ =

n

j=0

(−1)j

n

j


mµ(j + k)

  mµ(k) = ⟨µ, xk⟩. M        
   u  ℓ∞ ’  :

n

j=0

(−1)j

n

j


u(j + k) ≥ 0 (7.4)

25I   ⟨µ, f⟩ =

X
f(x)dµ(x).
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R       ℓ∞. I   ’-
 ” ” S     k  N    u  ℓ∞:

[Su](k) = u(k + 1)

S     k  N:

⟨µ, xk⟩ = mµ(k) =

Skmµ


(0) = ⟨e0, Skmµ⟩

      :

⟨µ, xk(1− xn)⟩ =

Sk(I − Sn)mµ


(0) = [(I − S)nmµ] (k)

S     7.4 :

(I − S)nu = (−1)n(S − I)nu ≥ 0 (7.5)

  n  N.

Dnzon 7.7.4 - Susson Compltmnt Monoton
U  u  l∞   ’ 7.5    -
.

D’     C0([0, 1])∗     C0([0, 1]) (   
B        C0([0, 1])).
C  ’  Bn (    B). P 
 :

B∗
n : C0([0, 1])∗ −→ C0([0, 1])∗

ϕ → ϕ ◦Bn

          ””26:

⟨B∗
nϕ, f⟩ = ⟨ϕ, Bnf⟩

  ϕ  C0([0, 1])∗    f  C0([0, 1]).
S      f  C0([0, 1])  Bnµ:

⟨B∗
nµ, f⟩ = ⟨µ,Bnf⟩ =


µ,

n

k=0


n

k


f


k

n


xk(1− x)n−k



=

n

k=0


n

k


⟨e k

n
, f⟩⟨µ, xk(1− xn)⟩ =


n

k=0


n

k


⟨µ, xk(1− xn)⟩e k

n
, f



P  ’ B∗
nµ       e0, e 1

n
,    , e1:

B∗
nµ =

n

k=0


n

k


⟨µ, xk(1− xn)⟩e k

n
=

n

k=0

c(k, n)e k
n

       :

c(k, n) =


n

k


⟨µ, xk(1− xn)⟩ =


n

k


Sk(I − S)n−kmµ


(0)

26I   ⟨ϕ, f⟩ = ϕ(f)   z  z  ϕ  f .
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L’     T ,     
u  l∞,      :

µn =

n

k=0

c(k, n)e k
n

   µ      .

Torm 7.7.2 - Torm  Husor
S u  l∞ un susson ompltmnt monoton  numr rl tl  pr on
n  N:

(I − S)nu ≥ 0

Pr n, k  N on 0 ≤ k ≤ n nmo  ont:

c(k, n) =


n

k


(I − S)n−ku


(0) ≥ 0

S llor pr n  N:

µn =

n

k=0

c(k, n)e k
n

Allor pr on f  C0([0, 1]) s  :

⟨µn, f⟩ = [Bnf(S)(u)] (0)

 qun ⟨µn, f⟩ onvr  ⟨µ, f⟩ ov µ  un unzonl lnr postvo su C0([0, 1]) tl
 mµ = u (ovvro µn → µ puntulmnt).

Dmostrzon. L’ ⟨µn, f⟩ = [Bnf(S)(u)](0)     Bnf  
 c(k, n). I:

⟨µn, f⟩ =
n

k=0

c(k, n)f


k

n


=

n

k=0


n

k


[Sk(Id− S)n−ku](0)f


k

n



=


n

k=0


n

k


f


k

n


Sk(Id− S)n−k


u(0) = [Bnf(S)(u)](0)

S f(x) = xk  Bn(x
k) = xk+k,n(x)  k,n      -

    [0, 1] (  T  B,   Bnx
k unif−→ xk  ),

  ≤ k      k + 1:

Πk = p  R[x]   p ≤ k

I        k+1    k,n  n→ +∞.
P  Bnx

k(S) = Sk + k,n(S) −→ Sk       n→ +∞.
M :

⟨µn, x
k⟩ = [Bnx

k(S)u](0)
n→∞−→ Sku(0) = u(k)

      k-   u(k)  .
S µn      ,    :

