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Equações de  Maxwell no Vácuo

~r⇥ ~B = µ0 ✏0
@ ~E

@t
<latexit sha1_base64="sQ8IySnzxTvrtDRm7vQ194Fgr6o="></latexit><latexit sha1_base64="sQ8IySnzxTvrtDRm7vQ194Fgr6o="></latexit><latexit sha1_base64="sQ8IySnzxTvrtDRm7vQ194Fgr6o="></latexit><latexit sha1_base64="sQ8IySnzxTvrtDRm7vQ194Fgr6o="></latexit>

~r . ~B = 0
<latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit>

~r . ~E = 0
<latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit>

~r⇥ ~E = �@ ~B

@t
<latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit>

r2 ~E =
1

c2
@2

@t2
~E

<latexit sha1_base64="MKaIVcGZSPkxuSHcKOAzwKdn/sM="></latexit><latexit sha1_base64="MKaIVcGZSPkxuSHcKOAzwKdn/sM="></latexit><latexit sha1_base64="MKaIVcGZSPkxuSHcKOAzwKdn/sM="></latexit><latexit sha1_base64="MKaIVcGZSPkxuSHcKOAzwKdn/sM="></latexit>

c =
1

p
µ0 ✏0

<latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit>

É onda !!!
velocidade de 

propagação da onda 

r2 ~B =
1

c2
@2

@t2
~B

<latexit sha1_base64="eE5qr2tY54PkAQxNiyQRuVUFRLc="></latexit><latexit sha1_base64="eE5qr2tY54PkAQxNiyQRuVUFRLc="></latexit><latexit sha1_base64="eE5qr2tY54PkAQxNiyQRuVUFRLc="></latexit><latexit sha1_base64="eE5qr2tY54PkAQxNiyQRuVUFRLc="></latexit>

É onda !!!

x

y

z

~E0
<latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit> ~E0x

<latexit sha1_base64="avknsIH8hdov1Di9ZKj9sKqvgA0="></latexit><latexit sha1_base64="avknsIH8hdov1Di9ZKj9sKqvgA0="></latexit><latexit sha1_base64="avknsIH8hdov1Di9ZKj9sKqvgA0="></latexit><latexit sha1_base64="avknsIH8hdov1Di9ZKj9sKqvgA0="></latexit>

~E0y
<latexit sha1_base64="oCxc8zFC6OokQ3VGKnm81j9UFXY="></latexit><latexit sha1_base64="oCxc8zFC6OokQ3VGKnm81j9UFXY="></latexit><latexit sha1_base64="oCxc8zFC6OokQ3VGKnm81j9UFXY="></latexit><latexit sha1_base64="oCxc8zFC6OokQ3VGKnm81j9UFXY="></latexit>

v

~E = ~E0 cos (kz � !t)
<latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit>

~B = ~B0 cos (kz � !t)
<latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit>

Solução: Solução:

~r . ~E = 0
<latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit><latexit sha1_base64="B0GCHhw+/iXjlxe7sSlMRJByJhk="></latexit>

~r . ~B = 0
<latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit><latexit sha1_base64="UKQg9J+rzExtOO9U4fHGkYSwINs="></latexit>

x

y

z

v
~B0

<latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit> ~B0x
<latexit sha1_base64="Bh6tBt++qODOLj1coIOXTd9IY84="></latexit><latexit sha1_base64="Bh6tBt++qODOLj1coIOXTd9IY84="></latexit><latexit sha1_base64="Bh6tBt++qODOLj1coIOXTd9IY84="></latexit><latexit sha1_base64="Bh6tBt++qODOLj1coIOXTd9IY84="></latexit>

~B0y
<latexit sha1_base64="k8Zj0jpYUvFG6u/z+aByZHh9Ek8="></latexit><latexit sha1_base64="k8Zj0jpYUvFG6u/z+aByZHh9Ek8="></latexit><latexit sha1_base64="k8Zj0jpYUvFG6u/z+aByZHh9Ek8="></latexit><latexit sha1_base64="k8Zj0jpYUvFG6u/z+aByZHh9Ek8="></latexit>



ẑ ⇥ ~E0 = ~B0
!

k
<latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit>

E0 e   B0 são perpendiculares entre si !

