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Aula 14

Eletrodinâmica
Campos elétricos e magnéticos  variando no tempo 



James Maxwell
(1831-1879)

Rico...pai advogado

Filho único órfão de mãe aos 8 anos

Se formou em Cambridge aos 24 anos

Professor no King’s College, Londres aos 30 anos

Publicou artigos sobre matemática (geometria, “curvas de Maxwell”)

Se casou aos 27 e não teve filhos

Estudo de gases: distribuição de Maxwell

Lennon-McCartney Jagger - Richards Faraday – Maxwell
forever ! 



James Maxwell
(1831-1879)

Maxwell é o cara !

Deu a forma final às equações do eletromagnetismo !

Luz é feita de ondas de campos 
elétricos e magnéticos   :

(”Equações de Maxwell”)



~r⇥ ~B = µ0
~J

<latexit sha1_base64="YajJ+XIQqZovVmr3V0/8xqtYHMo="></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="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit>

~r ⇥ ~E = 0
<latexit sha1_base64="Dzy9MfqxQuI6Iz+gIusxZY7Hpek="></latexit><latexit sha1_base64="Dzy9MfqxQuI6Iz+gIusxZY7Hpek="></latexit><latexit sha1_base64="Dzy9MfqxQuI6Iz+gIusxZY7Hpek="></latexit><latexit sha1_base64="Dzy9MfqxQuI6Iz+gIusxZY7Hpek="></latexit>

Equações da Eletrostática e Magnetostática

E diverge  mas
não ”roda” !

B ”roda”  mas
não  diverge !



~r⇥ ~B = µ0
~J

<latexit sha1_base64="YajJ+XIQqZovVmr3V0/8xqtYHMo="></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="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit>

E ”roda”  se  B variar no tempo !

B ”roda”  mas
não  diverge !

~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>

Se  E  variar no tempo, B muda ?

~r⇥ ~B = const
@ ~E

@t
<latexit sha1_base64="a95s3QgOvb3sfzaWT1slJBW6rw4="></latexit><latexit sha1_base64="a95s3QgOvb3sfzaWT1slJBW6rw4="></latexit><latexit sha1_base64="a95s3QgOvb3sfzaWT1slJBW6rw4="></latexit><latexit sha1_base64="a95s3QgOvb3sfzaWT1slJBW6rw4="></latexit>

?

Na Eletrodinâmica:



A visão formal (matemática) do Eletromagnetismo

~r . (~r⇥ ~V ) = 0
<latexit sha1_base64="FlMa5vPUe92Wi/C/OqUTYX2SH0U="></latexit><latexit sha1_base64="FlMa5vPUe92Wi/C/OqUTYX2SH0U="></latexit><latexit sha1_base64="FlMa5vPUe92Wi/C/OqUTYX2SH0U="></latexit><latexit sha1_base64="FlMa5vPUe92Wi/C/OqUTYX2SH0U="></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>

Teste  de consistência:  

Lei de Faraday

Vamos calcular o divergente dos dois lados: 

~r . (~r⇥ ~E) = �~r.(
@

@t
~B)

<latexit sha1_base64="ZQYGfemYaSXL3v936nwew9J4DP8="></latexit><latexit sha1_base64="ZQYGfemYaSXL3v936nwew9J4DP8="></latexit><latexit sha1_base64="ZQYGfemYaSXL3v936nwew9J4DP8="></latexit><latexit sha1_base64="ZQYGfemYaSXL3v936nwew9J4DP8="></latexit>

0 = � @

@t
(~r . ~B)

<latexit sha1_base64="K8FlvmbssMVAtfvc+5cO3rthBIc="></latexit><latexit sha1_base64="K8FlvmbssMVAtfvc+5cO3rthBIc="></latexit><latexit sha1_base64="K8FlvmbssMVAtfvc+5cO3rthBIc="></latexit><latexit sha1_base64="K8FlvmbssMVAtfvc+5cO3rthBIc="></latexit>