∥µn∥ = ⟨µn, 1⟩ = [Bn1(S)u](0) = u(0)
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 Bn1 = id. P µn      
27 ( 

∥µn∥ = u(0))        C0(I)  
,     k  N:

⟨µn, x
k⟩ ∥·∥∞−→ xk

   :

⟨µnp⟩
∥·∥∞−→ p

  p  R[x]. R         
         ,    µn

  ,   ’      C0(I):

⟨µn, f⟩ → µ(f)

  f  C0(I). A    ’      (
    )    (∥µ∥ = ⟨µ, 1⟩ < +∞,  
)  

⟨µ, xk⟩ = 
n→∞

⟨µn, x
k⟩ = u(k)

 µ         u  ℓ∞. ■

Ossrvzon 7.7.1 - Unt soluzon l Prolm  Husor
L’      T    W:  
              
. P        f  C0([0, 1]).

27R     Lz         .



Cptolo 8

Sottovrt Drnzl  Rn

8.1 Sottovrt Drnzl: nzon

Commnto 11. Dvu? V smr  vr  sttuto l tst sul tvolo rptut volt
pr qust nzon? No, non st vo  v stt slno o v rort ml,
non volvmo spvntrv, pu  qunto non mo  tto, m l nzon 
surnno trttno sottovrt rnzl n Rn, mntr qull l Cptolo 3 rno n
spz  Bn (  mostr).
Amo qun rptuto l nzon pr l nostr  l vostr o. Lo sppmo, v
mo  uor.

Dnzon 8.1.1 - Sottovrt Drnzl
S Σ ⊆ Rn. Σ     k-    p  Σ 
  U ⊆ Rn  p   :

 : U −→ (U)

 :
(U  Σ) = (U) 


Rk × 0



Esmpo 8.1.1
R      :

F 8.1: E   

Dnzon 8.1.2 - Prmtrzzzon Lol Rolr
N   D 8.1.1,  V = (U) 


Rk × 0


 g = −1V .

A g       p, :

g : V
∼−→ U  Σ

         .

209
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Dnzon 8.1.3 - Spzo Tnnt
S Σ ⊆ Rn  k-  Rn, p  Σ. L    :

TpΣ = Dg(0)

Rk



   g     g(0) = p:

Dg(0) : Rk ∼−→ TpΣ

Esmpo 8.1.2
R      :

() Sz   n = 2  k = 1 () Sz   n = 3  k = 2

Ossrvzon 8.1.1
S g′ : V ′ ∼−→W ⊆ Σ ’   :

V ′ W ⊆ Σ

V

g′

g

A g′ = g ◦ h  h : V
∼→ V ′      Rk.

Dnzon 8.1.4 - Mpp Drnzl tr Sottovrt
S Σ ⊆ Rn  Σ′ ⊆ (Rn)′  . L  f : Σ → Σ′  
        p  Σ     
 g,  1:

V
g
→ Σ

f−→ Σ′ j
→ (Rn)′

  ( j : Σ′ → Rn  ’).
E,          p  Σ f  
 ’      p  Rn     f(p)  (Rn)′.

Proposzon 8.1.1
Sno Σ,Σ′ ⊆ sottovrt rnzl  f : Σ → Σ′ mpp rnzl. Allor l
rnzl

Df(p) : TpΣ −→ Tf(p)Σ
′

s puo nr n u mo (rspttvmnt on l 2 nzon  mpp rnzl):

1I (Rn)′  z      z     Σ′,    
Σ.
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1. Df(p) = D(j ◦ f ◦ g)(0) ◦ [Dg(0)]−1.

2. stnno f  un mpp f̃ rnzl tr ntorn  Rn  (Rn)′  rstrnn-
o: Df(p) = Df̃(p)TpΣ.

