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Griffiths - Capítulo 11



Quando  há movimento da fonte, a informação da mudança de posição se
propaga com a velocidade da luz (e não instantaneamente)

O ponto P não sente o campo criado pela carga  agora e sim o campo criado
no passado, no tempo  ”retardado”, tr , quando a ”mensagem saiu”

x

zy
~r

<latexit sha1_base64="9uPvoWYhjJ+RmYSC6nQCrxCo21M="></latexit><latexit sha1_base64="9uPvoWYhjJ+RmYSC6nQCrxCo21M="></latexit><latexit sha1_base64="9uPvoWYhjJ+RmYSC6nQCrxCo21M="></latexit><latexit sha1_base64="9uPvoWYhjJ+RmYSC6nQCrxCo21M="></latexit>

~r0
<latexit sha1_base64="TgGkxegTPb4GDIbVfLzrJScbBCA="></latexit><latexit sha1_base64="TgGkxegTPb4GDIbVfLzrJScbBCA="></latexit><latexit sha1_base64="TgGkxegTPb4GDIbVfLzrJScbBCA="></latexit><latexit sha1_base64="TgGkxegTPb4GDIbVfLzrJScbBCA="></latexit>

P
~r � ~r0

<latexit sha1_base64="Nwio1B2JlYbqbfkTR9EPFEcUIx8="></latexit><latexit sha1_base64="Nwio1B2JlYbqbfkTR9EPFEcUIx8="></latexit><latexit sha1_base64="Nwio1B2JlYbqbfkTR9EPFEcUIx8="></latexit><latexit sha1_base64="Nwio1B2JlYbqbfkTR9EPFEcUIx8="></latexit>

tr
<latexit sha1_base64="HOFV+Z4oFOHnWsLohJztmyZ6P/w="></latexit><latexit sha1_base64="HOFV+Z4oFOHnWsLohJztmyZ6P/w="></latexit><latexit sha1_base64="HOFV+Z4oFOHnWsLohJztmyZ6P/w="></latexit><latexit sha1_base64="HOFV+Z4oFOHnWsLohJztmyZ6P/w="></latexit>

t
<latexit sha1_base64="WMwLKTCLzKKYvbw3tt5Zp9/oTsM="></latexit><latexit sha1_base64="WMwLKTCLzKKYvbw3tt5Zp9/oTsM="></latexit><latexit sha1_base64="WMwLKTCLzKKYvbw3tt5Zp9/oTsM="></latexit><latexit sha1_base64="WMwLKTCLzKKYvbw3tt5Zp9/oTsM="></latexit>

|~r � ~r0| = c (t� tr)
<latexit sha1_base64="SjzsYbWnNDMrrUdQeZDuVao4ryo="></latexit><latexit sha1_base64="SjzsYbWnNDMrrUdQeZDuVao4ryo="></latexit><latexit sha1_base64="SjzsYbWnNDMrrUdQeZDuVao4ryo="></latexit><latexit sha1_base64="SjzsYbWnNDMrrUdQeZDuVao4ryo="></latexit>

tr = t � |~r � ~r0|
c

<latexit sha1_base64="CJXrJhSLLYss1yh6cSYWdJCV4JA="></latexit><latexit sha1_base64="CJXrJhSLLYss1yh6cSYWdJCV4JA="></latexit><latexit sha1_base64="CJXrJhSLLYss1yh6cSYWdJCV4JA="></latexit><latexit sha1_base64="CJXrJhSLLYss1yh6cSYWdJCV4JA="></latexit>

Falta

Van Gogh

A luz das estrelas
vem do passado !



Fontes variando no tempo

V (~r, t) =
1

4⇡ ✏0

Z
⇢(~r0, tr)

|~r � ~r0|
d3r0

<latexit sha1_base64="GSjgt5OuigyAZvoi4R/rJGPO/ko="></latexit><latexit sha1_base64="GSjgt5OuigyAZvoi4R/rJGPO/ko="></latexit><latexit sha1_base64="GSjgt5OuigyAZvoi4R/rJGPO/ko="></latexit><latexit sha1_base64="GSjgt5OuigyAZvoi4R/rJGPO/ko="></latexit>