~r . ~B = 0
<latexit sha1_base64="S6hcScAjhjlBWo5lkcmvRLX99Ss="></latexit><latexit sha1_base64="S6hcScAjhjlBWo5lkcmvRLX99Ss="></latexit><latexit sha1_base64="S6hcScAjhjlBWo5lkcmvRLX99Ss="></latexit><latexit sha1_base64="S6hcScAjhjlBWo5lkcmvRLX99Ss="></latexit>

Lembramos que  

0 = 0
<latexit sha1_base64="XwHXnkRbO7QlUXJDAGmNvlyrKTM="></latexit><latexit sha1_base64="XwHXnkRbO7QlUXJDAGmNvlyrKTM="></latexit><latexit sha1_base64="XwHXnkRbO7QlUXJDAGmNvlyrKTM="></latexit><latexit sha1_base64="XwHXnkRbO7QlUXJDAGmNvlyrKTM="></latexit>

OK !!!

FaltaFato matemático : o divergente do rotacional  de um vetor é zero !



Falta

Outro teste  de consistência:  

~r⇥ ~B = µ0
~J

<latexit sha1_base64="YajJ+XIQqZovVmr3V0/8xqtYHMo="></latexit>

~r . (~r⇥ ~B) = µ0
~r . ~J

<latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit>

0 = µ0
~r . ~J

<latexit sha1_base64="avPt3eVJSNn2O5vWhrtUQYHKTt8="></latexit><latexit sha1_base64="avPt3eVJSNn2O5vWhrtUQYHKTt8="></latexit><latexit sha1_base64="avPt3eVJSNn2O5vWhrtUQYHKTt8="></latexit><latexit sha1_base64="avPt3eVJSNn2O5vWhrtUQYHKTt8="></latexit>

~r . ~J 6= 0
<latexit sha1_base64="zxHNh/QmIHFkjp8aM3LspCLfkp0="></latexit><latexit sha1_base64="zxHNh/QmIHFkjp8aM3LspCLfkp0="></latexit><latexit sha1_base64="zxHNh/QmIHFkjp8aM3LspCLfkp0="></latexit><latexit sha1_base64="zxHNh/QmIHFkjp8aM3LspCLfkp0="></latexit>

Mas, em geral 

Falta alguma coisa !



A equação da continuidade

v
<latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit>

v
<latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit><latexit sha1_base64="WJ+uICu3RJ3PeutbHdgXIlM2kDY="></latexit>

J =
I

A<latexit sha1_base64="664GpLIA+JbNTW8ZzJntUd4m4tQ="></latexit><latexit sha1_base64="664GpLIA+JbNTW8ZzJntUd4m4tQ="></latexit><latexit sha1_base64="664GpLIA+JbNTW8ZzJntUd4m4tQ="></latexit><latexit sha1_base64="664GpLIA+JbNTW8ZzJntUd4m4tQ="></latexit>

=
�Q

�T

1

A<latexit sha1_base64="JPBue4UuHzbaLldmTMZ2JL6OFO4="></latexit><latexit sha1_base64="JPBue4UuHzbaLldmTMZ2JL6OFO4="></latexit><latexit sha1_base64="JPBue4UuHzbaLldmTMZ2JL6OFO4="></latexit><latexit sha1_base64="JPBue4UuHzbaLldmTMZ2JL6OFO4="></latexit>

�L

�L<latexit sha1_base64="cVrpCngVqOZq/x+ZgzxDqwCPyTI="></latexit><latexit sha1_base64="cVrpCngVqOZq/x+ZgzxDqwCPyTI="></latexit><latexit sha1_base64="cVrpCngVqOZq/x+ZgzxDqwCPyTI="></latexit><latexit sha1_base64="cVrpCngVqOZq/x+ZgzxDqwCPyTI="></latexit>