Dmostrzon. S  . ■

Ossrvzon 8.1.2 - Composzon

V    . S Σ
f−→ Σ′ f ′

−→ Σ′′ :

D(f ′ ◦ f)(p) = Df ′(f(p)) ◦Df(p)
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8.2 Msur Suprl  Sottovrt

8.2.1 Dnzon

Dnzon 8.2.1 - Dtrmnnt l Drnzl
S Σ,Σ′ ⊆ Rn   k-. S f : Σ→ Σ′ .
E’  :

detDf(p) =


detDf(p)TDf(p)

Dnzon 8.2.2 - Msur Suprl su E ⊆ Σ ⊆ Rn

D    g : V
∼−→ W ⊆ Σ   E ⊆ W   

E = g(F ), F   V . D :

σ(E) =



F


detDg(x)TDg(x)dx

Ossrvzon 8.2.1
E’   ,   σ(E)     g.

Dmostrzon. S  g, g′  . P  , g′ = g ◦h  
:

Dg′(x) = Dg(h(x))Dh(x)

S ,      Dg′(x):

(Dg′(x))TDg′(x) = (Dh(x))T

(Dg(h(x)))TDg(h(x))


Dh(x)

M     ,  E = g(F ) = g′(F ′),  F = h(F ′):


F ′


det ((Dg′(x))TDg′(x))dx =



F ′


det ((Dg(x))TDg(x)) detDh(x) dx

=



F


det ((Dg(y))TDg(y))dy

  . ■

Dnzon 8.2.3 - Msur Suprl su Σ ⊆ Rn

S Σ ⊆ Rn    , Σ =


i∈NWi  :

gi : Vi
∼−→Wi

 .
C Xj = Wj ⊆


i<j Wi,   Σ =


j∈N Xj ,     

E ⊆ Σ :
σ(E) =



j∈N
σ(Xi  E)

I , σ(E)     Wii∈N  Σ.

8.2.2 Torm su Msur Suprl

Proposzon 8.2.1 - Cmo  Vrl tr Vrt
S f : Σ→ Σ′ mpp rnzl tr sottovrt k-mnsonl  s E ⊆ Σ orlno.
Sppmo :

σ (f(E)) ≤


E
detDf(x)dx
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ov l’uulnz vl pr f nttv.
Allor pr on u : Σ′ → R msurl non ntv vl :



Σ′
u(y)dσ(y) ≤



Σ
u (f(x)) detDf(x)dx

Dmostrzon. L    F 7.4.9    f : V ⊆ Rk →
Rk. ■

Torm 8.2.1 - Torm  Sr
S f : Σ→ Σ′ mpp rnzl tr sottovrt k-mnsonl. Allor:

σ (Sing(f)) = σ (f (x  Σ  Df(x) non invertibile)) = 0

Co l’nsm  punt n u l rnzl non  nvrtl  msur  Lsu
null.

Dmostrzon. O. ■

Dnzon 8.2.4 - Boro C1

S Ω ⊆ Rn. Ω      C1    p  ∂Ω    
U  p     : U

∼−→ (U)    Rn  :


 (U  ∂Ω) = (U) 


Rn−1 × 0





U  Ω̄


= (U) 


Rn−1 × (−∞, 0]



Dnzon 8.2.5 - Norml Estrn
L    p ,   en ’n-   Rn:

νext(p) = (D(p))T [en]

   ’ Tp(∂Ω) = (D(p))−1 Rn−1 × 0

.

Dmostrzon. I,       ⟨x, y⟩ = xT y:

⟨ν(p), Tp(∂Ω)⟩ = ⟨(D(p))T [en], (D(p))−1 Rn−1 × 0

⟩

= eTnD(p) · [D(p)]−1[Rn−1 × 0] = eTn · (Rn−1 × 0)
= ⟨en,Rn−1 × 0⟩ = 0

■

Ossrvzon 8.2.2
C  ,           
́ .
C        ∂Ω ⊆ Rn   
(n− 1)-.
C    : Rn → Rn. A    :

νext(p) = [D(p)]T en

S    J:

D(p) =

∂1(p)      ∂n(p)
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   ,     en, :

νext(p) = [D(p)]T en =



∂1(p)

...
∂n(p)


 en =



∂1n(p)

...
∂nn(p)




L        ””   
 Rn ⊇ Ω       ∂Ω (’    x  ∂B
    n:    Rn  ,      
””  (x)  (Rn−1 ⊗ 0).).