~A(~r, t) =
µ0

4⇡

Z ~J(~r0, tr)

|~r � ~r0|
d3r0

<latexit sha1_base64="JZ6Wdn7VWY8YYgwmp9JogDYSrE8="></latexit><latexit sha1_base64="JZ6Wdn7VWY8YYgwmp9JogDYSrE8="></latexit><latexit sha1_base64="JZ6Wdn7VWY8YYgwmp9JogDYSrE8="></latexit><latexit sha1_base64="JZ6Wdn7VWY8YYgwmp9JogDYSrE8="></latexit>

~B = ~r⇥ ~A
<latexit sha1_base64="96a2cyqyV1t8/+pT5jqPndiEFfQ="></latexit><latexit sha1_base64="96a2cyqyV1t8/+pT5jqPndiEFfQ="></latexit><latexit sha1_base64="96a2cyqyV1t8/+pT5jqPndiEFfQ="></latexit><latexit sha1_base64="96a2cyqyV1t8/+pT5jqPndiEFfQ="></latexit>

~E = �~rV � @ ~A

@t
<latexit sha1_base64="SihF8rotVOPQRb3PJGcfuploj4Q="></latexit><latexit sha1_base64="SihF8rotVOPQRb3PJGcfuploj4Q="></latexit><latexit sha1_base64="SihF8rotVOPQRb3PJGcfuploj4Q="></latexit><latexit sha1_base64="SihF8rotVOPQRb3PJGcfuploj4Q="></latexit>

~J(~r, t) ! ~A(~r, t) ! ~B(~r, t)
<latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit>

⇢(~r, t) ! V (~r, t) ! ~E(~r, t)
<latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit>

~J(~r, t) ! ~A(~r, t) ! ~B(~r, t)
<latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit><latexit sha1_base64="j4Qw6xHDFTTeHiFu4zEbA14kN3o="></latexit>

=  potencial vetor

⇢(~r, t) ! V (~r, t) ! ~E(~r, t)
<latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit><latexit sha1_base64="62s217r6fxUo/Cd7HtkymQvVKQM="></latexit>

=  potencial  escalar

Estratégia: primeiro encontrar os potenciais e depois os campos !



Energia eletromagnética :

Propagação da energia eletromag.: vetor de Poynting

Campos gerados por cargas em movimento (retardamento)

Como as ondas eletromagnéticas são geradas ? Radiação !

~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>

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>

Ondas eletromagnéticas :
~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>



Radiação: produção de ondas eletromagnéticas

Radiação: emissão de energia eletromagnética, que sai de uma fonte 
finita e vai até o infinito.  

Potência atravessando esta superfície: 

P =

I
~S . ~da

<latexit sha1_base64="BZcdXKyDx9ODEWlbswri7CvrBoc="></latexit><latexit sha1_base64="BZcdXKyDx9ODEWlbswri7CvrBoc="></latexit><latexit sha1_base64="BZcdXKyDx9ODEWlbswri7CvrBoc="></latexit><latexit sha1_base64="BZcdXKyDx9ODEWlbswri7CvrBoc="></latexit>

=

I
1

µ0
( ~E ⇥ ~B) . ~da

<latexit sha1_base64="HsgymahUCaO9AAUBa2gCPLn6w2k="></latexit><latexit sha1_base64="HsgymahUCaO9AAUBa2gCPLn6w2k="></latexit><latexit sha1_base64="HsgymahUCaO9AAUBa2gCPLn6w2k="></latexit><latexit sha1_base64="HsgymahUCaO9AAUBa2gCPLn6w2k="></latexit>

Potência irradiada é o limite de P quando 
o raio r vai ao infinito

Prad = lim
r!1

P (r)
<latexit sha1_base64="yr+YOpFB/VsLybD334eA8AaI9mY="></latexit><latexit sha1_base64="yr+YOpFB/VsLybD334eA8AaI9mY="></latexit><latexit sha1_base64="yr+YOpFB/VsLybD334eA8AaI9mY="></latexit><latexit sha1_base64="yr+YOpFB/VsLybD334eA8AaI9mY="></latexit>

Radiação: fluxo de energia para 
longe da fonte !!! Prad 6= 0

<latexit sha1_base64="5fGB2qsuEoGTWfWZ/9gryam/DyE="></latexit><latexit sha1_base64="5fGB2qsuEoGTWfWZ/9gryam/DyE="></latexit><latexit sha1_base64="5fGB2qsuEoGTWfWZ/9gryam/DyE="></latexit><latexit sha1_base64="5fGB2qsuEoGTWfWZ/9gryam/DyE="></latexit>