=
�Q

�V
v

<latexit sha1_base64="DuzZikLEcsrmEHx679Bb4JH9yBA="></latexit><latexit sha1_base64="DuzZikLEcsrmEHx679Bb4JH9yBA="></latexit><latexit sha1_base64="DuzZikLEcsrmEHx679Bb4JH9yBA="></latexit><latexit sha1_base64="DuzZikLEcsrmEHx679Bb4JH9yBA="></latexit>

= ⇢ v
<latexit sha1_base64="L+T/GZkzKAPlKVe8Rjtzwv4VAzk="></latexit><latexit sha1_base64="L+T/GZkzKAPlKVe8Rjtzwv4VAzk="></latexit><latexit sha1_base64="L+T/GZkzKAPlKVe8Rjtzwv4VAzk="></latexit><latexit sha1_base64="L+T/GZkzKAPlKVe8Rjtzwv4VAzk="></latexit>

�Q

�T
= ⇢ v A

<latexit sha1_base64="+xkPrBziakwrL9TPio0p+X8iqrU="></latexit><latexit sha1_base64="+xkPrBziakwrL9TPio0p+X8iqrU="></latexit><latexit sha1_base64="+xkPrBziakwrL9TPio0p+X8iqrU="></latexit><latexit sha1_base64="+xkPrBziakwrL9TPio0p+X8iqrU="></latexit>�L
<latexit sha1_base64="ftpZ6xBLY24skK7T78d5ow/Mmwo="></latexit><latexit sha1_base64="ftpZ6xBLY24skK7T78d5ow/Mmwo="></latexit><latexit sha1_base64="ftpZ6xBLY24skK7T78d5ow/Mmwo="></latexit><latexit sha1_base64="ftpZ6xBLY24skK7T78d5ow/Mmwo="></latexit>

A
<latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit>

A
<latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit><latexit sha1_base64="1fpNIUZRPl2vZJVNl9EHXpCLbCI="></latexit>

d~a
<latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit>

d~a
<latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit>

I
~J . d~a =

Z
J da = ⇢ v A

<latexit sha1_base64="PufCStziMPzxTeSVWF/vgCBS9Uc="></latexit><latexit sha1_base64="PufCStziMPzxTeSVWF/vgCBS9Uc="></latexit><latexit sha1_base64="PufCStziMPzxTeSVWF/vgCBS9Uc="></latexit><latexit sha1_base64="PufCStziMPzxTeSVWF/vgCBS9Uc="></latexit>

variação da carga
dentro do cubo

carga  (por unidade de tempo) que 
atravessa a superfície A e sai

Ganho de cargas do lado de fora = - perda de cargas do lado de dentro
I

~J . d~a = ��Q

�T
<latexit sha1_base64="fJsLRBD05uzzeT/vTGWoNDOySyM="></latexit><latexit sha1_base64="fJsLRBD05uzzeT/vTGWoNDOySyM="></latexit><latexit sha1_base64="fJsLRBD05uzzeT/vTGWoNDOySyM="></latexit><latexit sha1_base64="fJsLRBD05uzzeT/vTGWoNDOySyM="></latexit>

= �dQ

dt
<latexit sha1_base64="9rw74JLIZ+oZGaNHerFEoolf5nw="></latexit><latexit sha1_base64="9rw74JLIZ+oZGaNHerFEoolf5nw="></latexit><latexit sha1_base64="9rw74JLIZ+oZGaNHerFEoolf5nw="></latexit><latexit sha1_base64="9rw74JLIZ+oZGaNHerFEoolf5nw="></latexit>

=

Z
(�@⇢

@t
) dV

<latexit sha1_base64="p1WDjwfcWXy+z2HKvrgiR2twGMs="></latexit><latexit sha1_base64="p1WDjwfcWXy+z2HKvrgiR2twGMs="></latexit><latexit sha1_base64="p1WDjwfcWXy+z2HKvrgiR2twGMs="></latexit><latexit sha1_base64="p1WDjwfcWXy+z2HKvrgiR2twGMs="></latexit>