E0 e   B0 são perpendiculares à direção z !

x

y

z

c
~B0

<latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit><latexit sha1_base64="6esR/RjqxGi/HVzF9lvldRvsA8c="></latexit>

~E0
<latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit><latexit sha1_base64="KsRr6pYP7YV9k1TxIvp5HgS2gfA="></latexit>

~r⇥ ~E = �@ ~B

@t
<latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit><latexit sha1_base64="oj7oQ0zHoE6qIR8J16PXdVw+Mo8="></latexit>

~E = ~E0 cos (kz � !t)
<latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit>

~B = ~B0 cos (kz � !t)
<latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit>

z

x

y

c



~E = ~E0 cos (kz � !t)
<latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit>

= ~E0 cos (k z � k c t)
<latexit sha1_base64="qWySsbzY/K0lp6u8VqeVhTaJqqw="></latexit><latexit sha1_base64="qWySsbzY/K0lp6u8VqeVhTaJqqw="></latexit><latexit sha1_base64="qWySsbzY/K0lp6u8VqeVhTaJqqw="></latexit><latexit sha1_base64="qWySsbzY/K0lp6u8VqeVhTaJqqw="></latexit>

= ~E0 cos [k(z � c t)]
<latexit sha1_base64="xYxFIWRpGGeKEijQn494HZBQ9zQ="></latexit><latexit sha1_base64="xYxFIWRpGGeKEijQn494HZBQ9zQ="></latexit><latexit sha1_base64="xYxFIWRpGGeKEijQn494HZBQ9zQ="></latexit><latexit sha1_base64="xYxFIWRpGGeKEijQn494HZBQ9zQ="></latexit>

! = k c
<latexit sha1_base64="p/GLqytXTamvYv5fYVubLf/EAB0="></latexit><latexit sha1_base64="p/GLqytXTamvYv5fYVubLf/EAB0="></latexit><latexit sha1_base64="p/GLqytXTamvYv5fYVubLf/EAB0="></latexit><latexit sha1_base64="p/GLqytXTamvYv5fYVubLf/EAB0="></latexit>

c =
!

k
<latexit sha1_base64="sY6S/sqeuJTMvdHXFMG/PZjN0gE="></latexit><latexit sha1_base64="sY6S/sqeuJTMvdHXFMG/PZjN0gE="></latexit><latexit sha1_base64="sY6S/sqeuJTMvdHXFMG/PZjN0gE="></latexit><latexit sha1_base64="sY6S/sqeuJTMvdHXFMG/PZjN0gE="></latexit>

! =
2⇡

T
<latexit sha1_base64="JC0zdT1OtQNKmpOwlJXOHCLeiyg="></latexit><latexit sha1_base64="JC0zdT1OtQNKmpOwlJXOHCLeiyg="></latexit><latexit sha1_base64="JC0zdT1OtQNKmpOwlJXOHCLeiyg="></latexit><latexit sha1_base64="JC0zdT1OtQNKmpOwlJXOHCLeiyg="></latexit>

k =
2⇡

�
<latexit sha1_base64="Z0ekpnlmUNIg+LNAhZd+9Md4RLA="></latexit><latexit sha1_base64="Z0ekpnlmUNIg+LNAhZd+9Md4RLA="></latexit><latexit sha1_base64="Z0ekpnlmUNIg+LNAhZd+9Md4RLA="></latexit><latexit sha1_base64="Z0ekpnlmUNIg+LNAhZd+9Md4RLA="></latexit>

ẑ ⇥ ~E0 = ~B0
!

k
<latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit><latexit sha1_base64="qQR5LqSrAdrHmSunWWcyLuCOuUk="></latexit>

= c ~B0
<latexit sha1_base64="EEoUEZSNkFZQxeFp1u/oG+xSkzE="></latexit><latexit sha1_base64="EEoUEZSNkFZQxeFp1u/oG+xSkzE="></latexit><latexit sha1_base64="EEoUEZSNkFZQxeFp1u/oG+xSkzE="></latexit><latexit sha1_base64="EEoUEZSNkFZQxeFp1u/oG+xSkzE="></latexit>