Prad = 0
<latexit sha1_base64="G58sasd6Nz/qux+wBSpGiRt6pM0="></latexit><latexit sha1_base64="G58sasd6Nz/qux+wBSpGiRt6pM0="></latexit><latexit sha1_base64="G58sasd6Nz/qux+wBSpGiRt6pM0="></latexit><latexit sha1_base64="G58sasd6Nz/qux+wBSpGiRt6pM0="></latexit>

Fonte não irradia

Fonte irradia



Cargas estáticas ou em movimento uniforme não irradiam!

lim
r!1

P = lim
r!1

I
1

µ0
( ~E ⇥ ~B) . ~da = 0

<latexit sha1_base64="s2vIdj8VDaNAjd0B/FNGdkIq8s4="></latexit><latexit sha1_base64="s2vIdj8VDaNAjd0B/FNGdkIq8s4="></latexit><latexit sha1_base64="s2vIdj8VDaNAjd0B/FNGdkIq8s4="></latexit><latexit sha1_base64="s2vIdj8VDaNAjd0B/FNGdkIq8s4="></latexit>

Cargas aceleradas irradiam !

Movimento acelerado simples:  oscilação !

Radiador simples; dipolo elétrico oscilante !

x y

z
+ q

- q

x y

z

x y

z
+ q

- q



”Bolhas de sabão” ?



Antena de fio linear com corrente alternada



Uma antena simples: o dipolo elétrico de brinquedo

A carga em cada extremidade
varia com o tempo :

Lei dos cossenos :

Potencial de uma carga puntiforme:

Se a carga variar no tempo: V (~r, tr) =
q

4⇡ ✏0

1

r
<latexit sha1_base64="3NVQ+CFQ7LTRK306miFg41P0C2U="></latexit><latexit sha1_base64="3NVQ+CFQ7LTRK306miFg41P0C2U="></latexit><latexit sha1_base64="3NVQ+CFQ7LTRK306miFg41P0C2U="></latexit><latexit sha1_base64="3NVQ+CFQ7LTRK306miFg41P0C2U="></latexit>

V (~r, tr) =
q+(t+r )

4⇡ ✏0

1

r+
+

q�(t�r )

4⇡ ✏0

1

r�
<latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit>

t+r = t� r+
c

<latexit sha1_base64="hgwI9AYxkPykzeZx/HpflamexDE="></latexit><latexit sha1_base64="hgwI9AYxkPykzeZx/HpflamexDE="></latexit><latexit sha1_base64="hgwI9AYxkPykzeZx/HpflamexDE="></latexit><latexit sha1_base64="hgwI9AYxkPykzeZx/HpflamexDE="></latexit>

t�r = t� r�
c

<latexit sha1_base64="kVX5BJZHtMjYeni89srBPt+ib8M="></latexit><latexit sha1_base64="kVX5BJZHtMjYeni89srBPt+ib8M="></latexit><latexit sha1_base64="kVX5BJZHtMjYeni89srBPt+ib8M="></latexit><latexit sha1_base64="kVX5BJZHtMjYeni89srBPt+ib8M="></latexit>

P

q+(t) = + q0 cos(!t)
<latexit sha1_base64="Ln1JXIrsLQQ6KZ5b129jPwDzQ9o="></latexit><latexit sha1_base64="Ln1JXIrsLQQ6KZ5b129jPwDzQ9o="></latexit><latexit sha1_base64="Ln1JXIrsLQQ6KZ5b129jPwDzQ9o="></latexit><latexit sha1_base64="Ln1JXIrsLQQ6KZ5b129jPwDzQ9o="></latexit>

q�(t) = � q0 cos(!t)
<latexit sha1_base64="aO+h9ZGHmrKMeP1sPKeD5XCKI+M="></latexit><latexit sha1_base64="aO+h9ZGHmrKMeP1sPKeD5XCKI+M="></latexit><latexit sha1_base64="aO+h9ZGHmrKMeP1sPKeD5XCKI+M="></latexit><latexit sha1_base64="aO+h9ZGHmrKMeP1sPKeD5XCKI+M="></latexit>

r >> � >> d
<latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit>

V =
q

4⇡ ✏0

1

r
<latexit sha1_base64="JLNVR3BDpbbC2BIZISvoXf9xmqo="></latexit><latexit sha1_base64="JLNVR3BDpbbC2BIZISvoXf9xmqo="></latexit><latexit sha1_base64="JLNVR3BDpbbC2BIZISvoXf9xmqo="></latexit><latexit sha1_base64="JLNVR3BDpbbC2BIZISvoXf9xmqo="></latexit>