= � d

dt

Z
⇢ dV

<latexit sha1_base64="wwujHU8ee25W3e9HxugQfq0Rsgw="></latexit><latexit sha1_base64="wwujHU8ee25W3e9HxugQfq0Rsgw="></latexit><latexit sha1_base64="wwujHU8ee25W3e9HxugQfq0Rsgw="></latexit><latexit sha1_base64="wwujHU8ee25W3e9HxugQfq0Rsgw="></latexit>

v =
�L

�T<latexit sha1_base64="96Led2US/C8yr0nI4Rw34h16F2U="></latexit><latexit sha1_base64="96Led2US/C8yr0nI4Rw34h16F2U="></latexit><latexit sha1_base64="96Led2US/C8yr0nI4Rw34h16F2U="></latexit><latexit sha1_base64="96Led2US/C8yr0nI4Rw34h16F2U="></latexit>



I
~J . d~a =

Z
~r . ~J dV

<latexit sha1_base64="DL1wQYSAd3xf6jVZZwsI5Pq7KQI="></latexit><latexit sha1_base64="DL1wQYSAd3xf6jVZZwsI5Pq7KQI="></latexit><latexit sha1_base64="DL1wQYSAd3xf6jVZZwsI5Pq7KQI="></latexit><latexit sha1_base64="DL1wQYSAd3xf6jVZZwsI5Pq7KQI="></latexit>

I
~J . d~a =

Z
(�@⇢

@t
) dV

<latexit sha1_base64="IFPv2cXn+ZZ4janpX5jLADWWG7A="></latexit><latexit sha1_base64="IFPv2cXn+ZZ4janpX5jLADWWG7A="></latexit><latexit sha1_base64="IFPv2cXn+ZZ4janpX5jLADWWG7A="></latexit><latexit sha1_base64="IFPv2cXn+ZZ4janpX5jLADWWG7A="></latexit> ~r . ~J = �@⇢

@t
<latexit sha1_base64="T2Gcx23eVzm2+r4NUJIrWsm/lIc="></latexit><latexit sha1_base64="T2Gcx23eVzm2+r4NUJIrWsm/lIc="></latexit><latexit sha1_base64="T2Gcx23eVzm2+r4NUJIrWsm/lIc="></latexit><latexit sha1_base64="T2Gcx23eVzm2+r4NUJIrWsm/lIc="></latexit>

equação da continuidade

⇢ = ✏0 ~r . ~E
<latexit sha1_base64="ONXf3Vvau1jORyGN1Xax+FsVO8M="></latexit><latexit sha1_base64="ONXf3Vvau1jORyGN1Xax+FsVO8M="></latexit><latexit sha1_base64="ONXf3Vvau1jORyGN1Xax+FsVO8M="></latexit><latexit sha1_base64="ONXf3Vvau1jORyGN1Xax+FsVO8M="></latexit>

Lei de Gauss

~r . ~J = � @

@t

⇣
✏0 ~r . ~E

⌘

<latexit sha1_base64="H98RzHBHiuKIPH39I74Tl0XvpXo="></latexit><latexit sha1_base64="H98RzHBHiuKIPH39I74Tl0XvpXo="></latexit><latexit sha1_base64="H98RzHBHiuKIPH39I74Tl0XvpXo="></latexit><latexit sha1_base64="H98RzHBHiuKIPH39I74Tl0XvpXo="></latexit>

~r . ~J = ~r .

 
�✏0

@ ~E

@t

!

<latexit sha1_base64="ltfPmkUbDef5IASmDSrsPJCMGSU="></latexit><latexit sha1_base64="ltfPmkUbDef5IASmDSrsPJCMGSU="></latexit><latexit sha1_base64="ltfPmkUbDef5IASmDSrsPJCMGSU="></latexit><latexit sha1_base64="ltfPmkUbDef5IASmDSrsPJCMGSU="></latexit>

~r . (~r⇥ ~B) = µ0
~r . ~J

<latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit><latexit sha1_base64="2JB4UylLJiO2jOLT4U1TC2CXBU0="></latexit>

= ~r .

