
Circuit electricity 
Low frequency limit 

Drude model and Ohm’s law, Kirchhoff’s laws, 
capacitor and RC circuit, coil and RL/LC circuits, 

transient regime 

Reminder from previous lecture

short wavelength 
/ high frequency 

limittypical dimension 
of system 

wavelength
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Maxwell-Ampère equation 

Maxwell-Faraday equation Maxwell-Gauss equation 

Absence of magnetic 
monopoles

Maxwell’s 
equations

electrostatics:  
charge produces 

electric field

magnetostatics:  
current produces 

magnetic field

Maxwell-Faraday:  
electromagnetic 

induction

in vacuum:

EM waves


= light 

accelerating 
charge = source 

of EM waves

geometrical 
optics



Approximation used in circuit electricity

Circuit electricity:

‣ E-field, voltage and B-field from charge and current (electrostatic 
and EM induction)

‣ Neglect propagation time curl ~B = µ0
~j + µ0✏0
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Maxwell-Ampère equation 

‣ Consequence: current and voltage depend on time but not on space

‣ For a circuit of typical dimension L, the propagation time is:

typical dimension 
of circuit 

‣ For a signal varying over a typical time scale T, we can neglect 
this time retardation for: 

�t = L/c
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‣ For a sinusoidal signal of frequency ω and wavelength λ=2πc/ω, 
the condition reads: � � L
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Electromagnetism

long wavelength / 
low frequency 

limit



Drude model, Ohm’s law and 
resistance

1. Drude model and Ohm’s law

Electron motion in a conductor:

A free electron in a conductor is constantly colliding with the nuclei of the 
crystal lattice and with other electrons. After each collision, the electron 
has a new direction, completely random.

Drude model for metal conductivity:
Collision is modelled by a friction term in the electron equation of motion:

relaxation time, mean time 
between 2 successive collisions

m
dh~vi
dt

= �e ~E �m
h~vi
⌧
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1. Drude model and Ohm’s law

Solution of the Drude equation:

=) h~vi(t) = h~vi(0) e�t/⌧ � (1� e�t/⌧ )
e⌧

m
~E
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m
dh~vi
dt

= �e ~E �m
h~vi
⌧
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Current density in the metal: ~j = ⇢ h~vi = �neh~vi = ne2⌧

m
~E
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number density of 
electrons in metal 

~j = � ~E
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Ohm’s law

microscopic version electric conductivity

1. Drude model and Ohm’s law

Resistance and macroscopic Ohm’s law:

U = VA � VB = �
Z B

A

��!
grad V · ~dl

=

Z B

A

~E · ~dl
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Using local Ohm’s law: =) U =

Z B

A

~j · ~dl
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= I

Z B

A

dl
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Electrical power and Kirchhoff’s laws

2. Electrical power and Kirchhoff’s laws

Electrical power in a component:

Energy of free charge at terminal A: qVA
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Energy of free charge at terminal B:

Power entering at terminal A:
dN

dt
qVA = IVA
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qVB
<latexit sha1_base64="5RImMQ9pQZNwitapXTMEGPbFjl4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeiz14rGCaQttKJvtpl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlEPOEl5ENOhEpFgFK3kP5JWv9GvVN2aOwdZJV5BqlCg2a989QYJy2KukElqTNdzUwxyqlEwyaflXmZ4StmYDnnXUkVjboJ8fuyUnFtlQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n7INwVt+eZW0LmueW/Pur6r1RhFHCU7hDC7Ag2uowx00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx8ZcY40</latexit><latexit sha1_base64="5RImMQ9pQZNwitapXTMEGPbFjl4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeiz14rGCaQttKJvtpl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlEPOEl5ENOhEpFgFK3kP5JWv9GvVN2aOwdZJV5BqlCg2a989QYJy2KukElqTNdzUwxyqlEwyaflXmZ4StmYDnnXUkVjboJ8fuyUnFtlQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n7INwVt+eZW0LmueW/Pur6r1RhFHCU7hDC7Ag2uowx00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx8ZcY40</latexit><latexit sha1_base64="5RImMQ9pQZNwitapXTMEGPbFjl4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeiz14rGCaQttKJvtpl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlEPOEl5ENOhEpFgFK3kP5JWv9GvVN2aOwdZJV5BqlCg2a989QYJy2KukElqTNdzUwxyqlEwyaflXmZ4StmYDnnXUkVjboJ8fuyUnFtlQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n7INwVt+eZW0LmueW/Pur6r1RhFHCU7hDC7Ag2uowx00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx8ZcY40</latexit><latexit sha1_base64="5RImMQ9pQZNwitapXTMEGPbFjl4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokIeiz14rGCaQttKJvtpl262cTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4dua3n7g2IlEPOEl5ENOhEpFgFK3kP5JWv9GvVN2aOwdZJV5BqlCg2a989QYJy2KukElqTNdzUwxyqlEwyaflXmZ4StmYDnnXUkVjboJ8fuyUnFtlQKJE21JI5urviZzGxkzi0HbGFEdm2ZuJ/3ndDKObIBcqzZArtlgUZZJgQmafk4HQnKGcWEKZFvZWwkZUU4Y2n7INwVt+eZW0LmueW/Pur6r1RhFHCU7hDC7Ag2uowx00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx8ZcY40</latexit>

Power exiting terminal B:
dN

dt
qVB = IVB

<latexit sha1_base64="phlv0XysdB4J22ErjcRas6HhsRQ=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKIJQ6kY3UsE+oAlhMpm0QyeTODMRSsjCjb/ixoUibv0Id/6N0zYLbT1wuYdz7mXmHj9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBp45jFoucjSRjlpK2oYqSXCIIin5GuP7qc+N0HIiSN+Z0aJ8SN0IDTkGKktOSZVScUCGfBTZ4FKnfO7zteE17Aa6i7Z9asujUFXCR2QWqgQMszv5wgxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3mx6Rw0OtBDCMhS6u4FT9vZGhSMpx5OvJCKmhnPcm4n9eP1XhmZtRnqSKcDx7KEwZVDGcJAIDKghWbKwJwoLqv0I8RDoVpXOr6BDs+ZMXSee4blt1+/ak1mgWcZRBFRyAI2CDU9AAV6AF2gCDR/AMXsGb8WS8GO/Gx2y0ZBQ7++APjM8fC0OXBg==</latexit><latexit sha1_base64="phlv0XysdB4J22ErjcRas6HhsRQ=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKIJQ6kY3UsE+oAlhMpm0QyeTODMRSsjCjb/ixoUibv0Id/6N0zYLbT1wuYdz7mXmHj9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBp45jFoucjSRjlpK2oYqSXCIIin5GuP7qc+N0HIiSN+Z0aJ8SN0IDTkGKktOSZVScUCGfBTZ4FKnfO7zteE17Aa6i7Z9asujUFXCR2QWqgQMszv5wgxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3mx6Rw0OtBDCMhS6u4FT9vZGhSMpx5OvJCKmhnPcm4n9eP1XhmZtRnqSKcDx7KEwZVDGcJAIDKghWbKwJwoLqv0I8RDoVpXOr6BDs+ZMXSee4blt1+/ak1mgWcZRBFRyAI2CDU9AAV6AF2gCDR/AMXsGb8WS8GO/Gx2y0ZBQ7++APjM8fC0OXBg==</latexit><latexit sha1_base64="phlv0XysdB4J22ErjcRas6HhsRQ=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKIJQ6kY3UsE+oAlhMpm0QyeTODMRSsjCjb/ixoUibv0Id/6N0zYLbT1wuYdz7mXmHj9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBp45jFoucjSRjlpK2oYqSXCIIin5GuP7qc+N0HIiSN+Z0aJ8SN0IDTkGKktOSZVScUCGfBTZ4FKnfO7zteE17Aa6i7Z9asujUFXCR2QWqgQMszv5wgxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3mx6Rw0OtBDCMhS6u4FT9vZGhSMpx5OvJCKmhnPcm4n9eP1XhmZtRnqSKcDx7KEwZVDGcJAIDKghWbKwJwoLqv0I8RDoVpXOr6BDs+ZMXSee4blt1+/ak1mgWcZRBFRyAI2CDU9AAV6AF2gCDR/AMXsGb8WS8GO/Gx2y0ZBQ7++APjM8fC0OXBg==</latexit><latexit sha1_base64="phlv0XysdB4J22ErjcRas6HhsRQ=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiQiKIJQ6kY3UsE+oAlhMpm0QyeTODMRSsjCjb/ixoUibv0Id/6N0zYLbT1wuYdz7mXmHj9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBp45jFoucjSRjlpK2oYqSXCIIin5GuP7qc+N0HIiSN+Z0aJ8SN0IDTkGKktOSZVScUCGfBTZ4FKnfO7zteE17Aa6i7Z9asujUFXCR2QWqgQMszv5wgxmlEuMIMSdm3rUS5GRKKYkbyipNKkiA8QgPS15SjiEg3mx6Rw0OtBDCMhS6u4FT9vZGhSMpx5OvJCKmhnPcm4n9eP1XhmZtRnqSKcDx7KEwZVDGcJAIDKghWbKwJwoLqv0I8RDoVpXOr6BDs+ZMXSee4blt1+/ak1mgWcZRBFRyAI2CDU9AAV6AF2gCDR/AMXsGb8WS8GO/Gx2y0ZBQ7++APjM8fC0OXBg==</latexit>

Electrical power going to the component AB (receptor):