B0 =
E0

c
<latexit sha1_base64="qvLrJD/b9QFN/cd4ymHsYt16GQs="></latexit><latexit sha1_base64="qvLrJD/b9QFN/cd4ymHsYt16GQs="></latexit><latexit sha1_base64="qvLrJD/b9QFN/cd4ymHsYt16GQs="></latexit><latexit sha1_base64="qvLrJD/b9QFN/cd4ymHsYt16GQs="></latexit>

~B0 =
1

c
ẑ ⇥ ~E0

<latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit>

Solução de onda plana

frequência angular

número de onda

T = período

�
<latexit sha1_base64="sTuSGQy1mqFoZWfhgOgCY00eowc="></latexit><latexit sha1_base64="sTuSGQy1mqFoZWfhgOgCY00eowc="></latexit><latexit sha1_base64="sTuSGQy1mqFoZWfhgOgCY00eowc="></latexit><latexit sha1_base64="sTuSGQy1mqFoZWfhgOgCY00eowc="></latexit>

= comprimento de onda



c =
1

p
µ0 ✏0

<latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit><latexit sha1_base64="dsJroHo8cRQDBSX64PYWQ7FTEjw="></latexit>

c = 3⇥ 108
m

s
<latexit sha1_base64="CJbAiA2NjtSHk51UrhZJ1ZF+8cQ="></latexit><latexit sha1_base64="CJbAiA2NjtSHk51UrhZJ1ZF+8cQ="></latexit><latexit sha1_base64="CJbAiA2NjtSHk51UrhZJ1ZF+8cQ="></latexit><latexit sha1_base64="CJbAiA2NjtSHk51UrhZJ1ZF+8cQ="></latexit>

FaltaLuz é  onda eletromagnética !!! 

J. Maxwell

Super-nova !

O milagre numérico



Energia da onda eletromagnética

We =
✏0
2

Z
E2 d3r

<latexit sha1_base64="sO7xZoe0EujBDE3UFEuKBsiXbqk="></latexit><latexit sha1_base64="sO7xZoe0EujBDE3UFEuKBsiXbqk="></latexit><latexit sha1_base64="sO7xZoe0EujBDE3UFEuKBsiXbqk="></latexit><latexit sha1_base64="sO7xZoe0EujBDE3UFEuKBsiXbqk="></latexit>

Wm =
1

2µ0

Z
B2 d3r

<latexit sha1_base64="6u38iqlQ4E3EzL49rgNfqO0Uczk="></latexit><latexit sha1_base64="6u38iqlQ4E3EzL49rgNfqO0Uczk="></latexit><latexit sha1_base64="6u38iqlQ4E3EzL49rgNfqO0Uczk="></latexit><latexit sha1_base64="6u38iqlQ4E3EzL49rgNfqO0Uczk="></latexit>

energia elétrica energia magnética

Uem =
1

2

Z
(✏0 E

2 +
B2

µ0
) d3r

<latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit>

energia total acumulada no
campo eletromagnético

~E = ~E0 cos (kz � !t)
<latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit>

~B = ~B0 cos (kz � !t)
<latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit>

E2 = E2
0 cos

2 (kz � !t)
<latexit sha1_base64="L7Isihh4bBXUv0kJWP07CfGBibY="></latexit><latexit sha1_base64="L7Isihh4bBXUv0kJWP07CfGBibY="></latexit><latexit sha1_base64="L7Isihh4bBXUv0kJWP07CfGBibY="></latexit><latexit sha1_base64="L7Isihh4bBXUv0kJWP07CfGBibY="></latexit>

B2 = B2
0 cos

2 (kz � !t)
<latexit sha1_base64="vm9QFXAo3kbQ4A8HdCjnEYRsVq0="></latexit><latexit sha1_base64="vm9QFXAo3kbQ4A8HdCjnEYRsVq0="></latexit><latexit sha1_base64="vm9QFXAo3kbQ4A8HdCjnEYRsVq0="></latexit><latexit sha1_base64="vm9QFXAo3kbQ4A8HdCjnEYRsVq0="></latexit>