Esmpo 8.2.1
R       . C  
r ⊆ R2   ’ :

r : t −→ (t  θ, t  θ)

 θ  [0, 2π). Q    1-  R2   
       r ’ x (  R× 0):

(p)


x
y


=


 θ −  θ
 θ  θ


x
y


=


x  θ − y  θ
x  θ + y  θ



F 8.3: R       

L        2 = x  θ + y  θ. G
         (x, y) ’, 
    ””.
C    :

νext(p) =


∂12(p)
∂22(p)


=


 θ
 θ



C     (    F 8.3)    νext(p) ”-
”     r        1  
p.

Dnzon 8.2.6 - Dvrnz
S F : Ω ⊆ Rn → Rn ,      F  x  Ω :

divF (x) = trDF (x) =

n

i=1

∂ifi

  F = (f1,    , fn).
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Ctzon 20. A s, s...  po sust, un luno spnıo, om s r, 
ttrll tutt stnz smpl m vnno tt.

P    T 8.2.2       
    C1.

Fttrllo 8.2.1 - Gr  unzon om sottovrt
S  : U → R un unzon C1, ov U ⊆ Rn−1  prto. Allor Σ = graph()  un
sottovrt n− 1-mnsonl  Rn on prmtrzzzon2:

g = idRn −  · en : U × R −→ U × R
x → x− (x1,    , xn−1)en

Intt notmo :
g(U × 0) = Σ

Inoltr   C1 qun n g lo . Essno nvrtl (vr nl s s srv g n
orm mtrl),  un omorsmo.
Clolo l rnzl:

Dg(x) =




1 0 · · · 0 0

0 1
. . .

...
...

...
. . .

. . . 0 0
0 · · · 0 1 0

−∂1 −∂2 · · · −∂n−1 1



=


In−1 0
− 1



Allor ossrvmo  lo spzo tnnt s srv:

T(x,φ(x))Σ = graphD(x) =

(v,(x) · v)  v  Rn−1



  l norml strn :

νext(x,(x)) =
1

1 + ∥(x)∥2


−(x)

1



Dto E ⊆ U orlno, l msur ll’nsm g(U) ⊆ Σ :

σ(g(E)) =



E


detDg(x)TDg(x)dx

Clolmo l trmnnt. Sppmo 3:

Dg(x)TDg(x) =


In−1 (x)T

0 1


·

In−1 0
(x) 1


= In +


(x)

0


⊗


(x)

0



Or, t a, b  Rn, rmo l utovlor  a⊗ b: srnno 0 on moltplt n− 1 (n
qunto l olonn sono multpl tr loro)  a · b on moltplt 1. Su  l utovlor
 In + a⊗ b srnno 1 on moltplt n− 1  1 + a · b on moltplt 1. Qun:

(In + a⊗ b) = 1 + a · b

Nl nostro so prtolr:

σ(g(E)) =



E


1 + ∥(x)∥2dx

2L z g   z   φ(x),      U × 0.
3L’z ⊗ : Rn ×Rn → MR×R(R)      : (a⊗ b)i,j = aibj .
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Proposzon 8.2.2 - Aprto om unon  prt norml
S Ω ⊆ Rn−1 × R prto lmtto on oro C1. Consrmo l prozon:

P : Rn −→ Rn−1 × R
(x1,    , xn) → (x1,    , xn−1)

Allor vlono  sunt rsultt:

1. K = P (x  ∂Ω  ⟨en, νext(x)⟩ = 0) ⊆ Rn−1  msur null.

2. Ω \K × R  unon  prt norml4 on prozon sull omponnt onnss 
P (Ω) \K

Dmostrzon. D    .

1. S   P ∂Ω : ∂Ω → Rn−1        x  ∂Ω 
   x    :

DP Tx∂Ω : Tx∂Ω −→ Rn−1

            P : Rn → Rn−1.
Q       en  Tx(∂Ω),       :

⟨en, νext(x)⟩ ̸= 0

M    ’ K   :

K = P (x  ∂Ω  DP ∂Ω(x) non e invertibile)
= P (x  ∂Ω  ⟨en, νext(x)⟩ = 0)

   T  S 8.2.1, K   (n− 1)- .