P = IVA � IVB =) P = UI
<latexit sha1_base64="zR1AttnNrvyMv2I6M2J3VMXYUHA=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6KZQ68buRnDaQqeUTHrbhmYeJBmhDP0DN/6KGxeKuHXrzr8xnc5CWy8kHM65957k+DFnUlnWt7G0vLK6tl7YKG5ube/smnv7DRklgoJLIx6Jlk8kcBaCq5ji0IoFkMDn0PRHN1O9+QBCsii8V+MYOgEZhKzPKFGa6ponTqXe6F6f6auGPRZoT5DYyxanPk9ggp2KW++aJatsZYUXgZ2DEsrL6ZpfXi+iSQChopxI2batWHVSIhSjHCZFL5EQEzoiA2hrGJIAZCfNbCf4WDM93I+EPqHCGft7IiWBlOPA150BUUM5r03J/7R2ovpXnZSFcaIgpDOjfsKxivA0HNxjAqjiYw0IFUy/FdMhEYQqHWFRh2DPf3kRNM7LtlW27y5K1VoeRwEdoiN0imx0iaroFjnIRRQ9omf0it6MJ+PFeDc+Zq1LRj5zgP6U8fkD6pqbVQ==</latexit><latexit sha1_base64="zR1AttnNrvyMv2I6M2J3VMXYUHA=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6KZQ68buRnDaQqeUTHrbhmYeJBmhDP0DN/6KGxeKuHXrzr8xnc5CWy8kHM65957k+DFnUlnWt7G0vLK6tl7YKG5ube/smnv7DRklgoJLIx6Jlk8kcBaCq5ji0IoFkMDn0PRHN1O9+QBCsii8V+MYOgEZhKzPKFGa6ponTqXe6F6f6auGPRZoT5DYyxanPk9ggp2KW++aJatsZYUXgZ2DEsrL6ZpfXi+iSQChopxI2batWHVSIhSjHCZFL5EQEzoiA2hrGJIAZCfNbCf4WDM93I+EPqHCGft7IiWBlOPA150BUUM5r03J/7R2ovpXnZSFcaIgpDOjfsKxivA0HNxjAqjiYw0IFUy/FdMhEYQqHWFRh2DPf3kRNM7LtlW27y5K1VoeRwEdoiN0imx0iaroFjnIRRQ9omf0it6MJ+PFeDc+Zq1LRj5zgP6U8fkD6pqbVQ==</latexit><latexit sha1_base64="zR1AttnNrvyMv2I6M2J3VMXYUHA=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6KZQ68buRnDaQqeUTHrbhmYeJBmhDP0DN/6KGxeKuHXrzr8xnc5CWy8kHM65957k+DFnUlnWt7G0vLK6tl7YKG5ube/smnv7DRklgoJLIx6Jlk8kcBaCq5ji0IoFkMDn0PRHN1O9+QBCsii8V+MYOgEZhKzPKFGa6ponTqXe6F6f6auGPRZoT5DYyxanPk9ggp2KW++aJatsZYUXgZ2DEsrL6ZpfXi+iSQChopxI2batWHVSIhSjHCZFL5EQEzoiA2hrGJIAZCfNbCf4WDM93I+EPqHCGft7IiWBlOPA150BUUM5r03J/7R2ovpXnZSFcaIgpDOjfsKxivA0HNxjAqjiYw0IFUy/FdMhEYQqHWFRh2DPf3kRNM7LtlW27y5K1VoeRwEdoiN0imx0iaroFjnIRRQ9omf0it6MJ+PFeDc+Zq1LRj5zgP6U8fkD6pqbVQ==</latexit><latexit sha1_base64="zR1AttnNrvyMv2I6M2J3VMXYUHA=">AAACD3icbVDLSgMxFM34rPU16tJNsChuLDMi6KZQ68buRnDaQqeUTHrbhmYeJBmhDP0DN/6KGxeKuHXrzr8xnc5CWy8kHM65957k+DFnUlnWt7G0vLK6tl7YKG5ube/smnv7DRklgoJLIx6Jlk8kcBaCq5ji0IoFkMDn0PRHN1O9+QBCsii8V+MYOgEZhKzPKFGa6ponTqXe6F6f6auGPRZoT5DYyxanPk9ggp2KW++aJatsZYUXgZ2DEsrL6ZpfXi+iSQChopxI2batWHVSIhSjHCZFL5EQEzoiA2hrGJIAZCfNbCf4WDM93I+EPqHCGft7IiWBlOPA150BUUM5r03J/7R2ovpXnZSFcaIgpDOjfsKxivA0HNxjAqjiYw0IFUy/FdMhEYQqHWFRh2DPf3kRNM7LtlW27y5K1VoeRwEdoiN0imx0iaroFjnIRRQ9omf0it6MJ+PFeDc+Zq1LRj5zgP6U8fkD6pqbVQ==</latexit>



2. Electrical power and Kirchhoff’s laws

Generator convention:

Electrical power produced by 
the component AB (generator):

P = UI
<latexit sha1_base64="B56T0Ucotf7ok21SU2CzmkHYSTk=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7q2Af0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUEsuLEIfXi5tfWNza38dmFnd2//oHh41DFRoilr00hEuhcQwwRXrG25FawXa0ZkIFg3mF5nfveeacMjdWdnMfMlGSseckpsJrWu2s1hsYTKCCGMMcwIrl4iR+r1WgXXIM4shxJYoTUsvg9GEU0kU5YKYkwfo9j6KdGWU8HmhUFiWEzolIxZ31FFJDN+urh1Ds+cMoJhpF0pCxfq94mUSGNmMnCdktiJ+e1l4l9eP7FhzU+5ihPLFF0uChMBbQSzx+GIa0atmDlCqObuVkgnRBNqXTwFF8LXp/B/0qmUMSrj24tSo7mKIw9OwCk4BxhUQQPcgBZoAwom4AE8gWdPeo/ei/e6bM15q5lj8APe2ye1JY4K</latexit><latexit sha1_base64="B56T0Ucotf7ok21SU2CzmkHYSTk=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7q2Af0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUEsuLEIfXi5tfWNza38dmFnd2//oHh41DFRoilr00hEuhcQwwRXrG25FawXa0ZkIFg3mF5nfveeacMjdWdnMfMlGSseckpsJrWu2s1hsYTKCCGMMcwIrl4iR+r1WgXXIM4shxJYoTUsvg9GEU0kU5YKYkwfo9j6KdGWU8HmhUFiWEzolIxZ31FFJDN+urh1Ds+cMoJhpF0pCxfq94mUSGNmMnCdktiJ+e1l4l9eP7FhzU+5ihPLFF0uChMBbQSzx+GIa0atmDlCqObuVkgnRBNqXTwFF8LXp/B/0qmUMSrj24tSo7mKIw9OwCk4BxhUQQPcgBZoAwom4AE8gWdPeo/ei/e6bM15q5lj8APe2ye1JY4K</latexit><latexit sha1_base64="B56T0Ucotf7ok21SU2CzmkHYSTk=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7q2Af0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUEsuLEIfXi5tfWNza38dmFnd2//oHh41DFRoilr00hEuhcQwwRXrG25FawXa0ZkIFg3mF5nfveeacMjdWdnMfMlGSseckpsJrWu2s1hsYTKCCGMMcwIrl4iR+r1WgXXIM4shxJYoTUsvg9GEU0kU5YKYkwfo9j6KdGWU8HmhUFiWEzolIxZ31FFJDN+urh1Ds+cMoJhpF0pCxfq94mUSGNmMnCdktiJ+e1l4l9eP7FhzU+5ihPLFF0uChMBbQSzx+GIa0atmDlCqObuVkgnRBNqXTwFF8LXp/B/0qmUMSrj24tSo7mKIw9OwCk4BxhUQQPcgBZoAwom4AE8gWdPeo/ei/e6bM15q5lj8APe2ye1JY4K</latexit><latexit sha1_base64="B56T0Ucotf7ok21SU2CzmkHYSTk=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7q2Af0A4lk2ba0CQzJBmhDP0FNy4UcesPufNvzLQVVPTAhcM593LvPUEsuLEIfXi5tfWNza38dmFnd2//oHh41DFRoilr00hEuhcQwwRXrG25FawXa0ZkIFg3mF5nfveeacMjdWdnMfMlGSseckpsJrWu2s1hsYTKCCGMMcwIrl4iR+r1WgXXIM4shxJYoTUsvg9GEU0kU5YKYkwfo9j6KdGWU8HmhUFiWEzolIxZ31FFJDN+urh1Ds+cMoJhpF0pCxfq94mUSGNmMnCdktiJ+e1l4l9eP7FhzU+5ihPLFF0uChMBbQSzx+GIa0atmDlCqObuVkgnRBNqXTwFF8LXp/B/0qmUMSrj24tSo7mKIw9OwCk4BxhUQQPcgBZoAwom4AE8gWdPeo/ei/e6bM15q5lj8APe2ye1JY4K</latexit>

Joule heating:

For a resistance, the power is: P = UI = RI2
<latexit sha1_base64="IrroLw5TflHD/e3Jk0MyyTO9nSQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0Eul4MXeqrhtpV1LNs22oUl2SbJCWforvHhQxKs/x5v/xvTjoK0PBh7vzTAzL0w408Z1v52V1bX1jc3cVn57Z3dvv3Bw2NBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMh9cTv/lElWaxvDejhAYC9yWLGMHGSg/1il+r3NUey91C0S25U6Bl4s1JEeaodwtfnV5MUkGlIRxr3fbcxAQZVoYRTsf5TqppgskQ92nbUokF1UE2PXiMTq3SQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif147NdFlkDGZpIZKMlsUpRyZGE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN7iy8ukUS55bsm7PS9Wr+Zx5OAYTuAMPLiAKtxAHXwgIOAZXuHNUc6L8+58zFpXnPnMEfyB8/kDSASPYw==</latexit><latexit sha1_base64="IrroLw5TflHD/e3Jk0MyyTO9nSQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0Eul4MXeqrhtpV1LNs22oUl2SbJCWforvHhQxKs/x5v/xvTjoK0PBh7vzTAzL0w408Z1v52V1bX1jc3cVn57Z3dvv3Bw2NBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMh9cTv/lElWaxvDejhAYC9yWLGMHGSg/1il+r3NUey91C0S25U6Bl4s1JEeaodwtfnV5MUkGlIRxr3fbcxAQZVoYRTsf5TqppgskQ92nbUokF1UE2PXiMTq3SQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif147NdFlkDGZpIZKMlsUpRyZGE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN7iy8ukUS55bsm7PS9Wr+Zx5OAYTuAMPLiAKtxAHXwgIOAZXuHNUc6L8+58zFpXnPnMEfyB8/kDSASPYw==</latexit><latexit sha1_base64="IrroLw5TflHD/e3Jk0MyyTO9nSQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0Eul4MXeqrhtpV1LNs22oUl2SbJCWforvHhQxKs/x5v/xvTjoK0PBh7vzTAzL0w408Z1v52V1bX1jc3cVn57Z3dvv3Bw2NBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMh9cTv/lElWaxvDejhAYC9yWLGMHGSg/1il+r3NUey91C0S25U6Bl4s1JEeaodwtfnV5MUkGlIRxr3fbcxAQZVoYRTsf5TqppgskQ92nbUokF1UE2PXiMTq3SQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif147NdFlkDGZpIZKMlsUpRyZGE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN7iy8ukUS55bsm7PS9Wr+Zx5OAYTuAMPLiAKtxAHXwgIOAZXuHNUc6L8+58zFpXnPnMEfyB8/kDSASPYw==</latexit><latexit sha1_base64="IrroLw5TflHD/e3Jk0MyyTO9nSQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0Eul4MXeqrhtpV1LNs22oUl2SbJCWforvHhQxKs/x5v/xvTjoK0PBh7vzTAzL0w408Z1v52V1bX1jc3cVn57Z3dvv3Bw2NBxqgj1Scxj1QqxppxJ6htmOG0limIRctoMh9cTv/lElWaxvDejhAYC9yWLGMHGSg/1il+r3NUey91C0S25U6Bl4s1JEeaodwtfnV5MUkGlIRxr3fbcxAQZVoYRTsf5TqppgskQ92nbUokF1UE2PXiMTq3SQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif147NdFlkDGZpIZKMlsUpRyZGE2+Rz2mKDF8ZAkmitlbERlghYmxGeVtCN7iy8ukUS55bsm7PS9Wr+Zx5OAYTuAMPLiAKtxAHXwgIOAZXuHNUc6L8+58zFpXnPnMEfyB8/kDSASPYw==</latexit>

This energy is dissipated in the form of heat in the conductor due to the collisions 
with the crystal lattice (friction term in Drude model).