B2
0 =

E2
0

c2
<latexit sha1_base64="OQFMsBH4DCj6hHjlPvLmqgXaRGo="></latexit><latexit sha1_base64="OQFMsBH4DCj6hHjlPvLmqgXaRGo="></latexit><latexit sha1_base64="OQFMsBH4DCj6hHjlPvLmqgXaRGo="></latexit><latexit sha1_base64="OQFMsBH4DCj6hHjlPvLmqgXaRGo="></latexit>

c2 =
1

µ0 ✏0
<latexit sha1_base64="r0gskEMxSJTwnqwiMKdXVKbaj98="></latexit><latexit sha1_base64="r0gskEMxSJTwnqwiMKdXVKbaj98="></latexit><latexit sha1_base64="r0gskEMxSJTwnqwiMKdXVKbaj98="></latexit><latexit sha1_base64="r0gskEMxSJTwnqwiMKdXVKbaj98="></latexit>

B2
0 = µ0 ✏0 E

2
0

<latexit sha1_base64="P3aDCYYDOcOftLhlJHAL14yk4Rw="></latexit><latexit sha1_base64="P3aDCYYDOcOftLhlJHAL14yk4Rw="></latexit><latexit sha1_base64="P3aDCYYDOcOftLhlJHAL14yk4Rw="></latexit><latexit sha1_base64="P3aDCYYDOcOftLhlJHAL14yk4Rw="></latexit>

Uem =
1

2

Z 
✏0 E

2
0 cos

2 (kz � !t) +
µ0 ✏0 E2

0 cos
2 (kz � !t)

µ0

�
d3r

<latexit sha1_base64="m4Kt8YkHdXZQiBlMtnRlXhDQHlw="></latexit><latexit sha1_base64="m4Kt8YkHdXZQiBlMtnRlXhDQHlw="></latexit><latexit sha1_base64="m4Kt8YkHdXZQiBlMtnRlXhDQHlw="></latexit><latexit sha1_base64="m4Kt8YkHdXZQiBlMtnRlXhDQHlw="></latexit>



Uem =
1

2

Z ⇥
✏0 E

2
0 cos

2 (kz � !t) + ✏0 E
2
0 cos

2 (kz � !t)
⇤
d3r

<latexit sha1_base64="PTDBPnHx3MbIOtQt6vN2LRVV81U="></latexit><latexit sha1_base64="PTDBPnHx3MbIOtQt6vN2LRVV81U="></latexit><latexit sha1_base64="PTDBPnHx3MbIOtQt6vN2LRVV81U="></latexit><latexit sha1_base64="PTDBPnHx3MbIOtQt6vN2LRVV81U="></latexit>

Uem =
1

2

Z
(✏0 E

2 +
B2

µ0
) d3r

<latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit><latexit sha1_base64="K0CK01XiY3CJhqDvWygPKkZxGFc="></latexit>

contribuição elétrica  = contribuição magnética

u = ✏0 E
2
0 cos

2 (kz � !t)
<latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit>

Uem =

Z
u d3r

<latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit>

densidade de energia
eletromagnética

Vamos calcular o vetor de Poynting : ~S =
1

µ0
( ~E ⇥ ~B)

<latexit sha1_base64="/xj/oQ2vchWyLm49hF2N9e/2l3k="></latexit><latexit sha1_base64="/xj/oQ2vchWyLm49hF2N9e/2l3k="></latexit><latexit sha1_base64="/xj/oQ2vchWyLm49hF2N9e/2l3k="></latexit><latexit sha1_base64="/xj/oQ2vchWyLm49hF2N9e/2l3k="></latexit>

~E = ~E0 cos (kz � !t)
<latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit><latexit sha1_base64="25gwd+bGKLYm8ocDv2RN/Ic0CVo="></latexit>

~B = ~B0 cos (kz � !t)
<latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit><latexit sha1_base64="mnxaWjTbOZ0mf0EGVzKOL9qyM+A="></latexit>