 
�µ0 ✏0

@ ~E

@t

!

<latexit sha1_base64="1jLlS9Iws2GE/Rr2leAlJYbO4VU="></latexit><latexit sha1_base64="1jLlS9Iws2GE/Rr2leAlJYbO4VU="></latexit><latexit sha1_base64="1jLlS9Iws2GE/Rr2leAlJYbO4VU="></latexit><latexit sha1_base64="1jLlS9Iws2GE/Rr2leAlJYbO4VU="></latexit>

+ ~r .

 
+µ0 ✏0

@ ~E

@t

!

<latexit sha1_base64="mYftdjzboWbBpmNIisMGXCctwR4="></latexit><latexit sha1_base64="mYftdjzboWbBpmNIisMGXCctwR4="></latexit><latexit sha1_base64="mYftdjzboWbBpmNIisMGXCctwR4="></latexit><latexit sha1_base64="mYftdjzboWbBpmNIisMGXCctwR4="></latexit>

~r⇥ ~B = µ0
~J + µ0 ✏0

@ ~E

@t
<latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit>

Vamos adicionar este termo 
à lei de Ampère !

Voltamos para a equação com problema:



~r⇥ ~B = µ0
~J + µ0 ✏0

@ ~E

@t
<latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit>

~Jd = ✏0
@ ~E

@t
<latexit sha1_base64="7bzk8m3wYOgGZYu7nKzpy+2MmEU="></latexit><latexit sha1_base64="7bzk8m3wYOgGZYu7nKzpy+2MmEU="></latexit><latexit sha1_base64="7bzk8m3wYOgGZYu7nKzpy+2MmEU="></latexit><latexit sha1_base64="7bzk8m3wYOgGZYu7nKzpy+2MmEU="></latexit>

No último termo vamos introduzir a seguinte definição :

densidade de Corrente de Deslocamento

Vamos escrever esta nova lei de Ampère na forma integral:
Z

S
(~r⇥ ~B) . d~a = µ0

Z

S

~J . d~a + µ0 ✏0

Z

S
(
@ ~E

@t
) . d~a

<latexit sha1_base64="//clblrn8Ba/aiFj5H/TfIHwD3Y="></latexit><latexit sha1_base64="//clblrn8Ba/aiFj5H/TfIHwD3Y="></latexit><latexit sha1_base64="//clblrn8Ba/aiFj5H/TfIHwD3Y="></latexit><latexit sha1_base64="//clblrn8Ba/aiFj5H/TfIHwD3Y="></latexit>

I

C

~B . d~l = µ0 Iin + µ0 ✏0

Z

S
(
@ ~E

@t
) . d~a

<latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit>

Usando o teorema de Stokes:



~r⇥ ~B = µ0
~J

<latexit sha1_base64="YajJ+XIQqZovVmr3V0/8xqtYHMo="></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="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></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>

Antes de Maxwell



~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="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></latexit><latexit sha1_base64="KuTH9MEssKARueqAYOLfcOsidoE="></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>

Equações de  Maxwell

~r⇥ ~B = µ0
~J + µ0 ✏0

@ ~E

@t
<latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit><latexit sha1_base64="ozWxraXjZ89fmH1hNfqNQgzX99w="></latexit>

Temos duas formas de gerar campo magnético ! 