2. Electrical power and Kirchhoff’s laws

First Kirchhoff’s law:

Charge conservation:
dQ⌦

dt
= I1 + I2 + I3 + I4

<latexit sha1_base64="mMviCABmyorODURuBzl4NRl5+sA=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiCUJJa0I1ScGNXtmAf0IQwmUzaoZNJmJkIJeQP3Pgrblwo4tatO//G6WOhrQcOHM65l5l7/IRRqSzr21haXlldWy9sFDe3tnd2zb39toxTgUkLxywWXR9JwignLUUVI91EEBT5jHT84c047zwQIWnM79UoIW6E+pyGFCOlLc88cUKBcBY0PecuIn2UZ4HK4RWse/ZZ3atonmtWPbNkla0J4KKwZ6IEZmh45pcTxDiNCFeYISl7tpUoN0NCUcxIXnRSSRKEh6hPelpyFBHpZpN7cnisnQCGsdDkCk7c3xsZiqQcRb6ejJAayPlsbP6X9VIVXroZ5UmqCMfTh8KUQRXDcTkwoIJgxUZaICyo/ivEA6QLUrrCoi7Bnj95UbQrZdsq281qqXY9q6MADsEROAU2uAA1cAsaoAUweATP4BW8GU/Gi/FufExHl4zZzgH4A+PzB/ijmqQ=</latexit><latexit sha1_base64="mMviCABmyorODURuBzl4NRl5+sA=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiCUJJa0I1ScGNXtmAf0IQwmUzaoZNJmJkIJeQP3Pgrblwo4tatO//G6WOhrQcOHM65l5l7/IRRqSzr21haXlldWy9sFDe3tnd2zb39toxTgUkLxywWXR9JwignLUUVI91EEBT5jHT84c047zwQIWnM79UoIW6E+pyGFCOlLc88cUKBcBY0PecuIn2UZ4HK4RWse/ZZ3atonmtWPbNkla0J4KKwZ6IEZmh45pcTxDiNCFeYISl7tpUoN0NCUcxIXnRSSRKEh6hPelpyFBHpZpN7cnisnQCGsdDkCk7c3xsZiqQcRb6ejJAayPlsbP6X9VIVXroZ5UmqCMfTh8KUQRXDcTkwoIJgxUZaICyo/ivEA6QLUrrCoi7Bnj95UbQrZdsq281qqXY9q6MADsEROAU2uAA1cAsaoAUweATP4BW8GU/Gi/FufExHl4zZzgH4A+PzB/ijmqQ=</latexit><latexit sha1_base64="mMviCABmyorODURuBzl4NRl5+sA=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiCUJJa0I1ScGNXtmAf0IQwmUzaoZNJmJkIJeQP3Pgrblwo4tatO//G6WOhrQcOHM65l5l7/IRRqSzr21haXlldWy9sFDe3tnd2zb39toxTgUkLxywWXR9JwignLUUVI91EEBT5jHT84c047zwQIWnM79UoIW6E+pyGFCOlLc88cUKBcBY0PecuIn2UZ4HK4RWse/ZZ3atonmtWPbNkla0J4KKwZ6IEZmh45pcTxDiNCFeYISl7tpUoN0NCUcxIXnRSSRKEh6hPelpyFBHpZpN7cnisnQCGsdDkCk7c3xsZiqQcRb6ejJAayPlsbP6X9VIVXroZ5UmqCMfTh8KUQRXDcTkwoIJgxUZaICyo/ivEA6QLUrrCoi7Bnj95UbQrZdsq281qqXY9q6MADsEROAU2uAA1cAsaoAUweATP4BW8GU/Gi/FufExHl4zZzgH4A+PzB/ijmqQ=</latexit><latexit sha1_base64="mMviCABmyorODURuBzl4NRl5+sA=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiCUJJa0I1ScGNXtmAf0IQwmUzaoZNJmJkIJeQP3Pgrblwo4tatO//G6WOhrQcOHM65l5l7/IRRqSzr21haXlldWy9sFDe3tnd2zb39toxTgUkLxywWXR9JwignLUUVI91EEBT5jHT84c047zwQIWnM79UoIW6E+pyGFCOlLc88cUKBcBY0PecuIn2UZ4HK4RWse/ZZ3atonmtWPbNkla0J4KKwZ6IEZmh45pcTxDiNCFeYISl7tpUoN0NCUcxIXnRSSRKEh6hPelpyFBHpZpN7cnisnQCGsdDkCk7c3xsZiqQcRb6ejJAayPlsbP6X9VIVXroZ5UmqCMfTh8KUQRXDcTkwoIJgxUZaICyo/ivEA6QLUrrCoi7Bnj95UbQrZdsq281qqXY9q6MADsEROAU2uAA1cAsaoAUweATP4BW8GU/Gi/FufExHl4zZzgH4A+PzB/ijmqQ=</latexit>

Stationary condition (no charge 
build up in the node):

For a node joining N conductors, the sum 
of the currents arriving at the node is zero:

I1 + I2 + I3 + I4 = 0
<latexit sha1_base64="lYnFTcndZRRwS5gYvor3AKxKh/M=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDJTC7pRCm7sroJ9QDsMmTRtQzOZIckoZeynuHGhiFu/xJ1/Y9rOQlsPHDiccy+5OUHMmdKO822trK6tb2zmtvLbO7t7+3bhoKmiRBLaIBGPZDvAinImaEMzzWk7lhSHAaetYHQzzVsPVCoWiXs9jqkX4oFgfUawNpZvF2q+e1bzy4bnhpUrx7eLTsmZAS0LNxNFyFD37a9uLyJJSIUmHCvVcZ1YeymWmhFOJ/luomiMyQgPaMdIgUOqvHR2+gSdGKeH+pE0FBrN3N8bKQ6VGoeBmQyxHqrFbGr+l3US3b/0UibiRFNB5g/1E450hKY9oB6TlGg+NgITycytiAyxxESbtvKmBHfxy8uiWS65Tsm9qxSr11kdOTiCYzgFFy6gCrdQhwYQeIRneIU368l6sd6tj/noipXtHMIfWJ8/r/WRqQ==</latexit><latexit sha1_base64="lYnFTcndZRRwS5gYvor3AKxKh/M=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDJTC7pRCm7sroJ9QDsMmTRtQzOZIckoZeynuHGhiFu/xJ1/Y9rOQlsPHDiccy+5OUHMmdKO822trK6tb2zmtvLbO7t7+3bhoKmiRBLaIBGPZDvAinImaEMzzWk7lhSHAaetYHQzzVsPVCoWiXs9jqkX4oFgfUawNpZvF2q+e1bzy4bnhpUrx7eLTsmZAS0LNxNFyFD37a9uLyJJSIUmHCvVcZ1YeymWmhFOJ/luomiMyQgPaMdIgUOqvHR2+gSdGKeH+pE0FBrN3N8bKQ6VGoeBmQyxHqrFbGr+l3US3b/0UibiRFNB5g/1E450hKY9oB6TlGg+NgITycytiAyxxESbtvKmBHfxy8uiWS65Tsm9qxSr11kdOTiCYzgFFy6gCrdQhwYQeIRneIU368l6sd6tj/noipXtHMIfWJ8/r/WRqQ==</latexit><latexit sha1_base64="lYnFTcndZRRwS5gYvor3AKxKh/M=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDJTC7pRCm7sroJ9QDsMmTRtQzOZIckoZeynuHGhiFu/xJ1/Y9rOQlsPHDiccy+5OUHMmdKO822trK6tb2zmtvLbO7t7+3bhoKmiRBLaIBGPZDvAinImaEMzzWk7lhSHAaetYHQzzVsPVCoWiXs9jqkX4oFgfUawNpZvF2q+e1bzy4bnhpUrx7eLTsmZAS0LNxNFyFD37a9uLyJJSIUmHCvVcZ1YeymWmhFOJ/luomiMyQgPaMdIgUOqvHR2+gSdGKeH+pE0FBrN3N8bKQ6VGoeBmQyxHqrFbGr+l3US3b/0UibiRFNB5g/1E450hKY9oB6TlGg+NgITycytiAyxxESbtvKmBHfxy8uiWS65Tsm9qxSr11kdOTiCYzgFFy6gCrdQhwYQeIRneIU368l6sd6tj/noipXtHMIfWJ8/r/WRqQ==</latexit><latexit sha1_base64="lYnFTcndZRRwS5gYvor3AKxKh/M=">AAAB+nicbVDLSgMxFL3js9bXVJdugkUQhDJTC7pRCm7sroJ9QDsMmTRtQzOZIckoZeynuHGhiFu/xJ1/Y9rOQlsPHDiccy+5OUHMmdKO822trK6tb2zmtvLbO7t7+3bhoKmiRBLaIBGPZDvAinImaEMzzWk7lhSHAaetYHQzzVsPVCoWiXs9jqkX4oFgfUawNpZvF2q+e1bzy4bnhpUrx7eLTsmZAS0LNxNFyFD37a9uLyJJSIUmHCvVcZ1YeymWmhFOJ/luomiMyQgPaMdIgUOqvHR2+gSdGKeH+pE0FBrN3N8bKQ6VGoeBmQyxHqrFbGr+l3US3b/0UibiRFNB5g/1E450hKY9oB6TlGg+NgITycytiAyxxESbtvKmBHfxy8uiWS65Tsm9qxSr11kdOTiCYzgFFy6gCrdQhwYQeIRneIU368l6sd6tj/noipXtHMIfWJ8/r/WRqQ==</latexit>