~S =
1

µ0
( ~E0 ⇥ ~B0) cos

2 (kz � !t)
<latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit>



~S =
1

µ0
( ~E0 ⇥ ~B0) cos

2 (kz � !t)
<latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit><latexit sha1_base64="8ENYGDZgNQ6JXxxsW+2m6BlOi40="></latexit>

~B0 =
1

c
ẑ ⇥ ~E0

<latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit><latexit sha1_base64="jaVV8NraFI7aFuP5Xn9ysptwSUg="></latexit>

~S =
1

µ0 c
( ~E0 ⇥ ẑ ⇥ ~E0) cos

2 (kz � !t)
<latexit sha1_base64="EN8x7ziOCiyW+xltI7QSQfeduis="></latexit><latexit sha1_base64="EN8x7ziOCiyW+xltI7QSQfeduis="></latexit><latexit sha1_base64="EN8x7ziOCiyW+xltI7QSQfeduis="></latexit><latexit sha1_base64="EN8x7ziOCiyW+xltI7QSQfeduis="></latexit>

~S =
1

µ0 c
(E2

0 ẑ) cos
2 (kz � !t)

<latexit sha1_base64="/UffYp69RT56T0T9fIKT9ZO+tXk="></latexit><latexit sha1_base64="/UffYp69RT56T0T9fIKT9ZO+tXk="></latexit><latexit sha1_base64="/UffYp69RT56T0T9fIKT9ZO+tXk="></latexit><latexit sha1_base64="/UffYp69RT56T0T9fIKT9ZO+tXk="></latexit>

1

µ0
= c2 ✏0

<latexit sha1_base64="F9kHy4qmBVEnLMIGHAC5OGhNloo="></latexit><latexit sha1_base64="F9kHy4qmBVEnLMIGHAC5OGhNloo="></latexit><latexit sha1_base64="F9kHy4qmBVEnLMIGHAC5OGhNloo="></latexit><latexit sha1_base64="F9kHy4qmBVEnLMIGHAC5OGhNloo="></latexit>

~S = c ✏0 E
2
0 cos

2 (kz � !t) ẑ
<latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit>

u = ✏0 E
2
0 cos

2 (kz � !t)
<latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit><latexit sha1_base64="xSAyU8nm9HO33loKuMEEwLFsQs4="></latexit>

~S = c u ẑ
<latexit sha1_base64="VVsjzNjs3WPmd7uT0ClgOxBhFpk="></latexit><latexit sha1_base64="VVsjzNjs3WPmd7uT0ClgOxBhFpk="></latexit><latexit sha1_base64="VVsjzNjs3WPmd7uT0ClgOxBhFpk="></latexit><latexit sha1_base64="VVsjzNjs3WPmd7uT0ClgOxBhFpk="></latexit>

S = c u
<latexit sha1_base64="ohkzPbJl5LfusO6Od16Ref7pg7k="></latexit><latexit sha1_base64="ohkzPbJl5LfusO6Od16Ref7pg7k="></latexit><latexit sha1_base64="ohkzPbJl5LfusO6Od16Ref7pg7k="></latexit><latexit sha1_base64="ohkzPbJl5LfusO6Od16Ref7pg7k="></latexit>

energia
volume

energia
tempo

comprimento
tempo área

Fluxo de energia

=

0
~E0 ? ẑ

<latexit sha1_base64="KlAEy1IPbYIdqP5Fwdsx0n4aw40="></latexit><latexit sha1_base64="KlAEy1IPbYIdqP5Fwdsx0n4aw40="></latexit><latexit sha1_base64="KlAEy1IPbYIdqP5Fwdsx0n4aw40="></latexit><latexit sha1_base64="KlAEy1IPbYIdqP5Fwdsx0n4aw40="></latexit>