Vamos considerar um capacitor sendo carregado:

as cargas positivas 
vão se acumulando aqui

as cargas negativas 
vão se acumulando aqui

O campo elétrico
entre as placas
vai crescendo

@ ~E

@t
6= 0

<latexit sha1_base64="0CEB801+CU21wdYd3+rlBfbHuUk="></latexit><latexit sha1_base64="0CEB801+CU21wdYd3+rlBfbHuUk="></latexit><latexit sha1_base64="0CEB801+CU21wdYd3+rlBfbHuUk="></latexit><latexit sha1_base64="0CEB801+CU21wdYd3+rlBfbHuUk="></latexit>

Campo elétrico variando no tempo: um exemplo

campo magnético

campo magnético
entre as placas
do capacitor



E =
�

✏0
<latexit sha1_base64="NOBXnIfNIg03/sOGhUnFA4c6ycw="></latexit>

I

I I

+Q -Q área A

� =
Q

A<latexit sha1_base64="+ufqyBRdfY8pOFrVWMCXreiU5aM="></latexit><latexit sha1_base64="+ufqyBRdfY8pOFrVWMCXreiU5aM="></latexit><latexit sha1_base64="+ufqyBRdfY8pOFrVWMCXreiU5aM="></latexit><latexit sha1_base64="+ufqyBRdfY8pOFrVWMCXreiU5aM="></latexit>

E =
�

✏0
=

Q

A ✏0
<latexit sha1_base64="vxPWnr61BjGPdy8Ew79TiwJeE+o="></latexit><latexit sha1_base64="vxPWnr61BjGPdy8Ew79TiwJeE+o="></latexit><latexit sha1_base64="vxPWnr61BjGPdy8Ew79TiwJeE+o="></latexit><latexit sha1_base64="vxPWnr61BjGPdy8Ew79TiwJeE+o="></latexit>

@E

@t
=

1

A ✏0

@Q

@t
<latexit sha1_base64="UGEattmEqxMFZa8E1dNZFTYcQMc="></latexit><latexit sha1_base64="UGEattmEqxMFZa8E1dNZFTYcQMc="></latexit><latexit sha1_base64="UGEattmEqxMFZa8E1dNZFTYcQMc="></latexit><latexit sha1_base64="UGEattmEqxMFZa8E1dNZFTYcQMc="></latexit>

=
I

A ✏0
<latexit sha1_base64="emtj22E2bJpmdz67d+0Hiqt4o58="></latexit><latexit sha1_base64="emtj22E2bJpmdz67d+0Hiqt4o58="></latexit><latexit sha1_base64="emtj22E2bJpmdz67d+0Hiqt4o58="></latexit><latexit sha1_base64="emtj22E2bJpmdz67d+0Hiqt4o58="></latexit>

I

C

~B . d~l = µ0 Iin + µ0 ✏0

Z

S
(
@ ~E

@t
) . d~a

<latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit><latexit sha1_base64="9ThHXcaSB9bXI3VD9F0R4wB1uVA="></latexit>

Campo magnético criado pelo capacitor  ”sendo carregado”:

= µ0 ✏0
I

A ✏0
A

<latexit sha1_base64="TO5oLSYJcpvE0RSH3DpUeKwUQ7o="></latexit><latexit sha1_base64="TO5oLSYJcpvE0RSH3DpUeKwUQ7o="></latexit><latexit sha1_base64="TO5oLSYJcpvE0RSH3DpUeKwUQ7o="></latexit><latexit sha1_base64="TO5oLSYJcpvE0RSH3DpUeKwUQ7o="></latexit>

= µ0 I
<latexit sha1_base64="BFzEqqvMf+14weEjN8jhKBa3F7g="></latexit><latexit sha1_base64="BFzEqqvMf+14weEjN8jhKBa3F7g="></latexit><latexit sha1_base64="BFzEqqvMf+14weEjN8jhKBa3F7g="></latexit><latexit sha1_base64="BFzEqqvMf+14weEjN8jhKBa3F7g="></latexit>

C

d~a
<latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit><latexit sha1_base64="1eZcuE4GE9eZEBMs8VAukRpOL5Y="></latexit>

B =
µ0 I

2⇡ r
<latexit sha1_base64="H5wUHacmf72IglkSu/hO82ud5lU="></latexit><latexit sha1_base64="H5wUHacmf72IglkSu/hO82ud5lU="></latexit><latexit sha1_base64="H5wUHacmf72IglkSu/hO82ud5lU="></latexit><latexit sha1_base64="H5wUHacmf72IglkSu/hO82ud5lU="></latexit>

0



Problema 7.32 : capacitor sendo carregado

Qual é o campo elétrico ?