NX

k

Ik = 0
<latexit sha1_base64="3k49gb2f9DoColE3d2vrSCiyOMw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7kQr2Ae10yKSZNkzmQZJRytD/cONCEbf+izv/xkxbQUUPXDiccy/33uPGgiuN0IeVW1ldW9/Ibxa2tnd294r7Bx0VJZKyNo1EJHsuUUzwkLU114L1YslI4ArWdf3LzO/eMal4FN7qaczsgIxD7nFKtJGGA5UEjj+8hk3Hv0BOsYTKCCGMMcwIrp4jQ+r1WgXXIM4sgxJYouUU3wejiCYBCzUVRKk+RrG2UyI1p4LNCoNEsZhQn4xZ39CQBEzZ6fzqGTwxygh6kTQVajhXv0+kJFBqGrimMyB6on57mfiX10+0V7NTHsaJZiFdLPISAXUEswjgiEtGtZgaQqjk5lZIJ0QSqk1QBRPC16fwf9KplDEq45uzUqO5jCMPjsAxOAUYVEEDXIEWaAMKJHgAT+DZurcerRfrddGas5Yzh+AHrLdPwB+SCg==</latexit><latexit sha1_base64="3k49gb2f9DoColE3d2vrSCiyOMw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7kQr2Ae10yKSZNkzmQZJRytD/cONCEbf+izv/xkxbQUUPXDiccy/33uPGgiuN0IeVW1ldW9/Ibxa2tnd294r7Bx0VJZKyNo1EJHsuUUzwkLU114L1YslI4ArWdf3LzO/eMal4FN7qaczsgIxD7nFKtJGGA5UEjj+8hk3Hv0BOsYTKCCGMMcwIrp4jQ+r1WgXXIM4sgxJYouUU3wejiCYBCzUVRKk+RrG2UyI1p4LNCoNEsZhQn4xZ39CQBEzZ6fzqGTwxygh6kTQVajhXv0+kJFBqGrimMyB6on57mfiX10+0V7NTHsaJZiFdLPISAXUEswjgiEtGtZgaQqjk5lZIJ0QSqk1QBRPC16fwf9KplDEq45uzUqO5jCMPjsAxOAUYVEEDXIEWaAMKJHgAT+DZurcerRfrddGas5Yzh+AHrLdPwB+SCg==</latexit><latexit sha1_base64="3k49gb2f9DoColE3d2vrSCiyOMw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7kQr2Ae10yKSZNkzmQZJRytD/cONCEbf+izv/xkxbQUUPXDiccy/33uPGgiuN0IeVW1ldW9/Ibxa2tnd294r7Bx0VJZKyNo1EJHsuUUzwkLU114L1YslI4ArWdf3LzO/eMal4FN7qaczsgIxD7nFKtJGGA5UEjj+8hk3Hv0BOsYTKCCGMMcwIrp4jQ+r1WgXXIM4sgxJYouUU3wejiCYBCzUVRKk+RrG2UyI1p4LNCoNEsZhQn4xZ39CQBEzZ6fzqGTwxygh6kTQVajhXv0+kJFBqGrimMyB6on57mfiX10+0V7NTHsaJZiFdLPISAXUEswjgiEtGtZgaQqjk5lZIJ0QSqk1QBRPC16fwf9KplDEq45uzUqO5jCMPjsAxOAUYVEEDXIEWaAMKJHgAT+DZurcerRfrddGas5Yzh+AHrLdPwB+SCg==</latexit><latexit sha1_base64="3k49gb2f9DoColE3d2vrSCiyOMw=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6Eghu7kQr2Ae10yKSZNkzmQZJRytD/cONCEbf+izv/xkxbQUUPXDiccy/33uPGgiuN0IeVW1ldW9/Ibxa2tnd294r7Bx0VJZKyNo1EJHsuUUzwkLU114L1YslI4ArWdf3LzO/eMal4FN7qaczsgIxD7nFKtJGGA5UEjj+8hk3Hv0BOsYTKCCGMMcwIrp4jQ+r1WgXXIM4sgxJYouUU3wejiCYBCzUVRKk+RrG2UyI1p4LNCoNEsZhQn4xZ39CQBEzZ6fzqGTwxygh6kTQVajhXv0+kJFBqGrimMyB6on57mfiX10+0V7NTHsaJZiFdLPISAXUEswjgiEtGtZgaQqjk5lZIJ0QSqk1QBRPC16fwf9KplDEq45uzUqO5jCMPjsAxOAUYVEEDXIEWaAMKJHgAT+DZurcerRfrddGas5Yzh+AHrLdPwB+SCg==</latexit>

Kirchhoff’s current law



2. Electrical power and Kirchhoff’s laws

Second Kirchhoff’s law:

In the absence of electromagnetic induction 
(no varying B-field), Maxwell-Faraday equation 
reads:

For any loop in an electrical circuit, 
the sum of the voltages across all 
components along the loop is zero:

Kirchhoff’s voltage law

curl ~E = ~0
<latexit sha1_base64="/zvAos1Qsnjy7nGY4F8uKRW7/Sc=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEBEVQCiK4rGAv0IQymU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbJ2kWWv1h4OM/5zDn/EHMqNKO82VVlpZXVteq67WNza3tHXt3r6OiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnO690pkYpG4l7PYuJzNBI0pBhpYw1s6HGkx5KnOJEs8y68KcHpTQYvYUFONrDrTsMpBP+CW0IdlGoN7E9vGOGEE6ExQ0r1XSfWfoqkppiRrOYlisQIT9CI9A0KxIny0+KSDB4ZZwjDSJonNCzcnxMp4krNeGA6873VYi03/6v1Ex2e+ykVcaKJwPOPwoRBHcE8FjikkmDNZgYQltTsCvEYSYS1Ca9mQnAXT/4LnZOG6zTcu9N686qMowoOwCE4Bi44A01wC1qgDTB4AE/gBbxaj9az9Wa9z1srVjmzD37J+vgGesaaJg==</latexit><latexit sha1_base64="/zvAos1Qsnjy7nGY4F8uKRW7/Sc=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEBEVQCiK4rGAv0IQymU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbJ2kWWv1h4OM/5zDn/EHMqNKO82VVlpZXVteq67WNza3tHXt3r6OiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnO690pkYpG4l7PYuJzNBI0pBhpYw1s6HGkx5KnOJEs8y68KcHpTQYvYUFONrDrTsMpBP+CW0IdlGoN7E9vGOGEE6ExQ0r1XSfWfoqkppiRrOYlisQIT9CI9A0KxIny0+KSDB4ZZwjDSJonNCzcnxMp4krNeGA6873VYi03/6v1Ex2e+ykVcaKJwPOPwoRBHcE8FjikkmDNZgYQltTsCvEYSYS1Ca9mQnAXT/4LnZOG6zTcu9N686qMowoOwCE4Bi44A01wC1qgDTB4AE/gBbxaj9az9Wa9z1srVjmzD37J+vgGesaaJg==</latexit><latexit sha1_base64="/zvAos1Qsnjy7nGY4F8uKRW7/Sc=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEBEVQCiK4rGAv0IQymU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbJ2kWWv1h4OM/5zDn/EHMqNKO82VVlpZXVteq67WNza3tHXt3r6OiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnO690pkYpG4l7PYuJzNBI0pBhpYw1s6HGkx5KnOJEs8y68KcHpTQYvYUFONrDrTsMpBP+CW0IdlGoN7E9vGOGEE6ExQ0r1XSfWfoqkppiRrOYlisQIT9CI9A0KxIny0+KSDB4ZZwjDSJonNCzcnxMp4krNeGA6873VYi03/6v1Ex2e+ykVcaKJwPOPwoRBHcE8FjikkmDNZgYQltTsCvEYSYS1Ca9mQnAXT/4LnZOG6zTcu9N686qMowoOwCE4Bi44A01wC1qgDTB4AE/gBbxaj9az9Wa9z1srVjmzD37J+vgGesaaJg==</latexit><latexit sha1_base64="/zvAos1Qsnjy7nGY4F8uKRW7/Sc=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARXJVEBEVQCiK4rGAv0IQymU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbJ2kWWv1h4OM/5zDn/EHMqNKO82VVlpZXVteq67WNza3tHXt3r6OiRGLSxhGLZC9AijAqSFtTzUgvlgTxgJFuMLnO690pkYpG4l7PYuJzNBI0pBhpYw1s6HGkx5KnOJEs8y68KcHpTQYvYUFONrDrTsMpBP+CW0IdlGoN7E9vGOGEE6ExQ0r1XSfWfoqkppiRrOYlisQIT9CI9A0KxIny0+KSDB4ZZwjDSJonNCzcnxMp4krNeGA6873VYi03/6v1Ex2e+ykVcaKJwPOPwoRBHcE8FjikkmDNZgYQltTsCvEYSYS1Ca9mQnAXT/4LnZOG6zTcu9N686qMowoOwCE4Bi44A01wC1qgDTB4AE/gBbxaj9az9Wa9z1srVjmzD37J+vgGesaaJg==</latexit>

I
~E · ~dl = 0

<latexit sha1_base64="GQJsHRr2d+YMbb+Bk7tmcmrsNWs=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2VGBN0oBRFcVrAX6AwlkzltQzPJkGQKZejKja/ixoUibn0Gd76N6WWhrT8EPv5zDifnj1LOtPG8b2dpeWV1bb2wUdzc2t7Zdff261pmikKNSi5VMyIaOBNQM8xwaKYKSBJxaET9m3G9MQClmRQPZphCmJCuYB1GibFW2z0KJBMmGADNb0cBjeWUYz7CV9hruyWv7E2EF8GfQQnNVG27X0EsaZaAMJQTrVu+l5owJ8owymFUDDINKaF90oWWRUES0GE+OWOET6wT445U9gmDJ+7viZwkWg+TyHYmxPT0fG1s/ldrZaZzGeZMpJkBQaeLOhnHRuJxJjhmCqjhQwuEKmb/immPKEKNTa5oQ/DnT16E+lnZ98r+/Xmpcj2Lo4AO0TE6RT66QBV0h6qohih6RM/oFb05T86L8+58TFuXnNnMAfoj5/MHCZCYyw==</latexit><latexit sha1_base64="GQJsHRr2d+YMbb+Bk7tmcmrsNWs=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2VGBN0oBRFcVrAX6AwlkzltQzPJkGQKZejKja/ixoUibn0Gd76N6WWhrT8EPv5zDifnj1LOtPG8b2dpeWV1bb2wUdzc2t7Zdff261pmikKNSi5VMyIaOBNQM8xwaKYKSBJxaET9m3G9MQClmRQPZphCmJCuYB1GibFW2z0KJBMmGADNb0cBjeWUYz7CV9hruyWv7E2EF8GfQQnNVG27X0EsaZaAMJQTrVu+l5owJ8owymFUDDINKaF90oWWRUES0GE+OWOET6wT445U9gmDJ+7viZwkWg+TyHYmxPT0fG1s/ldrZaZzGeZMpJkBQaeLOhnHRuJxJjhmCqjhQwuEKmb/immPKEKNTa5oQ/DnT16E+lnZ98r+/Xmpcj2Lo4AO0TE6RT66QBV0h6qohih6RM/oFb05T86L8+58TFuXnNnMAfoj5/MHCZCYyw==</latexit><latexit sha1_base64="GQJsHRr2d+YMbb+Bk7tmcmrsNWs=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2VGBN0oBRFcVrAX6AwlkzltQzPJkGQKZejKja/ixoUibn0Gd76N6WWhrT8EPv5zDifnj1LOtPG8b2dpeWV1bb2wUdzc2t7Zdff261pmikKNSi5VMyIaOBNQM8xwaKYKSBJxaET9m3G9MQClmRQPZphCmJCuYB1GibFW2z0KJBMmGADNb0cBjeWUYz7CV9hruyWv7E2EF8GfQQnNVG27X0EsaZaAMJQTrVu+l5owJ8owymFUDDINKaF90oWWRUES0GE+OWOET6wT445U9gmDJ+7viZwkWg+TyHYmxPT0fG1s/ldrZaZzGeZMpJkBQaeLOhnHRuJxJjhmCqjhQwuEKmb/immPKEKNTa5oQ/DnT16E+lnZ98r+/Xmpcj2Lo4AO0TE6RT66QBV0h6qohih6RM/oFb05T86L8+58TFuXnNnMAfoj5/MHCZCYyw==</latexit><latexit sha1_base64="GQJsHRr2d+YMbb+Bk7tmcmrsNWs=">AAACBnicbZDLSgMxFIYzXmu9jboUIVgEV2VGBN0oBRFcVrAX6AwlkzltQzPJkGQKZejKja/ixoUibn0Gd76N6WWhrT8EPv5zDifnj1LOtPG8b2dpeWV1bb2wUdzc2t7Zdff261pmikKNSi5VMyIaOBNQM8xwaKYKSBJxaET9m3G9MQClmRQPZphCmJCuYB1GibFW2z0KJBMmGADNb0cBjeWUYz7CV9hruyWv7E2EF8GfQQnNVG27X0EsaZaAMJQTrVu+l5owJ8owymFUDDINKaF90oWWRUES0GE+OWOET6wT445U9gmDJ+7viZwkWg+TyHYmxPT0fG1s/ldrZaZzGeZMpJkBQaeLOhnHRuJxJjhmCqjhQwuEKmb/immPKEKNTa5oQ/DnT16E+lnZ98r+/Xmpcj2Lo4AO0TE6RT66QBV0h6qohih6RM/oFb05T86L8+58TFuXnNnMAfoj5/MHCZCYyw==</latexit>