2. C  ’.

Ossrvzon 8.2.3 - ∂Ω om ro  unzon
S   ⟨en, νext(x)⟩ ̸= 0       ∂Ω 
    u : Rn−1 → R.
D p  ∂Ω,   ∂Ω    (n− 1)-, 
’ U ⊆ Rn  p        : U → (U).
S     f : U → R  

f(x) = [(x)]n = ⟨(x), νext(x)⟩

(’n-   (x))     ””  x  U 
 ∂Ω. I x  U  ∂Ω     f(x) = 0. M    T
 F I 3.3.6     ∂nf(x) ̸= 0,  5

⟨f, en⟩ ̸= 0.
S      u : P (U ∂Ω) ⊆ Rn−1 → R    
∂Ω     U :

u(x1,    , xn−1) = xn ⇐ (x1,    , xn)  ∂Ω
4U          z   2 ,   

f, g : X → R  f < g: A = (y, t)  X × R  f(y) < t < g(y).
5N  M   f      ∂Ω. I     

,     z    .
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S A = P (Ω)\K ⊆ Rn−1. C  -
 y  A:   r = x  RnP (x) = y -
 ∂Ω    pi  ∂Ω  ⟨νext(p), en⟩ ̸=
0     ∂Ω     -
  u : Uy → R  Uy   y (
’ ). S  :

• ’      r,
 p1,    , pny,  . I Ω
 ,  I = r  ∂Ω  .
I,   ’  
,      Ui  
pi        (
 ’   Ui∂Ω   y).
A       
I ,     
.

F 8.4: R -
   
 ∂Ω

•  y  A, p1,    , pny          Uy (
   pi,          
  ). A     A   ny .

• ny  :    r,       
  Ω    Ω. D     ””
(   ±∞)   Ω ,       
”/”  Ω  .

• ny       A. I ’ Wn = y 
A  ny = n   (    :  y  Wn   -
 Uy ⊆ Wn). D  P  , P−1(Wn)  . A-
 Vn = y  A  ny ̸= n        
Vn =


m ̸=n

Wm.

S C(y) ⊆ A    A. M C(y)P−1(Wn)  C(y)P−1(Vn)
    C(y). D  y  Wny ̸= ∅   Wny =
C(y). C ny     .

I    B ⊆ A,   y  B    
  : p1,y,    , pnB ,y. D  i = 1,    , nB  :

fi : B −→ R
y −→ pi,y

   f1 < · · · < fnB . I    y  B   (y, fi(y))  ∂Ω.
P  T  F I,   fi    C1 (
C1 ,   Uy).
S        :

Ω  (B × R) =

nB
2

i=1

(y, t)  B × R  f2i−1(y) < t < f2i
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P       :

Ω  (K × R) =


B⊆A
B comp conn




nB
2

i=1

(y, t)  B × R  f2i−1(y) < t < f2i




     .

■

Torm 8.2.2 - Formul ll Dvrnz
S Ω ⊆ Rn prto lmtto on oro C1. S F  C1(Ω̄,Rn). Allor:



Ω
divF (x)dx =



∂Ω
⟨F (y), νext(y)⟩dσ(y)

Dmostrzon. O   :



Ω
divF (x)dx =



Ω

n

i=1

∂iF (x)dx =

n

i=1



Ω
∂iF (x)dx

D     i  1,    , n :


Ω
∂iF (x)dx =



∂Ω
F (y)⟨νext(y), ei⟩dσ(y)

V       .

• C     Ω  .
C U ⊆ Rn−1 ,  −,+  C1(U,R)   − ≤ +. A,
   i = n,  ’ :

Ω =

(x, t)  U × R  −(x) ≤ t ≤ +(x)



I  ∂Ω     3 ””: graf(+) = Σ+, graf(−) = Σ−

  ,      0× R (  
 ’   ).
I  Ω, :



Ω
∂nF (x, t)d(x, t) =



U



R
∂nF (x, t)[φ−(x),φ−(x)](t)d(x, t)

=



U

 φ+(x)

φ−(x)
∂nF (x, t)dt


dx

=



U


f(x,+(x))− f(x,−(x))


dx

=



U
f(x,+(x))dx−



U
f(x,−(x))dx

A    F 8.2.1   +. S  :