~E =
�(t)

✏0
ẑ

<latexit sha1_base64="nG3Mo6PnLx0fdMbTPmswBEFEYYo="></latexit><latexit sha1_base64="nG3Mo6PnLx0fdMbTPmswBEFEYYo="></latexit><latexit sha1_base64="nG3Mo6PnLx0fdMbTPmswBEFEYYo="></latexit><latexit sha1_base64="nG3Mo6PnLx0fdMbTPmswBEFEYYo="></latexit>

�(t) =
Q(t)

⇡ a2
<latexit sha1_base64="RymOvXePd0sffd5HYvqAoIRceEs="></latexit><latexit sha1_base64="RymOvXePd0sffd5HYvqAoIRceEs="></latexit><latexit sha1_base64="RymOvXePd0sffd5HYvqAoIRceEs="></latexit><latexit sha1_base64="RymOvXePd0sffd5HYvqAoIRceEs="></latexit>

I =
dQ

dt
<latexit sha1_base64="O6QJwxHK+TH28YjS7AXSgTYSuUc="></latexit><latexit sha1_base64="O6QJwxHK+TH28YjS7AXSgTYSuUc="></latexit><latexit sha1_base64="O6QJwxHK+TH28YjS7AXSgTYSuUc="></latexit><latexit sha1_base64="O6QJwxHK+TH28YjS7AXSgTYSuUc="></latexit>

= const
<latexit sha1_base64="Nx4s69w9xGX+EGnn9uzCF4g6/s4="></latexit><latexit sha1_base64="Nx4s69w9xGX+EGnn9uzCF4g6/s4="></latexit><latexit sha1_base64="Nx4s69w9xGX+EGnn9uzCF4g6/s4="></latexit><latexit sha1_base64="Nx4s69w9xGX+EGnn9uzCF4g6/s4="></latexit> Q = I t

<latexit sha1_base64="Z4P17OOMHU5PqrlNmNIWDEBvF5w="></latexit><latexit sha1_base64="Z4P17OOMHU5PqrlNmNIWDEBvF5w="></latexit><latexit sha1_base64="Z4P17OOMHU5PqrlNmNIWDEBvF5w="></latexit><latexit sha1_base64="Z4P17OOMHU5PqrlNmNIWDEBvF5w="></latexit>

~E =
I t

⇡ a2 ✏0
ẑ

<latexit sha1_base64="SOVrmYTih3o7B6iqMSly1F383s8="></latexit><latexit sha1_base64="SOVrmYTih3o7B6iqMSly1F383s8="></latexit><latexit sha1_base64="SOVrmYTih3o7B6iqMSly1F383s8="></latexit><latexit sha1_base64="SOVrmYTih3o7B6iqMSly1F383s8="></latexit>

Qual é o campo magnético entre as placas?

dE

dt
=

I

⇡ a2 ✏0
<latexit sha1_base64="ZrpKsYs5ev53RdVQacBsJeGWg1Q="></latexit><latexit sha1_base64="ZrpKsYs5ev53RdVQacBsJeGWg1Q="></latexit><latexit sha1_base64="ZrpKsYs5ev53RdVQacBsJeGWg1Q="></latexit><latexit sha1_base64="ZrpKsYs5ev53RdVQacBsJeGWg1Q="></latexit>

Jd = ✏0
dE

dt
=

I

⇡ a2
<latexit sha1_base64="Ymwu+NmndRBkwnJhbe0dvfXzhZg="></latexit><latexit sha1_base64="Ymwu+NmndRBkwnJhbe0dvfXzhZg="></latexit><latexit sha1_base64="Ymwu+NmndRBkwnJhbe0dvfXzhZg="></latexit><latexit sha1_base64="Ymwu+NmndRBkwnJhbe0dvfXzhZg="></latexit>