Intensidade I

I = hSi = hc ui
<latexit sha1_base64="qlHLEE1nfwSDlRSl5oD8ZIlloro="></latexit><latexit sha1_base64="qlHLEE1nfwSDlRSl5oD8ZIlloro="></latexit><latexit sha1_base64="qlHLEE1nfwSDlRSl5oD8ZIlloro="></latexit><latexit sha1_base64="qlHLEE1nfwSDlRSl5oD8ZIlloro="></latexit>

média no tempo

hSi = 1

T

Z T

0
dt S(t)

<latexit sha1_base64="/ZAdz7/BpvmTIuQlbGFkhmqm+cs="></latexit><latexit sha1_base64="/ZAdz7/BpvmTIuQlbGFkhmqm+cs="></latexit><latexit sha1_base64="/ZAdz7/BpvmTIuQlbGFkhmqm+cs="></latexit><latexit sha1_base64="/ZAdz7/BpvmTIuQlbGFkhmqm+cs="></latexit>

~S = c ✏0 E
2
0 cos

2 (kz � !t) ẑ
<latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit><latexit sha1_base64="TGZFTSTr0c7uo8rewbXVrfehYBE="></latexit>

= c ✏0 E
2
0

1

T

Z T

0
dt cos2 (kz � !t)

<latexit sha1_base64="F1WnciSXyCPYl0KlH3PFM0s9LyU="></latexit><latexit sha1_base64="F1WnciSXyCPYl0KlH3PFM0s9LyU="></latexit><latexit sha1_base64="F1WnciSXyCPYl0KlH3PFM0s9LyU="></latexit><latexit sha1_base64="F1WnciSXyCPYl0KlH3PFM0s9LyU="></latexit>

=
1

2
c ✏0 E

2
0

<latexit sha1_base64="90xGKGdsa34pcZH7ds1zZgt0bVk="></latexit><latexit sha1_base64="90xGKGdsa34pcZH7ds1zZgt0bVk="></latexit><latexit sha1_base64="90xGKGdsa34pcZH7ds1zZgt0bVk="></latexit><latexit sha1_base64="90xGKGdsa34pcZH7ds1zZgt0bVk="></latexit>

I =
1

2
c ✏0 E

2
0

<latexit sha1_base64="awNZVd0mkG2TVCr/w041DESnRAI="></latexit><latexit sha1_base64="awNZVd0mkG2TVCr/w041DESnRAI="></latexit><latexit sha1_base64="awNZVd0mkG2TVCr/w041DESnRAI="></latexit><latexit sha1_base64="awNZVd0mkG2TVCr/w041DESnRAI="></latexit>

energia
área

=



Momento Linear do Campo Eletromagnético

z

x

y

c
descrição
clássica

descrição 
quântica

Luz = soma de fótons



O campo elétrico levanta ! O campo magnético corta !

v
<latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit>

v
<latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit><latexit sha1_base64="gWXxuVI9eMZ4cv43WH+dOFerqOw="></latexit>

B
<latexit sha1_base64="KGja1fjAFFyWXuMoy/rD9EkFb40="></latexit><latexit sha1_base64="KGja1fjAFFyWXuMoy/rD9EkFb40="></latexit><latexit sha1_base64="KGja1fjAFFyWXuMoy/rD9EkFb40="></latexit><latexit sha1_base64="KGja1fjAFFyWXuMoy/rD9EkFb40="></latexit>

~F = q ~v ⇥ ~B
<latexit sha1_base64="3JbBTt1Ge316GwMVJTYocvRhA8E="></latexit><latexit sha1_base64="3JbBTt1Ge316GwMVJTYocvRhA8E="></latexit><latexit sha1_base64="3JbBTt1Ge316GwMVJTYocvRhA8E="></latexit><latexit sha1_base64="3JbBTt1Ge316GwMVJTYocvRhA8E="></latexit>

~F = q ~E
<latexit sha1_base64="ntJP3Xp+GCFmt2WKeTl2zcVvchw="></latexit><latexit sha1_base64="ntJP3Xp+GCFmt2WKeTl2zcVvchw="></latexit><latexit sha1_base64="ntJP3Xp+GCFmt2WKeTl2zcVvchw="></latexit><latexit sha1_base64="ntJP3Xp+GCFmt2WKeTl2zcVvchw="></latexit>