νext(x,

+(x)), en


1 + ∥+(x)∥2 = 1
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I   ’      :



U
f(x,+(x))dx =



U
f(x,+(x))


νext(x,

+(x)), en


1 + ∥+(x)∥2dx

=



Σ+

f(y) ⟨νext(y), en⟩ dσ(y)

S,   :



U
f(x,−(x))dx = −



Σ−
f(y) ⟨νext(y), en⟩ dσ(y)

Q       ’ , :



Ω
∂nF (x, t)d(x, t) =



Σ+

f(y) ⟨νext(y), en⟩ dσ(y)−


Σ−
f(y) ⟨νext(y), en⟩ dσ(y)

(⋆)
=



Σ+Σ−
f(y) ⟨νext(y), en⟩ dσ(y) =



∂Ω
f(y) ⟨νext(y), en⟩ dσ(y)

   (⋆)    ’   Σ−: 
    ,    ”−”    
    ’   ’: Σ+  Σ−.

• S Ω     C1 . A    P 8.2.2  
 :

Ω =


n∈N
Ωn

A,   ’:



Ω
∂nF (x, t)d(x, t) =



n∈N



Ωn

∂nF (x, t)d(x, t) =


n∈N



∂Ωn

f(y) ⟨νext(y), en⟩ dσ(y)

=



∂Ω
f(y) ⟨νext(y), en⟩ dσ(y)

M    . ■
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Cptolo 9

Amnt

Pol not l utor

Q          /
            P M  
   .
S ,         ...     
       ?

L unzon  Pompu1

Un unzon ϕ rvl ovunqu, on rvt lmtt ϕ′ sontnu n
un sm nso  punt. S (ak)k≥1       
. S (qk)k≥1      [0, 1]. C  
f : [0, 1]→ R     

f(x) := a0 +

∞

k=1

ak
3
√
x− qk, x  [0, 1],

 a0 :=
∞

k=1 ak
3
√
qk, ́ f(0) = 0. P     (ak)k≥0  

  ,    f(1) = 1.
C    g : [0, 1] → [0,+∞]    

      f (    g(qn) := +∞).

g(x) :=
1

3

∞

k=1

ak
3


(x− qk)2


P      f       x  
 ak   ,  f     ,   ,   n  N

 
y→x

f(y)− f(x)

y − x
≥ 1

3

n

k=1

ak
3


(x− qk)2


P     D  f  D∗f(x) ≥ g(x)   ,  
  f ′(x) = +∞     x  [0, 1]   g(x) = +∞ Ṕ
g           (   
  )   ;       x 

1Rz   P M      Sz.

221
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g(x) = +∞. D’  ́ g = +∞    [0, 1],  g   
 x  g(x) < +∞. Q

(g) = g = +∞
P     g(x) < +∞  f    x  f ′(x) = g(x). P
 y  x  

f(y)− f(x)− g(x)(y − x) =

=

∞

k=1

ak


3
√
y − qk − 3

√
x− qk −

y − x

3 3


(x− qk)2




P
u := 3

√
x− qk v := 3

√
y − qk

        

v − u− 1

3
u2(v3 − u3) =

v3 − u3

u2

 u2

v2 + uv + u2
− 1

3



 ’  

u2

v2 + uv + u2
− 1

3
=

4

2v
u + 1

2
+ 3

− 1

3

       −1
3  1,   u ̸= 0  v. D 



f(y)− f(x)− g(x)(y − x) =

 ∞

k=1

ak
3


(x− qk)2
σk(x, y)


(y − x),

,  x ̸= qk,

σk(x, y) :=
3


(x− qk)2

3


(y − qk)2 +
3


(y − qk)(x− qk) +
3


(x− qk)2
− 1

3

   y,  σk(x, x) = 0  σk(x, y) ≤ 1. E   g(x) < +∞, 
           
  y  

∞

k=1

ak
3


(x− qk)2
σk(x, y) = o(1),  y → x

     f  x:

f(y)− f(x)− g(x)(y − x) = o(y − x),  y → x

I ,   x  [0, 1]  f ′(x) = g(x) ≥  := 1
3

∞
k=1 ak > 0. Ṕ

f(0) = 0  f(1) = 1,  f     ,    
’ [0, 1]  ́. P         
  f , ϕ := f−1           1,   
    f(qj)j∈N Q      [0, 1]  f
 . I ́ f ′(x) = g(x),    

(ϕ′) = ϕ′ = 0,

      .
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Ossrvzon 9.0.1
S   ϕ′     R    [a, b] ⊂ [0, 1]. I,
 -     ,     R  
. S    R  [a, b] ’   . M
         R  [a, b]   b
a ϕ′(t)dt = ϕ(b) − ϕ(a),          P,  
 .