V (~r, tr) =
q+(t+r )

4⇡ ✏0

1

r+
+

q�(t�r )

4⇡ ✏0

1

r�
<latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit><latexit sha1_base64="KSycUcBCOZM7alQ4v7KMGSCzWHI="></latexit>

V (~r, tr) =
1

4⇡ ✏0


q0 cos[!(t� r+

c )]

r+
�

q0 cos[!(t� r�
c )]

r�

�

<latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit>

r+ =

r
(
d

2
)2 + r2 � d r cos✓

<latexit sha1_base64="yUO0C6Icp131h5Ni9CYu2g6CJOs="></latexit><latexit sha1_base64="yUO0C6Icp131h5Ni9CYu2g6CJOs="></latexit><latexit sha1_base64="yUO0C6Icp131h5Ni9CYu2g6CJOs="></latexit><latexit sha1_base64="yUO0C6Icp131h5Ni9CYu2g6CJOs="></latexit>

r� =

r
(
d

2
)2 + r2 + d r cos✓

<latexit sha1_base64="wUwu9PGJCYY9RHCCOTSY1bbDzYM="></latexit><latexit sha1_base64="wUwu9PGJCYY9RHCCOTSY1bbDzYM="></latexit><latexit sha1_base64="wUwu9PGJCYY9RHCCOTSY1bbDzYM="></latexit><latexit sha1_base64="wUwu9PGJCYY9RHCCOTSY1bbDzYM="></latexit>

r+ =
⇥
r2 � d r cos✓

⇤1/2
<latexit sha1_base64="zvIcwHfi7H0eKl+PnYzLRyJVy2Q="></latexit><latexit sha1_base64="zvIcwHfi7H0eKl+PnYzLRyJVy2Q="></latexit><latexit sha1_base64="zvIcwHfi7H0eKl+PnYzLRyJVy2Q="></latexit><latexit sha1_base64="zvIcwHfi7H0eKl+PnYzLRyJVy2Q="></latexit>

= r


1� d

r
cos✓

�1/2

<latexit sha1_base64="kUoMNOWOw8cUUiaLydON/5TQXjc="></latexit><latexit sha1_base64="kUoMNOWOw8cUUiaLydON/5TQXjc="></latexit><latexit sha1_base64="kUoMNOWOw8cUUiaLydON/5TQXjc="></latexit><latexit sha1_base64="kUoMNOWOw8cUUiaLydON/5TQXjc="></latexit>

= r


1� d

2r
cos✓

�

<latexit sha1_base64="gcDqYTeQb57m+SzngWMIfr33MHU="></latexit><latexit sha1_base64="gcDqYTeQb57m+SzngWMIfr33MHU="></latexit><latexit sha1_base64="gcDqYTeQb57m+SzngWMIfr33MHU="></latexit><latexit sha1_base64="gcDqYTeQb57m+SzngWMIfr33MHU="></latexit>

r� = r


1 +

d

2r
cos✓

�

<latexit sha1_base64="nS/2bml8dlCv96AvjGrUfyqF6FA="></latexit><latexit sha1_base64="nS/2bml8dlCv96AvjGrUfyqF6FA="></latexit><latexit sha1_base64="nS/2bml8dlCv96AvjGrUfyqF6FA="></latexit><latexit sha1_base64="nS/2bml8dlCv96AvjGrUfyqF6FA="></latexit>

cos[!(t� r+
c
)] = cos


!t� !

c
r

✓
1� d

2r
cos✓

◆�

<latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit>

d << r
<latexit sha1_base64="pjXryAGA06hKr4UxeXdbdDnRn9I="></latexit><latexit sha1_base64="pjXryAGA06hKr4UxeXdbdDnRn9I="></latexit><latexit sha1_base64="pjXryAGA06hKr4UxeXdbdDnRn9I="></latexit><latexit sha1_base64="pjXryAGA06hKr4UxeXdbdDnRn9I="></latexit>

d << �
<latexit sha1_base64="q8RHBST/kS5YdnupZ9P61BzA90I="></latexit><latexit sha1_base64="q8RHBST/kS5YdnupZ9P61BzA90I="></latexit><latexit sha1_base64="q8RHBST/kS5YdnupZ9P61BzA90I="></latexit><latexit sha1_base64="q8RHBST/kS5YdnupZ9P61BzA90I="></latexit>Aproximação : r >> � >> d

<latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit><latexit sha1_base64="GlnyNSwCRuR5jDzOmCR7EMTiR8Q="></latexit>

(1 + x)a ' 1 + a x
<latexit sha1_base64="2ws8kymL4aWTD5Fl5Sf/ZQ6iCq0="></latexit><latexit sha1_base64="2ws8kymL4aWTD5Fl5Sf/ZQ6iCq0="></latexit><latexit sha1_base64="2ws8kymL4aWTD5Fl5Sf/ZQ6iCq0="></latexit><latexit sha1_base64="2ws8kymL4aWTD5Fl5Sf/ZQ6iCq0="></latexit>



cos[!(t� r+
c
)] = cos


!t� !

c
r

✓
1� d

2r
cos✓

◆�

<latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit><latexit sha1_base64="a9JqHoQAEvsoWcFnOUeIodIRa0E="></latexit>

cos[!(t� r+
c
)] = cos


!(t� r

c
) +

! d

2c
cos✓

�

<latexit sha1_base64="qLeu/qZ8rGuN1w7Nfp5bNhXz4Os="></latexit><latexit sha1_base64="qLeu/qZ8rGuN1w7Nfp5bNhXz4Os="></latexit><latexit sha1_base64="qLeu/qZ8rGuN1w7Nfp5bNhXz4Os="></latexit><latexit sha1_base64="qLeu/qZ8rGuN1w7Nfp5bNhXz4Os="></latexit>

cos(a+ b) = cos a cos b � sen a sen b
<latexit sha1_base64="LQ7xaiRvtSJvtp0fCCgA5aFf5T0="></latexit><latexit sha1_base64="LQ7xaiRvtSJvtp0fCCgA5aFf5T0="></latexit><latexit sha1_base64="LQ7xaiRvtSJvtp0fCCgA5aFf5T0="></latexit><latexit sha1_base64="LQ7xaiRvtSJvtp0fCCgA5aFf5T0="></latexit>

cos[!(t� r+
c
)] = cos[!(t� r

c
)] cos[

! d

2c
cos✓] � sen[!(t� r

c
)] sen[

! d

2c
cos✓]

<latexit sha1_base64="XXZpM+V4O6Fe8jHtFZzShZxbcAE="></latexit><latexit sha1_base64="XXZpM+V4O6Fe8jHtFZzShZxbcAE="></latexit><latexit sha1_base64="XXZpM+V4O6Fe8jHtFZzShZxbcAE="></latexit><latexit sha1_base64="XXZpM+V4O6Fe8jHtFZzShZxbcAE="></latexit>

! = 2⇡ ⌫ = 2⇡
c

�
<latexit sha1_base64="8McR4A1gaKurEI+qigSmgjGxj0I="></latexit><latexit sha1_base64="8McR4A1gaKurEI+qigSmgjGxj0I="></latexit><latexit sha1_base64="8McR4A1gaKurEI+qigSmgjGxj0I="></latexit><latexit sha1_base64="8McR4A1gaKurEI+qigSmgjGxj0I="></latexit>

!

c
=

2⇡

�
<latexit sha1_base64="Poc605FJ9wSBDiopeLgIn3lbMW8="></latexit><latexit sha1_base64="Poc605FJ9wSBDiopeLgIn3lbMW8="></latexit><latexit sha1_base64="Poc605FJ9wSBDiopeLgIn3lbMW8="></latexit><latexit sha1_base64="Poc605FJ9wSBDiopeLgIn3lbMW8="></latexit>

! d

c
=
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�
<latexit sha1_base64="9HrYKk8JjaK7o9vOwTVxDHSA4OM="></latexit><latexit sha1_base64="9HrYKk8JjaK7o9vOwTVxDHSA4OM="></latexit><latexit sha1_base64="9HrYKk8JjaK7o9vOwTVxDHSA4OM="></latexit><latexit sha1_base64="9HrYKk8JjaK7o9vOwTVxDHSA4OM="></latexit>