differential form

local form

NX

k

Uk = 0
<latexit sha1_base64="02TalvuJMxP96IKKQ4puNcJQ4AU=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EghvdSAXHFtrpkEkzbZjMgySjlKH/4caFIm79F3f+jZm2gooeuHA4517uvcdLBFcaoQ+rsLS8srpWXC9tbG5t75R3925VnErKbBqLWHY9opjgEbM114J1E8lI6AnW8YLz3O/cMal4HN3oScKckIwi7nNKtJEGfZWGbjC4grYbnCG3XEFVhBDGGOYE10+RIc1mo4YbEOeWQQUs0HbL7/1hTNOQRZoKolQPo0Q7GZGaU8GmpX6qWEJoQEasZ2hEQqacbHb1FB4ZZQj9WJqKNJyp3ycyEio1CT3TGRI9Vr+9XPzL66XabzgZj5JUs4jOF/mpgDqGeQRwyCWjWkwMIVRycyukYyIJ1Saokgnh61P4P7mtVTGq4uuTSutyEUcRHIBDcAwwqIMWuABtYAMKJHgAT+DZurcerRfrdd5asBYz++AHrLdP0n+SFg==</latexit><latexit sha1_base64="02TalvuJMxP96IKKQ4puNcJQ4AU=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EghvdSAXHFtrpkEkzbZjMgySjlKH/4caFIm79F3f+jZm2gooeuHA4517uvcdLBFcaoQ+rsLS8srpWXC9tbG5t75R3925VnErKbBqLWHY9opjgEbM114J1E8lI6AnW8YLz3O/cMal4HN3oScKckIwi7nNKtJEGfZWGbjC4grYbnCG3XEFVhBDGGOYE10+RIc1mo4YbEOeWQQUs0HbL7/1hTNOQRZoKolQPo0Q7GZGaU8GmpX6qWEJoQEasZ2hEQqacbHb1FB4ZZQj9WJqKNJyp3ycyEio1CT3TGRI9Vr+9XPzL66XabzgZj5JUs4jOF/mpgDqGeQRwyCWjWkwMIVRycyukYyIJ1Saokgnh61P4P7mtVTGq4uuTSutyEUcRHIBDcAwwqIMWuABtYAMKJHgAT+DZurcerRfrdd5asBYz++AHrLdP0n+SFg==</latexit><latexit sha1_base64="02TalvuJMxP96IKKQ4puNcJQ4AU=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EghvdSAXHFtrpkEkzbZjMgySjlKH/4caFIm79F3f+jZm2gooeuHA4517uvcdLBFcaoQ+rsLS8srpWXC9tbG5t75R3925VnErKbBqLWHY9opjgEbM114J1E8lI6AnW8YLz3O/cMal4HN3oScKckIwi7nNKtJEGfZWGbjC4grYbnCG3XEFVhBDGGOYE10+RIc1mo4YbEOeWQQUs0HbL7/1hTNOQRZoKolQPo0Q7GZGaU8GmpX6qWEJoQEasZ2hEQqacbHb1FB4ZZQj9WJqKNJyp3ycyEio1CT3TGRI9Vr+9XPzL66XabzgZj5JUs4jOF/mpgDqGeQRwyCWjWkwMIVRycyukYyIJ1Saokgnh61P4P7mtVTGq4uuTSutyEUcRHIBDcAwwqIMWuABtYAMKJHgAT+DZurcerRfrdd5asBYz++AHrLdP0n+SFg==</latexit><latexit sha1_base64="02TalvuJMxP96IKKQ4puNcJQ4AU=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR2y6EghvdSAXHFtrpkEkzbZjMgySjlKH/4caFIm79F3f+jZm2gooeuHA4517uvcdLBFcaoQ+rsLS8srpWXC9tbG5t75R3925VnErKbBqLWHY9opjgEbM114J1E8lI6AnW8YLz3O/cMal4HN3oScKckIwi7nNKtJEGfZWGbjC4grYbnCG3XEFVhBDGGOYE10+RIc1mo4YbEOeWQQUs0HbL7/1hTNOQRZoKolQPo0Q7GZGaU8GmpX6qWEJoQEasZ2hEQqacbHb1FB4ZZQj9WJqKNJyp3ycyEio1CT3TGRI9Vr+9XPzL66XabzgZj5JUs4jOF/mpgDqGeQRwyCWjWkwMIVRycyukYyIJ1Saokgnh61P4P7mtVTGq4uuTSutyEUcRHIBDcAwwqIMWuABtYAMKJHgAT+DZurcerRfrdd5asBYz++AHrLdP0n+SFg==</latexit>

conservative electric field

2. Electrical power and Kirchhoff’s laws

Resistances in series and in parallel:

=) R = R1 +R2
<latexit sha1_base64="a6NiB7klXgGJIYVwqZIVuFO6r2M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCIJSkCHoRil481mI/oA1hs520SzebsLsRS+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8e3M7zyCVCwWD3qSgBeRoWAho0QbybfLfRaZPaBw87rpu+dNv+bbFafqzIFXiZuTCsrR8O2v/iCmaQRCU06U6rlOor2MSM0oh2mpnypICB2TIfQMFSQC5WXz26f41CgDHMbSlNB4rv6eyEik1CQKTGdE9EgtezPxP6+X6vDKy5hIUg2CLhaFKcc6xrMg8IBJoJpPDCFUMnMrpiMiCdUmrpIJwV1+eZW0a1XXqbr3F5X6TR5HER2jE3SGXHSJ6ugONVALUfSEntErerOm1ov1bn0sWgtWPnOE/sD6/AFR4ZNN</latexit><latexit sha1_base64="a6NiB7klXgGJIYVwqZIVuFO6r2M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCIJSkCHoRil481mI/oA1hs520SzebsLsRS+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8e3M7zyCVCwWD3qSgBeRoWAho0QbybfLfRaZPaBw87rpu+dNv+bbFafqzIFXiZuTCsrR8O2v/iCmaQRCU06U6rlOor2MSM0oh2mpnypICB2TIfQMFSQC5WXz26f41CgDHMbSlNB4rv6eyEik1CQKTGdE9EgtezPxP6+X6vDKy5hIUg2CLhaFKcc6xrMg8IBJoJpPDCFUMnMrpiMiCdUmrpIJwV1+eZW0a1XXqbr3F5X6TR5HER2jE3SGXHSJ6ugONVALUfSEntErerOm1ov1bn0sWgtWPnOE/sD6/AFR4ZNN</latexit><latexit sha1_base64="a6NiB7klXgGJIYVwqZIVuFO6r2M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCIJSkCHoRil481mI/oA1hs520SzebsLsRS+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8e3M7zyCVCwWD3qSgBeRoWAho0QbybfLfRaZPaBw87rpu+dNv+bbFafqzIFXiZuTCsrR8O2v/iCmaQRCU06U6rlOor2MSM0oh2mpnypICB2TIfQMFSQC5WXz26f41CgDHMbSlNB4rv6eyEik1CQKTGdE9EgtezPxP6+X6vDKy5hIUg2CLhaFKcc6xrMg8IBJoJpPDCFUMnMrpiMiCdUmrpIJwV1+eZW0a1XXqbr3F5X6TR5HER2jE3SGXHSJ6ugONVALUfSEntErerOm1ov1bn0sWgtWPnOE/sD6/AFR4ZNN</latexit><latexit sha1_base64="a6NiB7klXgGJIYVwqZIVuFO6r2M=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCIJSkCHoRil481mI/oA1hs520SzebsLsRS+hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8e3M7zyCVCwWD3qSgBeRoWAho0QbybfLfRaZPaBw87rpu+dNv+bbFafqzIFXiZuTCsrR8O2v/iCmaQRCU06U6rlOor2MSM0oh2mpnypICB2TIfQMFSQC5WXz26f41CgDHMbSlNB4rv6eyEik1CQKTGdE9EgtezPxP6+X6vDKy5hIUg2CLhaFKcc6xrMg8IBJoJpPDCFUMnMrpiMiCdUmrpIJwV1+eZW0a1XXqbr3F5X6TR5HER2jE3SGXHSJ6ugONVALUfSEntErerOm1ov1bn0sWgtWPnOE/sD6/AFR4ZNN</latexit>

=) 1

R
=

1

R1
+

1

R2<latexit sha1_base64="jIQOydSq4/nPLV84y1pCc4zm2sc=">AAACGXicbVDLSgMxFM34rPU16tJNsAiCUCZF0I1QdOOyin1AZxgyaaYNTWaGJCOUYX7Djb/ixoUiLnXl35i2A9bWA4Fzz7mXm3uChDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPh9dhvP1CpWBzd61FCPYH7EQsZwdpIvu24TJg9VEE3lJhkKM/u8stf7qP8dKaq5b5dcarOBHCRoIJUQIGGb3+6vZikgkaacKxUFzmJ9jIsNSOc5mU3VTTBZIj7tGtohAVVXja5LIfHRunBMJbmRRpO1NmJDAulRiIwnQLrgZr3xuJ/XjfV4YWXsShJNY3IdFGYcqhjOI4J9pikRPORIZhIZv4KyQCbHLQJs2xCQPMnL5JWrYqcKro9q9SvijhK4BAcgROAwDmogxvQAE1AwCN4Bq/gzXqyXqx362PaumQVMwfgD6yvH8vvoMQ=</latexit><latexit sha1_base64="jIQOydSq4/nPLV84y1pCc4zm2sc=">AAACGXicbVDLSgMxFM34rPU16tJNsAiCUCZF0I1QdOOyin1AZxgyaaYNTWaGJCOUYX7Djb/ixoUiLnXl35i2A9bWA4Fzz7mXm3uChDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPh9dhvP1CpWBzd61FCPYH7EQsZwdpIvu24TJg9VEE3lJhkKM/u8stf7qP8dKaq5b5dcarOBHCRoIJUQIGGb3+6vZikgkaacKxUFzmJ9jIsNSOc5mU3VTTBZIj7tGtohAVVXja5LIfHRunBMJbmRRpO1NmJDAulRiIwnQLrgZr3xuJ/XjfV4YWXsShJNY3IdFGYcqhjOI4J9pikRPORIZhIZv4KyQCbHLQJs2xCQPMnL5JWrYqcKro9q9SvijhK4BAcgROAwDmogxvQAE1AwCN4Bq/gzXqyXqx362PaumQVMwfgD6yvH8vvoMQ=</latexit><latexit sha1_base64="jIQOydSq4/nPLV84y1pCc4zm2sc=">AAACGXicbVDLSgMxFM34rPU16tJNsAiCUCZF0I1QdOOyin1AZxgyaaYNTWaGJCOUYX7Djb/ixoUiLnXl35i2A9bWA4Fzz7mXm3uChDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPh9dhvP1CpWBzd61FCPYH7EQsZwdpIvu24TJg9VEE3lJhkKM/u8stf7qP8dKaq5b5dcarOBHCRoIJUQIGGb3+6vZikgkaacKxUFzmJ9jIsNSOc5mU3VTTBZIj7tGtohAVVXja5LIfHRunBMJbmRRpO1NmJDAulRiIwnQLrgZr3xuJ/XjfV4YWXsShJNY3IdFGYcqhjOI4J9pikRPORIZhIZv4KyQCbHLQJs2xCQPMnL5JWrYqcKro9q9SvijhK4BAcgROAwDmogxvQAE1AwCN4Bq/gzXqyXqx362PaumQVMwfgD6yvH8vvoMQ=</latexit><latexit sha1_base64="jIQOydSq4/nPLV84y1pCc4zm2sc=">AAACGXicbVDLSgMxFM34rPU16tJNsAiCUCZF0I1QdOOyin1AZxgyaaYNTWaGJCOUYX7Djb/ixoUiLnXl35i2A9bWA4Fzz7mXm3uChDOlHefbWlpeWV1bL22UN7e2d3btvf2WilNJaJPEPJadACvKWUSbmmlOO4mkWASctoPh9dhvP1CpWBzd61FCPYH7EQsZwdpIvu24TJg9VEE3lJhkKM/u8stf7qP8dKaq5b5dcarOBHCRoIJUQIGGb3+6vZikgkaacKxUFzmJ9jIsNSOc5mU3VTTBZIj7tGtohAVVXja5LIfHRunBMJbmRRpO1NmJDAulRiIwnQLrgZr3xuJ/XjfV4YWXsShJNY3IdFGYcqhjOI4J9pikRPORIZhIZv4KyQCbHLQJs2xCQPMnL5JWrYqcKro9q9SvijhK4BAcgROAwDmogxvQAE1AwCN4Bq/gzXqyXqx362PaumQVMwfgD6yvH8vvoMQ=</latexit>