() G     () G    

Drvt  Pompu

D   derivt di Pompeiu     I   
        ’,     
  . I        u : I → R    

G:  u
′        u(t+1n)−u(t)

1n ,  
   x,  ,   ,         f  
     fn       G. I,  
 fn (  ,         S) 
  f : S → R,  :

f = 0 =


n≥1



m≥n


fm <

1

n




(I   x  ’         n ≥ 1  
m = mn ≥ n   fmn(x) < 1

n ,         fm
  0;  ́ fm(x)    f(x)  ,      
f(x) = 0,      x  ’  ). S  fm  , ’
     G.

C  ’    P    :  
        G      
 ,         B. I ’   
P          I,   
 B. I       P      
      ,           
 ,     G      B.
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Esrzo 1. P     V    P ’ I
     C1(I),  f ′u     P    f ′   u  C1(I).
D  V   .

Esrzo 2. D     :    P   
R    [a, b]         [a, b].

Compt Psst  Esrz

Fttrllo 9.0.1 - Comptno Mo 2020 - Esrzo 2
S Bn(0, r) l pll n-mnsonl  ntro 0  ro r. Pr qulss n i 
1,    , n, nmo pr x  Bn(0, r) l unzon xi   l oornt i-sm  x.
Domo lolr l’ntrl:


Bn(0,r) x

2
i dx.

Ossrvmo :

n



Bn(0,r)
x21dx = n



Bn(0,r)
x2i dx =



Bn(0,r)
(x21 + · · ·+ x2n)dx

=



Bn(0,r)
∥x∥2dx =

 r2

0

x  Bn(0, r)  s ≤ ∥x∥2
 ds

=

 r2

0

x  Bn(0, r) 
√
s ≤ ∥x∥

 ds

= B(0, 1)
 r2

0


rn − s

n
2


ds = B(0, r) nr

2

n+ 2

Fttrllo 9.0.2 - Compto Sttmr 2020 - Esrzo 1
Consrmo l prolm  Cuy:





u′′(t) + u(t) = f(t)

u(0) = 0

u′(0) = 0

ov f : R→ R  ontnu  pro. Allor l soluzon :

u(t) =

 t

0
f(τ )sin(t− τ)dτ

Fttrllo 9.0.3 - Compto Fro 2020 - Esrzo 2
Consrmo l prolm  Cuy:





v̈ = v − v5

v(0) = 0

v(0) = λ

Dr pr qul λ  R vl  l soluzon sono:

1. llmtt.

2. ostnt.

3. tutt lmtt su tutto l omno  sstnz.

4. nntsm pr t→ +∞. E pr t→ −∞?
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5. pro.

6. (opzonl)  proo mnmo T .

Dmostrzon. (S   M)
C y = x,    y(t)2−x(t)2+ 1

3x(t)
6  ,    :


x′ = y

y′ = x− x5

      (t) = (x(t), y(t))       
E = c   :

E(x, y) := y2 − x2 +
1

3
x6

G        (     
;   E = 0     ””   ’;  
              ( c > 0)  
     ( c < 0,     )).
L       (y, x−x5)        ,
́     (x(t), y(t)),  c ̸= 0,     
       (   ) ,   c = 0,
    E = 0, x > 0    E = 0, x < 0,  
  ±∞;           
 (            , 
         ).
P ’  (   ):       λ 
    λ→ 4

√
3 (      ́  

    );  λ → −2
3      

 ,          (
);          . O 
     ,      :  
       0  λ→∞.
S         T2   0  T2. P
W (x) := 1

3x
6 − x2:

1 = − x(t)
W (λ)−W (x(t))