Id = Jd ⇡ s2
<latexit sha1_base64="IqR5+xH1WUU8qcnmU5BW0EizE7M="></latexit><latexit sha1_base64="IqR5+xH1WUU8qcnmU5BW0EizE7M="></latexit><latexit sha1_base64="IqR5+xH1WUU8qcnmU5BW0EizE7M="></latexit><latexit sha1_base64="IqR5+xH1WUU8qcnmU5BW0EizE7M="></latexit>

= I
s2

a2
<latexit sha1_base64="cZSgktZVQpCM9tOYrY9ta7X5ONo="></latexit><latexit sha1_base64="cZSgktZVQpCM9tOYrY9ta7X5ONo="></latexit><latexit sha1_base64="cZSgktZVQpCM9tOYrY9ta7X5ONo="></latexit><latexit sha1_base64="cZSgktZVQpCM9tOYrY9ta7X5ONo="></latexit>

I

C

~B . d~l = µ0 Iin
<latexit sha1_base64="HjBbiqaA3BI/37qcUUGHCovJSF8="></latexit><latexit sha1_base64="HjBbiqaA3BI/37qcUUGHCovJSF8="></latexit><latexit sha1_base64="HjBbiqaA3BI/37qcUUGHCovJSF8="></latexit><latexit sha1_base64="HjBbiqaA3BI/37qcUUGHCovJSF8="></latexit>

B 2⇡ s = µ0 I
s2

a2
<latexit sha1_base64="48A1CfsVLRP2ez4mE0iVcBvKK/w="></latexit><latexit sha1_base64="48A1CfsVLRP2ez4mE0iVcBvKK/w="></latexit><latexit sha1_base64="48A1CfsVLRP2ez4mE0iVcBvKK/w="></latexit><latexit sha1_base64="48A1CfsVLRP2ez4mE0iVcBvKK/w="></latexit>

~B =
µ0 I s

2⇡ a2
�̂

<latexit sha1_base64="3eB92XgOdFqFJk0/77WT3wrCBng="></latexit><latexit sha1_base64="3eB92XgOdFqFJk0/77WT3wrCBng="></latexit><latexit sha1_base64="3eB92XgOdFqFJk0/77WT3wrCBng="></latexit><latexit sha1_base64="3eB92XgOdFqFJk0/77WT3wrCBng="></latexit>

ẑ
<latexit sha1_base64="t05Nwtj0Mv+BnU7i6Gl4F+4+Fik="></latexit><latexit sha1_base64="t05Nwtj0Mv+BnU7i6Gl4F+4+Fik="></latexit><latexit sha1_base64="t05Nwtj0Mv+BnU7i6Gl4F+4+Fik="></latexit><latexit sha1_base64="t05Nwtj0Mv+BnU7i6Gl4F+4+Fik="></latexit>

a
s

~E
<latexit sha1_base64="+PNvOo9oMfeC0/wHB8ZV/ZpLWEo="></latexit><latexit sha1_base64="+PNvOo9oMfeC0/wHB8ZV/ZpLWEo="></latexit><latexit sha1_base64="+PNvOo9oMfeC0/wHB8ZV/ZpLWEo="></latexit><latexit sha1_base64="+PNvOo9oMfeC0/wHB8ZV/ZpLWEo="></latexit> ~B

<latexit sha1_base64="VFZqyfjWw8rm2QMUeamsvfG3p5U="></latexit><latexit sha1_base64="VFZqyfjWw8rm2QMUeamsvfG3p5U="></latexit><latexit sha1_base64="VFZqyfjWw8rm2QMUeamsvfG3p5U="></latexit><latexit sha1_base64="VFZqyfjWw8rm2QMUeamsvfG3p5U="></latexit>