! d

c
=
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�
<< 1

<latexit sha1_base64="9GqZYjqCHgO+GStDVoIKl9BJ1eY="></latexit><latexit sha1_base64="9GqZYjqCHgO+GStDVoIKl9BJ1eY="></latexit><latexit sha1_base64="9GqZYjqCHgO+GStDVoIKl9BJ1eY="></latexit><latexit sha1_base64="9GqZYjqCHgO+GStDVoIKl9BJ1eY="></latexit>

cos x ' 1
<latexit sha1_base64="d5na20Lmnan9iAi5MWOuVkPiJAw="></latexit><latexit sha1_base64="d5na20Lmnan9iAi5MWOuVkPiJAw="></latexit><latexit sha1_base64="d5na20Lmnan9iAi5MWOuVkPiJAw="></latexit><latexit sha1_base64="d5na20Lmnan9iAi5MWOuVkPiJAw="></latexit>

sen x ' x
<latexit sha1_base64="D7hasbmHrTwiDOTdXY5XqOUgabs="></latexit><latexit sha1_base64="D7hasbmHrTwiDOTdXY5XqOUgabs="></latexit><latexit sha1_base64="D7hasbmHrTwiDOTdXY5XqOUgabs="></latexit><latexit sha1_base64="D7hasbmHrTwiDOTdXY5XqOUgabs="></latexit>

x << 1
<latexit sha1_base64="NAsBG+f23ubtsNac6vyg3ebMRvk="></latexit><latexit sha1_base64="NAsBG+f23ubtsNac6vyg3ebMRvk="></latexit><latexit sha1_base64="NAsBG+f23ubtsNac6vyg3ebMRvk="></latexit><latexit sha1_base64="NAsBG+f23ubtsNac6vyg3ebMRvk="></latexit>

cos[!(t� r+
c
)] = cos[!(t� r

c
)] � sen[!(t� r

c
)] (

! d

2c
cos✓)

<latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit>



cos[!(t� r�
c
)] = cos


!(t� r

c
)� ! d

2c
cos✓

�

<latexit sha1_base64="QuqjPJFMSvp9Piv7+D4e35naANo="></latexit><latexit sha1_base64="QuqjPJFMSvp9Piv7+D4e35naANo="></latexit><latexit sha1_base64="QuqjPJFMSvp9Piv7+D4e35naANo="></latexit><latexit sha1_base64="QuqjPJFMSvp9Piv7+D4e35naANo="></latexit>

cos(a� b) = cos a cos b + sen a sen b
<latexit sha1_base64="W05NEtVfoddZLNztuhfgEeI+xq0="></latexit><latexit sha1_base64="W05NEtVfoddZLNztuhfgEeI+xq0="></latexit><latexit sha1_base64="W05NEtVfoddZLNztuhfgEeI+xq0="></latexit><latexit sha1_base64="W05NEtVfoddZLNztuhfgEeI+xq0="></latexit>

cos[!(t� r�
c
)] = cos[!(t� r

c
)] cos[

! d

2c
cos✓] + sen[!(t� r

c
)] sen[

! d

2c
cos✓]

<latexit sha1_base64="XGke3XWpieN4thxI8+noPGjtwYY="></latexit><latexit sha1_base64="XGke3XWpieN4thxI8+noPGjtwYY="></latexit><latexit sha1_base64="XGke3XWpieN4thxI8+noPGjtwYY="></latexit><latexit sha1_base64="XGke3XWpieN4thxI8+noPGjtwYY="></latexit>

cos[!(t� r�
c
)] = cos[!(t� r

c
)] + sen[!(t� r

c
)] (

! d

2c
cos✓)

<latexit sha1_base64="zEJR3X0AQ8MFcBVk3G1GakG66F8="></latexit><latexit sha1_base64="zEJR3X0AQ8MFcBVk3G1GakG66F8="></latexit><latexit sha1_base64="zEJR3X0AQ8MFcBVk3G1GakG66F8="></latexit><latexit sha1_base64="zEJR3X0AQ8MFcBVk3G1GakG66F8="></latexit>

1

r+
=

1

[r2 � d r cos✓]1/2
=

1

r
[1� d

r
cos✓]�1/2 ' 1

r
[1 +

d

2r
cos✓]