series

parallel



Capacitor and RC circuit

3. Capacitor and RC circuit

Resistance: first passive element

Second passive element: capacitor = 2 parallel plates with opposite charge

Electrostatic problem, use of Gauss’ 
law (assuming large plates):

Assuming wires have negligible resistance, the voltage U writes:

~E = � �

✏0
~ey

<latexit sha1_base64="xCpAvIZNh2tsvgEwWaTvqxFDLEw=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIYklE0I1QFMFlBfuAJoTJ9KYdOnkwMymEkI9w46+4caGIWxfu/BunaRbaemDgcM653LnHixkV0jS/tcrS8srqWnW9trG5tb2j7+51RJRwAm0SsYj3PCyA0RDakkoGvZgDDjwGXW98M/W7E+CCRuGDTGNwAjwMqU8Jlkpy9RN7AiS7za9ObZ9jktmCDgOcZzbEgjKVMPMiAbmbunrdbJgFjEVilaSOSrRc/cseRCQJIJSEYSH6lhlLJ8NcUsIgr9mJgBiTMR5CX9EQByCcrDgqN46UMjD8iKsXSqNQf09kOBAiDTyVDLAciXlvKv7n9RPpXzoZDeNEQkhmi/yEGTIypg0ZA8qBSJYqggmn6q8GGWFVjlQ91lQJ1vzJi6Rz1rDMhnV/Xm9el3VU0QE6RMfIQheoie5QC7URQY/oGb2iN+1Je9HetY9ZtKKVM/voD7TPH1kOn6M=</latexit><latexit sha1_base64="xCpAvIZNh2tsvgEwWaTvqxFDLEw=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIYklE0I1QFMFlBfuAJoTJ9KYdOnkwMymEkI9w46+4caGIWxfu/BunaRbaemDgcM653LnHixkV0jS/tcrS8srqWnW9trG5tb2j7+51RJRwAm0SsYj3PCyA0RDakkoGvZgDDjwGXW98M/W7E+CCRuGDTGNwAjwMqU8Jlkpy9RN7AiS7za9ObZ9jktmCDgOcZzbEgjKVMPMiAbmbunrdbJgFjEVilaSOSrRc/cseRCQJIJSEYSH6lhlLJ8NcUsIgr9mJgBiTMR5CX9EQByCcrDgqN46UMjD8iKsXSqNQf09kOBAiDTyVDLAciXlvKv7n9RPpXzoZDeNEQkhmi/yEGTIypg0ZA8qBSJYqggmn6q8GGWFVjlQ91lQJ1vzJi6Rz1rDMhnV/Xm9el3VU0QE6RMfIQheoie5QC7URQY/oGb2iN+1Je9HetY9ZtKKVM/voD7TPH1kOn6M=</latexit><latexit sha1_base64="xCpAvIZNh2tsvgEwWaTvqxFDLEw=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIYklE0I1QFMFlBfuAJoTJ9KYdOnkwMymEkI9w46+4caGIWxfu/BunaRbaemDgcM653LnHixkV0jS/tcrS8srqWnW9trG5tb2j7+51RJRwAm0SsYj3PCyA0RDakkoGvZgDDjwGXW98M/W7E+CCRuGDTGNwAjwMqU8Jlkpy9RN7AiS7za9ObZ9jktmCDgOcZzbEgjKVMPMiAbmbunrdbJgFjEVilaSOSrRc/cseRCQJIJSEYSH6lhlLJ8NcUsIgr9mJgBiTMR5CX9EQByCcrDgqN46UMjD8iKsXSqNQf09kOBAiDTyVDLAciXlvKv7n9RPpXzoZDeNEQkhmi/yEGTIypg0ZA8qBSJYqggmn6q8GGWFVjlQ91lQJ1vzJi6Rz1rDMhnV/Xm9el3VU0QE6RMfIQheoie5QC7URQY/oGb2iN+1Je9HetY9ZtKKVM/voD7TPH1kOn6M=</latexit><latexit sha1_base64="xCpAvIZNh2tsvgEwWaTvqxFDLEw=">AAACFHicbVDLSsNAFJ3UV62vqEs3wSIIYklE0I1QFMFlBfuAJoTJ9KYdOnkwMymEkI9w46+4caGIWxfu/BunaRbaemDgcM653LnHixkV0jS/tcrS8srqWnW9trG5tb2j7+51RJRwAm0SsYj3PCyA0RDakkoGvZgDDjwGXW98M/W7E+CCRuGDTGNwAjwMqU8Jlkpy9RN7AiS7za9ObZ9jktmCDgOcZzbEgjKVMPMiAbmbunrdbJgFjEVilaSOSrRc/cseRCQJIJSEYSH6lhlLJ8NcUsIgr9mJgBiTMR5CX9EQByCcrDgqN46UMjD8iKsXSqNQf09kOBAiDTyVDLAciXlvKv7n9RPpXzoZDeNEQkhmi/yEGTIypg0ZA8qBSJYqggmn6q8GGWFVjlQ91lQJ1vzJi6Rz1rDMhnV/Xm9el3VU0QE6RMfIQheoie5QC7URQY/oGb2iN+1Je9HetY9ZtKKVM/voD7TPH1kOn6M=</latexit>

between the 2 plates

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

capacityC = ✏0
S

d
<latexit sha1_base64="AgW+i5ZCc+M02fgCvJrdpS5JIys=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6EYoduOyon1AE8pketMOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBy6cOede5t4TJJwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKCk0a81h2AqKAMwFNzTSHTiKBRAGHdjCqT/z2A0jFYnGvxwn4ERkIFjJKtJF69mEdX2EPEsW4eTpeKAnN7vKsn/fsilN1psCLxC1IBRVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUQ172UgUJoSMygK6hgkSg/Gx6Qo5PjNLHYSxNCY2n6u+JjERKjaPAdEZED9W8NxH/87qpDi/9jIkk1SDo7KMw5VjHeJIH7jMJVPOxIYRKZnbFdEhMCtqkVjYhuPMnL5LWWdV1qu7teaV2XcRRQkfoGJ0iF12gGrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AGRbZbp</latexit><latexit sha1_base64="AgW+i5ZCc+M02fgCvJrdpS5JIys=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6EYoduOyon1AE8pketMOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBy6cOede5t4TJJwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKCk0a81h2AqKAMwFNzTSHTiKBRAGHdjCqT/z2A0jFYnGvxwn4ERkIFjJKtJF69mEdX2EPEsW4eTpeKAnN7vKsn/fsilN1psCLxC1IBRVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUQ172UgUJoSMygK6hgkSg/Gx6Qo5PjNLHYSxNCY2n6u+JjERKjaPAdEZED9W8NxH/87qpDi/9jIkk1SDo7KMw5VjHeJIH7jMJVPOxIYRKZnbFdEhMCtqkVjYhuPMnL5LWWdV1qu7teaV2XcRRQkfoGJ0iF12gGrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AGRbZbp</latexit><latexit sha1_base64="AgW+i5ZCc+M02fgCvJrdpS5JIys=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6EYoduOyon1AE8pketMOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBy6cOede5t4TJJwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKCk0a81h2AqKAMwFNzTSHTiKBRAGHdjCqT/z2A0jFYnGvxwn4ERkIFjJKtJF69mEdX2EPEsW4eTpeKAnN7vKsn/fsilN1psCLxC1IBRVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUQ172UgUJoSMygK6hgkSg/Gx6Qo5PjNLHYSxNCY2n6u+JjERKjaPAdEZED9W8NxH/87qpDi/9jIkk1SDo7KMw5VjHeJIH7jMJVPOxIYRKZnbFdEhMCtqkVjYhuPMnL5LWWdV1qu7teaV2XcRRQkfoGJ0iF12gGrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AGRbZbp</latexit><latexit sha1_base64="AgW+i5ZCc+M02fgCvJrdpS5JIys=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6EYoduOyon1AE8pketMOnUzCzEQoIbjxV9y4UMStX+HOv3HaZqGtBy6cOede5t4TJJwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKCk0a81h2AqKAMwFNzTSHTiKBRAGHdjCqT/z2A0jFYnGvxwn4ERkIFjJKtJF69mEdX2EPEsW4eTpeKAnN7vKsn/fsilN1psCLxC1IBRVo9Owvrx/TNAKhKSdKdV0n0X5GpGaUQ172UgUJoSMygK6hgkSg/Gx6Qo5PjNLHYSxNCY2n6u+JjERKjaPAdEZED9W8NxH/87qpDi/9jIkk1SDo7KMw5VjHeJIH7jMJVPOxIYRKZnbFdEhMCtqkVjYhuPMnL5LWWdV1qu7teaV2XcRRQkfoGJ0iF12gGrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sD6/AGRbZbp</latexit>

U =

Z B

A

~E · ~dl = �d

✏0
=

d

✏0S
Q

<latexit sha1_base64="FwzOfaUBRhNwnJ0w+jy4RTyfq88="></latexit><latexit sha1_base64="FwzOfaUBRhNwnJ0w+jy4RTyfq88="></latexit><latexit sha1_base64="FwzOfaUBRhNwnJ0w+jy4RTyfq88="></latexit><latexit sha1_base64="FwzOfaUBRhNwnJ0w+jy4RTyfq88="></latexit>