Energia de uma partícula livre não-relativística : U =
1

2
mv2 =

p2

2m
<latexit sha1_base64="zmbaLguxPHi9V9J3ouFQUcx31xk="></latexit><latexit sha1_base64="zmbaLguxPHi9V9J3ouFQUcx31xk="></latexit><latexit sha1_base64="zmbaLguxPHi9V9J3ouFQUcx31xk="></latexit><latexit sha1_base64="zmbaLguxPHi9V9J3ouFQUcx31xk="></latexit>

Energia de uma partícula livre relativística : U =
p

p2 c2 + m2 c4
<latexit sha1_base64="TdyYjD4WBWZI6yfMr8K18YucY0I="></latexit><latexit sha1_base64="TdyYjD4WBWZI6yfMr8K18YucY0I="></latexit><latexit sha1_base64="TdyYjD4WBWZI6yfMr8K18YucY0I="></latexit><latexit sha1_base64="TdyYjD4WBWZI6yfMr8K18YucY0I="></latexit>

Energia de uma partícula livre relativística  sem massa : U = p c
<latexit sha1_base64="mLaS/mnDMMKX+j/Nonnt0mZfWq0="></latexit><latexit sha1_base64="mLaS/mnDMMKX+j/Nonnt0mZfWq0="></latexit><latexit sha1_base64="mLaS/mnDMMKX+j/Nonnt0mZfWq0="></latexit><latexit sha1_base64="mLaS/mnDMMKX+j/Nonnt0mZfWq0="></latexit>

Momento linear de um fóton : p� =
U�

c
<latexit sha1_base64="RX37HgmtzOYfIprzYf6C7KKG6kk="></latexit><latexit sha1_base64="RX37HgmtzOYfIprzYf6C7KKG6kk="></latexit><latexit sha1_base64="RX37HgmtzOYfIprzYf6C7KKG6kk="></latexit><latexit sha1_base64="RX37HgmtzOYfIprzYf6C7KKG6kk="></latexit>

Para um conjunto de fótons : Uem =
X

U�
<latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="YSxidpg4ci2KEu0RM8VyflrEAOU="></latexit><latexit sha1_base64="YSxidpg4ci2KEu0RM8VyflrEAOU="></latexit><latexit sha1_base64="Zx86gDNvVJhYBuhLSfSSzr92PM0="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit><latexit sha1_base64="ekzgTGl1szxc6iE6hMa5tOcFizg="></latexit>

pem =
Uem

c
<latexit sha1_base64="w7CHDCueyhIyvLFZQc37AhcHaQ0="></latexit><latexit sha1_base64="w7CHDCueyhIyvLFZQc37AhcHaQ0="></latexit><latexit sha1_base64="w7CHDCueyhIyvLFZQc37AhcHaQ0="></latexit><latexit sha1_base64="w7CHDCueyhIyvLFZQc37AhcHaQ0="></latexit>

pem =
X

p�
<latexit sha1_base64="Ftx1faF0ePKDUrRKY+vlUakGQaY="></latexit><latexit sha1_base64="Ftx1faF0ePKDUrRKY+vlUakGQaY="></latexit><latexit sha1_base64="Ftx1faF0ePKDUrRKY+vlUakGQaY="></latexit><latexit sha1_base64="Ftx1faF0ePKDUrRKY+vlUakGQaY="></latexit>

Uem =

Z
u d3r

<latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit><latexit sha1_base64="+jrbjkIs0MQxVBv6Hqm2LZenOQI="></latexit>

u =
S

c
<latexit sha1_base64="g2otlKO3O6ZA01Ume6qHEIXR7k4="></latexit><latexit sha1_base64="g2otlKO3O6ZA01Ume6qHEIXR7k4="></latexit><latexit sha1_base64="g2otlKO3O6ZA01Ume6qHEIXR7k4="></latexit><latexit sha1_base64="g2otlKO3O6ZA01Ume6qHEIXR7k4="></latexit>

pem =
1

c2

Z
S d3r

<latexit sha1_base64="+7kpFnYAqEK66betJq0pRXsecEA="></latexit><latexit sha1_base64="+7kpFnYAqEK66betJq0pRXsecEA="></latexit><latexit sha1_base64="+7kpFnYAqEK66betJq0pRXsecEA="></latexit><latexit sha1_base64="+7kpFnYAqEK66betJq0pRXsecEA="></latexit>