<latexit sha1_base64="IpO9+WoFJXcZgjxNUxnun3+OMx0="></latexit><latexit sha1_base64="IpO9+WoFJXcZgjxNUxnun3+OMx0="></latexit><latexit sha1_base64="IpO9+WoFJXcZgjxNUxnun3+OMx0="></latexit><latexit sha1_base64="IpO9+WoFJXcZgjxNUxnun3+OMx0="></latexit>

1

r�
=

1

[r2 + d r cos✓]1/2
=

1

r
[1 +

d

r
cos✓]�1/2 ' 1

r
[1� d

2r
cos✓]

<latexit sha1_base64="4XEJ+3cB2ybZ9K5SU/NHZdOSL68="></latexit><latexit sha1_base64="4XEJ+3cB2ybZ9K5SU/NHZdOSL68="></latexit><latexit sha1_base64="4XEJ+3cB2ybZ9K5SU/NHZdOSL68="></latexit><latexit sha1_base64="4XEJ+3cB2ybZ9K5SU/NHZdOSL68="></latexit>

cos[!(t� r+
c
)] = cos[!(t� r

c
)] � sen[!(t� r

c
)] (

! d

2c
cos✓)

<latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit><latexit sha1_base64="2AhQzk1Xc/hFjPMBWWiSSFv7x8A="></latexit>



�(1� d

2r
cos✓)


cos[!(t� r

c
)] + sen[!(t� r

c
)] (

! d

2c
cos✓)

�

<latexit sha1_base64="enUeAMNMLmClXuMSxzUyXppuA0g="></latexit><latexit sha1_base64="enUeAMNMLmClXuMSxzUyXppuA0g="></latexit><latexit sha1_base64="enUeAMNMLmClXuMSxzUyXppuA0g="></latexit><latexit sha1_base64="enUeAMNMLmClXuMSxzUyXppuA0g="></latexit>

V =
q0

4⇡ ✏0 r
(1 +

d

2r
cos✓)


cos[!(t� r

c
)] � sen[!(t� r

c
)] (

! d

2c
cos✓)

�

<latexit sha1_base64="C6Dfl5IBHiJieieEc7bU+bMzJQI="></latexit><latexit sha1_base64="C6Dfl5IBHiJieieEc7bU+bMzJQI="></latexit><latexit sha1_base64="C6Dfl5IBHiJieieEc7bU+bMzJQI="></latexit><latexit sha1_base64="C6Dfl5IBHiJieieEc7bU+bMzJQI="></latexit>

V (~r, tr) =
1

4⇡ ✏0


q0 cos[!(t� r+

c )]

r+
�

q0 cos[!(t� r�
c )]

r�

�

<latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit><latexit sha1_base64="QJ1NfAgtRN3Qb4gaxuOxt1ijPl8="></latexit>

V =
q0

4⇡ ✏0 r


d

r
cos✓ cos[!(t� r

c
)] � ! d

c
cos✓ sen[!(t� r

c
)]

�

<latexit sha1_base64="Eujtf9/prdd/8hikPuM2yp+lsog="></latexit><latexit sha1_base64="Eujtf9/prdd/8hikPuM2yp+lsog="></latexit><latexit sha1_base64="Eujtf9/prdd/8hikPuM2yp+lsog="></latexit><latexit sha1_base64="Eujtf9/prdd/8hikPuM2yp+lsog="></latexit>

1

r
<<

!

c
<latexit sha1_base64="1x6Ft5kuopF/4GNyPMv5IE6AlAI="></latexit><latexit sha1_base64="1x6Ft5kuopF/4GNyPMv5IE6AlAI="></latexit><latexit sha1_base64="1x6Ft5kuopF/4GNyPMv5IE6AlAI="></latexit><latexit sha1_base64="1x6Ft5kuopF/4GNyPMv5IE6AlAI="></latexit>

0

V = � q0 d!

4⇡ ✏0 c

✓
cos✓

r

◆
sen[!(t� r

c
)]

<latexit sha1_base64="kmd9RrRJHpHgZIpehGecx5IBoe4="></latexit><latexit sha1_base64="kmd9RrRJHpHgZIpehGecx5IBoe4="></latexit><latexit sha1_base64="kmd9RrRJHpHgZIpehGecx5IBoe4="></latexit><latexit sha1_base64="kmd9RrRJHpHgZIpehGecx5IBoe4="></latexit>

”onda” de potencial que 
enfraquece com a distância