I        (  λ > 4
√
3),  0  T2  x(t)

  λ  −λ;  ,  :

T = 2

 λ

−λ

1
W (λ)−W (x)

dx = 4

 λ

0

1
W (λ)−W (x)

dx,

Q     λ → +∞;       x = λs 
    [0, 1]      O( 1λ).
S           . ■

Fttrllo 9.0.4 - Funzon C∞ sul omplmntr l Cntor
S fC = fCantor : R \ C → R l unzon nt sul omplmntr ll’nsm 
Cntor tl  su on ntrvllo k-smo vl un polnomo  ro k, n u k  l
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psso ll ostruzon ll’nsm  Cntor n u s sluono tl ntrvll (prtno
 ro −1 (= 0  tppto) su R \ [0, 1], ro 0 (= 1  tppto) su [13 ,

2
3 ], ro 1 su

[19 ,
2
9 ]  [79 ,

8
9 ], .).

Dmostrr  fC  C∞  trovr un’sprsson pr fC .

Dmostrzon. (T  A M)
O             :

f ′
C(x) = λ


fC(3x)− fC


3


x− 2

3


(9.1)

   λ  R.
I,  ’:

fC(x) = fC(x)− fC(0) = λ

 x

0
fC(3t)dt− λ

 x

0
fC(3t− 2)dt (9.2)

D  ’: Λ = f  C0(R)  f(x) = f(1 − x) ⊆ C0(R),  
fC  Λ.
D  ’ T :

Tf(x) =





 x
0 f(3t)dt 0 < x < 1

3 1
x f


3

t− 2

3


dt 2

3 < x < 1

0 

P , Λ    T -. I,     9.2:

f(x) = λTf(x) + [ 13 ,
2
3 ]
(x) (9.3)

D   f ,       9.3   
 1

3 
2
3 (        T ). P , 

  1
3 . Q:


x→ 1

3

+
fC(x) = 

x→ 1
3

+
λTfC(x) + [ 13 ,

2
3 ]
(x) = 

x→ 1
3

+
(0 + 1) = 1

:


x→ 1

3

−
fC(x) = 

x→ 1
3

−
λTfC(x) + [ 13 ,

2
3 ]
(x) = 

x→ 1
3

−
λ

 x

0
fC(3t)dt

D  :

λ

 1
3

0
fC(3t)dt = 1 ⇐⇒ λ−1 =

 1

0
fC(t)dt

S fC [0, 13 ]      

1
6 ,

1
2


(   

TfC 

0, 13


)   fC  Λ,  :

λ−1 =

 1

0
fC(t)dt =

 1
3

0
fC(t)dt+

 2
3

1
3

fC(t)dt+

 1

2
3

fC(t)dt

= 2

 1
3

0
fC(t)dt+

 2
3

1
3

fC(t)dt = 2

 1
3

0

1

2
dt+

 2
3

1
3

1dt =
2

3
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Q λ = 3
2 .

P       T    2
3   ’ I − λT 

2:

∥T∥∞ = 
∥f∥∞=1

∥Tf∥∞ =⋆ 
∥f∥∞=1


 x

0
f(3t)dt


∞
≤ 

∥f∥∞=1

 1
3

0
∥f∥∞dt =

1

3
<

2

3

A   fC = (I − λT )−1([ 13 ,
2
3 ]
).

P ,     N:

fC(x) =

+∞

k=0

λkT k[ 13 ,
2
3 ]
(x)

    fC  Λ,  [ 13 , 23 ]  Λ    T (Λ) ⊆ Λ. ■

Proposzon 9.0.1 - Compto Sttmr 2022 (I) - Esrzo 3
S a = (a1,    , an)  Rn vttor  u = (1,    , 1)  Rn. Dnmo l mtr Vnr-
mon ov on lmnto  nto:

V (a)i,j = ai−1
j

Dmostrto :
∂tV (a+ tu) = NV (a+ tu)

on N M(n,R), llor vl l ormul  Luvll pr u:

∂t V (a+ tu) = trN · V (a+ tu)

2P   z (⋆),  z  T       x  [0, 1
3
]

́    Λ   z     x = 1
2
.
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