Momento médio levado pela onda e.m. : hpemi = 1

c2

Z
hS i d3r

<latexit sha1_base64="f9vxGUe5VxtN6unGiSM2EGgMo1Y="></latexit><latexit sha1_base64="f9vxGUe5VxtN6unGiSM2EGgMo1Y="></latexit><latexit sha1_base64="f9vxGUe5VxtN6unGiSM2EGgMo1Y="></latexit><latexit sha1_base64="f9vxGUe5VxtN6unGiSM2EGgMo1Y="></latexit>



Pressão de Radiação

c�t
<latexit sha1_base64="5LlfCj6xmLMK/8mwi7EmklqPCec="></latexit><latexit sha1_base64="5LlfCj6xmLMK/8mwi7EmklqPCec="></latexit><latexit sha1_base64="5LlfCj6xmLMK/8mwi7EmklqPCec="></latexit><latexit sha1_base64="5LlfCj6xmLMK/8mwi7EmklqPCec="></latexit>

A
<latexit sha1_base64="6G1DpFSkvtOfq8bq+03wTCXIOlw="></latexit><latexit sha1_base64="6G1DpFSkvtOfq8bq+03wTCXIOlw="></latexit><latexit sha1_base64="6G1DpFSkvtOfq8bq+03wTCXIOlw="></latexit><latexit sha1_base64="6G1DpFSkvtOfq8bq+03wTCXIOlw="></latexit>

Pressão : força /área 

P =
F

A<latexit sha1_base64="5y+ts+QQ+jO45gaow1EpTJkhe1o="></latexit><latexit sha1_base64="5y+ts+QQ+jO45gaow1EpTJkhe1o="></latexit><latexit sha1_base64="5y+ts+QQ+jO45gaow1EpTJkhe1o="></latexit><latexit sha1_base64="5y+ts+QQ+jO45gaow1EpTJkhe1o="></latexit>

=
1

A

�p

�t
<latexit sha1_base64="ev3MEvmdAvfG2psiYAjjA0wTKQE="></latexit><latexit sha1_base64="ev3MEvmdAvfG2psiYAjjA0wTKQE="></latexit><latexit sha1_base64="ev3MEvmdAvfG2psiYAjjA0wTKQE="></latexit><latexit sha1_base64="ev3MEvmdAvfG2psiYAjjA0wTKQE="></latexit>

�p = hpemi = 1

c2

Z
hS i d3r

<latexit sha1_base64="XWizLdtF7Dhnx4+TbrP23Sa9d6E="></latexit><latexit sha1_base64="XWizLdtF7Dhnx4+TbrP23Sa9d6E="></latexit><latexit sha1_base64="XWizLdtF7Dhnx4+TbrP23Sa9d6E="></latexit><latexit sha1_base64="XWizLdtF7Dhnx4+TbrP23Sa9d6E="></latexit>

=
1

c2

Z
1

2
c ✏0 E

2
0 d

3r
<latexit sha1_base64="GVYy93ceaRgN1cmYEF72u+Cr8ps="></latexit><latexit sha1_base64="GVYy93ceaRgN1cmYEF72u+Cr8ps="></latexit><latexit sha1_base64="GVYy93ceaRgN1cmYEF72u+Cr8ps="></latexit><latexit sha1_base64="GVYy93ceaRgN1cmYEF72u+Cr8ps="></latexit>

=
✏0 E2

0

2 c
A c�t

<latexit sha1_base64="sCwjW+HA92rx1GnHYhg6MGl83jc="></latexit><latexit sha1_base64="sCwjW+HA92rx1GnHYhg6MGl83jc="></latexit><latexit sha1_base64="sCwjW+HA92rx1GnHYhg6MGl83jc="></latexit><latexit sha1_base64="sCwjW+HA92rx1GnHYhg6MGl83jc="></latexit>
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