3. Capacitor and RC circuit

If there is a current, the charge Q 
is varying (charge conservation):

dQ

dt
= I

<latexit sha1_base64="6Dd34vqYu0exvSekZsTD/2ZmtsU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6Eohe9tWA/oA1ls9m0SzebsDsRasgv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/xEcA2O822V1tY3NrfK25Wd3b39qn1w2NFxqihr01jEqucTzQSXrA0cBOslipHIF6zrT25nfveRKc1j+QDThHkRGUkeckrASEO7OggVoVnQyrMA8uv7oV1z6s4ceJW4BamhAs2h/TUIYppGTAIVROu+6yTgZUQBp4LllUGqWULohIxY31BJIqa9bH54jk+NEuAwVqYk4Ln6eyIjkdbTyDedEYGxXvZm4n9eP4Xwysu4TFJgki4WhanAEONZCjjgilEQU0MIVdzciumYmCTAZFUxIbjLL6+Sznnddepu66LWuCniKKNjdILOkIsuUQPdoSZqI4pS9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx/pBpM8</latexit><latexit sha1_base64="6Dd34vqYu0exvSekZsTD/2ZmtsU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6Eohe9tWA/oA1ls9m0SzebsDsRasgv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/xEcA2O822V1tY3NrfK25Wd3b39qn1w2NFxqihr01jEqucTzQSXrA0cBOslipHIF6zrT25nfveRKc1j+QDThHkRGUkeckrASEO7OggVoVnQyrMA8uv7oV1z6s4ceJW4BamhAs2h/TUIYppGTAIVROu+6yTgZUQBp4LllUGqWULohIxY31BJIqa9bH54jk+NEuAwVqYk4Ln6eyIjkdbTyDedEYGxXvZm4n9eP4Xwysu4TFJgki4WhanAEONZCjjgilEQU0MIVdzciumYmCTAZFUxIbjLL6+Sznnddepu66LWuCniKKNjdILOkIsuUQPdoSZqI4pS9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx/pBpM8</latexit><latexit sha1_base64="6Dd34vqYu0exvSekZsTD/2ZmtsU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6Eohe9tWA/oA1ls9m0SzebsDsRasgv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/xEcA2O822V1tY3NrfK25Wd3b39qn1w2NFxqihr01jEqucTzQSXrA0cBOslipHIF6zrT25nfveRKc1j+QDThHkRGUkeckrASEO7OggVoVnQyrMA8uv7oV1z6s4ceJW4BamhAs2h/TUIYppGTAIVROu+6yTgZUQBp4LllUGqWULohIxY31BJIqa9bH54jk+NEuAwVqYk4Ln6eyIjkdbTyDedEYGxXvZm4n9eP4Xwysu4TFJgki4WhanAEONZCjjgilEQU0MIVdzciumYmCTAZFUxIbjLL6+Sznnddepu66LWuCniKKNjdILOkIsuUQPdoSZqI4pS9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx/pBpM8</latexit><latexit sha1_base64="6Dd34vqYu0exvSekZsTD/2ZmtsU=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoigl6Eohe9tWA/oA1ls9m0SzebsDsRasgv8eJBEa/+FG/+G7dtDtr6YODx3gwz8/xEcA2O822V1tY3NrfK25Wd3b39qn1w2NFxqihr01jEqucTzQSXrA0cBOslipHIF6zrT25nfveRKc1j+QDThHkRGUkeckrASEO7OggVoVnQyrMA8uv7oV1z6s4ceJW4BamhAs2h/TUIYppGTAIVROu+6yTgZUQBp4LllUGqWULohIxY31BJIqa9bH54jk+NEuAwVqYk4Ln6eyIjkdbTyDedEYGxXvZm4n9eP4Xwysu4TFJgki4WhanAEONZCjjgilEQU0MIVdzciumYmCTAZFUxIbjLL6+Sznnddepu66LWuCniKKNjdILOkIsuUQPdoSZqI4pS9Ixe0Zv1ZL1Y79bHorVkFTNH6A+szx/pBpM8</latexit>

Current-voltage relation for the capacitor: I = C
dU

dt
<latexit sha1_base64="hkMuWwkS0K+qsxuCzACFrlb6mPE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFbCsIhW7sroJ9QFtKJpNpQzMPkoxYhvkVNy4UceuPuPNvzLQVVPTAhcM593LvPU4kuNIIfVi5tfWNza38dmFnd2//wD4sdlUYS8o6NBSh7DtEMcED1tFcC9aPJCO+I1jPmTUzv3fHpOJhcKvnERv5ZBJwj1OijTS2i62r5vBy6ElCE7eTJq5Ox3YJlRFCGGOYEVy9QIbU67UKrkGcWQYlsEJ7bL8P3ZDGPgs0FUSpAUaRHiVEak4FSwvDWLGI0BmZsIGhAfGZGiWL21N4ahQXeqE0FWi4UL9PJMRXau47ptMneqp+e5n4lzeItVcbJTyIYs0CulzkxQLqEGZBQJdLRrWYG0Ko5OZWSKfE5KBNXAUTwten8H/SrZQxKuOb81KjtYojD47BCTgDGFRBA1yDNugACu7BA3gCz1ZqPVov1uuyNWetZo7AD1hvnwAYlHQ=</latexit><latexit sha1_base64="hkMuWwkS0K+qsxuCzACFrlb6mPE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFbCsIhW7sroJ9QFtKJpNpQzMPkoxYhvkVNy4UceuPuPNvzLQVVPTAhcM593LvPU4kuNIIfVi5tfWNza38dmFnd2//wD4sdlUYS8o6NBSh7DtEMcED1tFcC9aPJCO+I1jPmTUzv3fHpOJhcKvnERv5ZBJwj1OijTS2i62r5vBy6ElCE7eTJq5Ox3YJlRFCGGOYEVy9QIbU67UKrkGcWQYlsEJ7bL8P3ZDGPgs0FUSpAUaRHiVEak4FSwvDWLGI0BmZsIGhAfGZGiWL21N4ahQXeqE0FWi4UL9PJMRXau47ptMneqp+e5n4lzeItVcbJTyIYs0CulzkxQLqEGZBQJdLRrWYG0Ko5OZWSKfE5KBNXAUTwten8H/SrZQxKuOb81KjtYojD47BCTgDGFRBA1yDNugACu7BA3gCz1ZqPVov1uuyNWetZo7AD1hvnwAYlHQ=</latexit><latexit sha1_base64="hkMuWwkS0K+qsxuCzACFrlb6mPE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFbCsIhW7sroJ9QFtKJpNpQzMPkoxYhvkVNy4UceuPuPNvzLQVVPTAhcM593LvPU4kuNIIfVi5tfWNza38dmFnd2//wD4sdlUYS8o6NBSh7DtEMcED1tFcC9aPJCO+I1jPmTUzv3fHpOJhcKvnERv5ZBJwj1OijTS2i62r5vBy6ElCE7eTJq5Ox3YJlRFCGGOYEVy9QIbU67UKrkGcWQYlsEJ7bL8P3ZDGPgs0FUSpAUaRHiVEak4FSwvDWLGI0BmZsIGhAfGZGiWL21N4ahQXeqE0FWi4UL9PJMRXau47ptMneqp+e5n4lzeItVcbJTyIYs0CulzkxQLqEGZBQJdLRrWYG0Ko5OZWSKfE5KBNXAUTwten8H/SrZQxKuOb81KjtYojD47BCTgDGFRBA1yDNugACu7BA3gCz1ZqPVov1uuyNWetZo7AD1hvnwAYlHQ=</latexit><latexit sha1_base64="hkMuWwkS0K+qsxuCzACFrlb6mPE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiRFbCsIhW7sroJ9QFtKJpNpQzMPkoxYhvkVNy4UceuPuPNvzLQVVPTAhcM593LvPU4kuNIIfVi5tfWNza38dmFnd2//wD4sdlUYS8o6NBSh7DtEMcED1tFcC9aPJCO+I1jPmTUzv3fHpOJhcKvnERv5ZBJwj1OijTS2i62r5vBy6ElCE7eTJq5Ox3YJlRFCGGOYEVy9QIbU67UKrkGcWQYlsEJ7bL8P3ZDGPgs0FUSpAUaRHiVEak4FSwvDWLGI0BmZsIGhAfGZGiWL21N4ahQXeqE0FWi4UL9PJMRXau47ptMneqp+e5n4lzeItVcbJTyIYs0CulzkxQLqEGZBQJdLRrWYG0Ko5OZWSKfE5KBNXAUTwten8H/SrZQxKuOb81KjtYojD47BCTgDGFRBA1yDNugACu7BA3gCz1ZqPVov1uuyNWetZo7AD1hvnwAYlHQ=</latexit>

Energy WE stored in the capacitor (electric field energy):

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

capacitor 
energy

Consistent with electrical power:

WE =
1

2
CU2

<latexit sha1_base64="8yndozPr9YCZg5wTm+IlPXFU07c=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUse1CKFTBZQWnLbRjyaSZNjTzIMkIZezCX3HjQhG3/oY7/8ZMW0FFD1w4nHMv997jxYIrjdCHtbC4tLyymlvLr29sbm3bO7tNFSWSModGIpJtjygmeMgczbVg7VgyEniCtbxRPfNbt0wqHoXXehwzNyCDkPucEm2knr3f6l3AM9j1JaEpnqSlSd25KcGeXUBFhBDGGGYEl0+RIdVqpYQrEGeWQQHM0ejZ791+RJOAhZoKolQHo1i7KZGaU8Em+W6iWEzoiAxYx9CQBEy56fT+CTwySh/6kTQVajhVv0+kJFBqHHimMyB6qH57mfiX10m0X3FTHsaJZiGdLfITAXUEszBgn0tGtRgbQqjk5lZIh8REoU1keRPC16fwf9IsFTEq4quTQu18HkcOHIBDcAwwKIMauAQN4AAK7sADeALP1r31aL1Yr7PWBWs+swd+wHr7BPY5lMo=</latexit><latexit sha1_base64="8yndozPr9YCZg5wTm+IlPXFU07c=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUse1CKFTBZQWnLbRjyaSZNjTzIMkIZezCX3HjQhG3/oY7/8ZMW0FFD1w4nHMv997jxYIrjdCHtbC4tLyymlvLr29sbm3bO7tNFSWSModGIpJtjygmeMgczbVg7VgyEniCtbxRPfNbt0wqHoXXehwzNyCDkPucEm2knr3f6l3AM9j1JaEpnqSlSd25KcGeXUBFhBDGGGYEl0+RIdVqpYQrEGeWQQHM0ejZ791+RJOAhZoKolQHo1i7KZGaU8Em+W6iWEzoiAxYx9CQBEy56fT+CTwySh/6kTQVajhVv0+kJFBqHHimMyB6qH57mfiX10m0X3FTHsaJZiGdLfITAXUEszBgn0tGtRgbQqjk5lZIh8REoU1keRPC16fwf9IsFTEq4quTQu18HkcOHIBDcAwwKIMauAQN4AAK7sADeALP1r31aL1Yr7PWBWs+swd+wHr7BPY5lMo=</latexit><latexit sha1_base64="8yndozPr9YCZg5wTm+IlPXFU07c=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUse1CKFTBZQWnLbRjyaSZNjTzIMkIZezCX3HjQhG3/oY7/8ZMW0FFD1w4nHMv997jxYIrjdCHtbC4tLyymlvLr29sbm3bO7tNFSWSModGIpJtjygmeMgczbVg7VgyEniCtbxRPfNbt0wqHoXXehwzNyCDkPucEm2knr3f6l3AM9j1JaEpnqSlSd25KcGeXUBFhBDGGGYEl0+RIdVqpYQrEGeWQQHM0ejZ791+RJOAhZoKolQHo1i7KZGaU8Em+W6iWEzoiAxYx9CQBEy56fT+CTwySh/6kTQVajhVv0+kJFBqHHimMyB6qH57mfiX10m0X3FTHsaJZiGdLfITAXUEszBgn0tGtRgbQqjk5lZIh8REoU1keRPC16fwf9IsFTEq4quTQu18HkcOHIBDcAwwKIMauAQN4AAK7sADeALP1r31aL1Yr7PWBWs+swd+wHr7BPY5lMo=</latexit><latexit sha1_base64="8yndozPr9YCZg5wTm+IlPXFU07c=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUse1CKFTBZQWnLbRjyaSZNjTzIMkIZezCX3HjQhG3/oY7/8ZMW0FFD1w4nHMv997jxYIrjdCHtbC4tLyymlvLr29sbm3bO7tNFSWSModGIpJtjygmeMgczbVg7VgyEniCtbxRPfNbt0wqHoXXehwzNyCDkPucEm2knr3f6l3AM9j1JaEpnqSlSd25KcGeXUBFhBDGGGYEl0+RIdVqpYQrEGeWQQHM0ejZ791+RJOAhZoKolQHo1i7KZGaU8Em+W6iWEzoiAxYx9CQBEy56fT+CTwySh/6kTQVajhVv0+kJFBqHHimMyB6qH57mfiX10m0X3FTHsaJZiGdLfITAXUEszBgn0tGtRgbQqjk5lZIh8REoU1keRPC16fwf9IsFTEq4quTQu18HkcOHIBDcAwwKIMauAQN4AAK7sADeALP1r31aL1Yr7PWBWs+swd+wHr7BPY5lMo=</latexit>

WE =
1

2
✏0k ~Ek2 Sd =

✏0U2S

2d
<latexit sha1_base64="C3c1QqbnUtB7n5poj9Nkp8qjfwo="></latexit><latexit sha1_base64="C3c1QqbnUtB7n5poj9Nkp8qjfwo="></latexit><latexit sha1_base64="C3c1QqbnUtB7n5poj9Nkp8qjfwo="></latexit><latexit sha1_base64="C3c1QqbnUtB7n5poj9Nkp8qjfwo="></latexit>

dWE

dt
= CU

dU

dt
= UI = P

<latexit sha1_base64="svPBwFxrSb4RTK2+c/NdRQMPEW4=">AAACD3icbVDLSsNAFL3xWeur6tLNYFFclUQEXVgoFEF3FUxbaEOZTCbt0MmDmYlQQv7Ajb/ixoUibt2682+cpllo64GBwznncuceN+ZMKtP8NpaWV1bX1ksb5c2t7Z3dyt5+W0aJINQmEY9E18WSchZSWzHFaTcWFAcupx133Jz6nQcqJIvCezWJqRPgYch8RrDS0qBy0vcFJqnXGVxnqacyVEdNu9DsXKnbt/XWoFI1a2YOtEisglShgM5/9b2IJAENFeFYyp5lxspJsVCMcJqV+4mkMSZjPKQ9TUMcUOmk+T0ZOtaKh/xI6BcqlKu/J1IcSDkJXJ0MsBrJeW8q/uf1EuVfOikL40TRkMwW+QlHKkLTcpDHBCWKTzTBRDD9V0RGWJehdIVlXYI1f/IiaZ/VLLNm3Z1XG1dFHSU4hCM4BQsuoAE30AIbCDzCM7zCm/FkvBjvxscsumQUMwfwB8bnD2YKnDY=</latexit><latexit sha1_base64="svPBwFxrSb4RTK2+c/NdRQMPEW4=">AAACD3icbVDLSsNAFL3xWeur6tLNYFFclUQEXVgoFEF3FUxbaEOZTCbt0MmDmYlQQv7Ajb/ixoUibt2682+cpllo64GBwznncuceN+ZMKtP8NpaWV1bX1ksb5c2t7Z3dyt5+W0aJINQmEY9E18WSchZSWzHFaTcWFAcupx133Jz6nQcqJIvCezWJqRPgYch8RrDS0qBy0vcFJqnXGVxnqacyVEdNu9DsXKnbt/XWoFI1a2YOtEisglShgM5/9b2IJAENFeFYyp5lxspJsVCMcJqV+4mkMSZjPKQ9TUMcUOmk+T0ZOtaKh/xI6BcqlKu/J1IcSDkJXJ0MsBrJeW8q/uf1EuVfOikL40TRkMwW+QlHKkLTcpDHBCWKTzTBRDD9V0RGWJehdIVlXYI1f/IiaZ/VLLNm3Z1XG1dFHSU4hCM4BQsuoAE30AIbCDzCM7zCm/FkvBjvxscsumQUMwfwB8bnD2YKnDY=</latexit><latexit sha1_base64="svPBwFxrSb4RTK2+c/NdRQMPEW4=">AAACD3icbVDLSsNAFL3xWeur6tLNYFFclUQEXVgoFEF3FUxbaEOZTCbt0MmDmYlQQv7Ajb/ixoUibt2682+cpllo64GBwznncuceN+ZMKtP8NpaWV1bX1ksb5c2t7Z3dyt5+W0aJINQmEY9E18WSchZSWzHFaTcWFAcupx133Jz6nQcqJIvCezWJqRPgYch8RrDS0qBy0vcFJqnXGVxnqacyVEdNu9DsXKnbt/XWoFI1a2YOtEisglShgM5/9b2IJAENFeFYyp5lxspJsVCMcJqV+4mkMSZjPKQ9TUMcUOmk+T0ZOtaKh/xI6BcqlKu/J1IcSDkJXJ0MsBrJeW8q/uf1EuVfOikL40TRkMwW+QlHKkLTcpDHBCWKTzTBRDD9V0RGWJehdIVlXYI1f/IiaZ/VLLNm3Z1XG1dFHSU4hCM4BQsuoAE30AIbCDzCM7zCm/FkvBjvxscsumQUMwfwB8bnD2YKnDY=</latexit><latexit sha1_base64="svPBwFxrSb4RTK2+c/NdRQMPEW4=">AAACD3icbVDLSsNAFL3xWeur6tLNYFFclUQEXVgoFEF3FUxbaEOZTCbt0MmDmYlQQv7Ajb/ixoUibt2682+cpllo64GBwznncuceN+ZMKtP8NpaWV1bX1ksb5c2t7Z3dyt5+W0aJINQmEY9E18WSchZSWzHFaTcWFAcupx133Jz6nQcqJIvCezWJqRPgYch8RrDS0qBy0vcFJqnXGVxnqacyVEdNu9DsXKnbt/XWoFI1a2YOtEisglShgM5/9b2IJAENFeFYyp5lxspJsVCMcJqV+4mkMSZjPKQ9TUMcUOmk+T0ZOtaKh/xI6BcqlKu/J1IcSDkJXJ0MsBrJeW8q/uf1EuVfOikL40TRkMwW+QlHKkLTcpDHBCWKTzTBRDD9V0RGWJehdIVlXYI1f/IiaZ/VLLNm3Z1XG1dFHSU4hCM4BQsuoAE30AIbCDzCM7zCm/FkvBjvxscsumQUMwfwB8bnD2YKnDY=</latexit>

3. Capacitor and RC circuit

RC circuit in series

Initially U=0, and at t=0 the switch is closed.

E = U +RI
<latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit>

Kirchhoff’s voltage law

I = C
dU

dt
<latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit>

capacitor I-U relation

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

dU

dt
+

U

RC
=

E

RC
<latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit>



3. Capacitor and RC circuit

dU

dt
+

U

RC
=

E

RC
<latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit><latexit sha1_base64="eTDGGZqOrGYkJkNuMOt+82uhzgQ=">AAACEnicbVBNS8MwGE79nPOr6tFLcAiKMFoR9CIMh+Bxit0GWxlpmm5haVqSVBilv8GLf8WLB0W8evLmvzFre9DNFwLPx/vy5n28mFGpLOvbWFhcWl5ZraxV1zc2t7bNnd22jBKBiYMjFomuhyRhlBNHUcVINxYEhR4jHW/cnPqdByIkjfi9msTEDdGQ04BipLQ0MI/7gUA49Z0s9VV2UjBN7poZvIQFvc7pwKxZdSsvOA/sEtRAWa2B+dX3I5yEhCvMkJQ924qVmyKhKGYkq/YTSWKEx2hIehpyFBLppvlJGTzUig+DSOjHFczV3xMpCqWchJ7uDJEayVlvKv7n9RIVXLgp5XGiCMfFoiBhUEVwmg/0qSBYsYkGCAuq/wrxCOkYlE6xqkOwZ0+eB+3Tum3V7duzWuOqjKMC9sEBOAI2OAcNcANawAEYPIJn8ArejCfjxXg3PorWBaOc2QN/yvj8AYXfnfo=</latexit>

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

U(t) = E + C exp

✓
� t

RC

◆

<latexit sha1_base64="aMBuU4+I5i4LHqyZrEFuOcAYJ3Q=">AAACEXicbVBNS8NAEN34bf2KevSyWIQUsSQi6EUQi+BRxarQhLLZTtqlmw92J2IJ/Qte/CtePCji1Zs3/43b2oNWHww83pthZl6YSaHRdT+ticmp6ZnZufnSwuLS8oq9unal01xxqPNUpuomZBqkSKCOAiXcZApYHEq4Dru1gX99C0qLNLnEXgZBzNqJiARnaKSm7dQdrNBDerJd8+Eu8yVE6Oz4kWK8wH5xUev7SrQ7WGnaZbfqDkH/Em9EymSEs6b94bdSnseQIJdM64bnZhgUTKHgEvolP9eQMd5lbWgYmrAYdFAMP+rTLaO0aJQqUwnSofpzomCx1r04NJ0xw44e9wbif14jx+ggKESS5QgJ/14U5ZJiSgfx0JZQwFH2DGFcCXMr5R1m0kATYsmE4I2//Jdc7VY9t+qd75WPjkdxzJENskkc4pF9ckROyRmpE07uySN5Ji/Wg/VkvVpv360T1mhmnfyC9f4FVaScHg==</latexit><latexit sha1_base64="aMBuU4+I5i4LHqyZrEFuOcAYJ3Q=">AAACEXicbVBNS8NAEN34bf2KevSyWIQUsSQi6EUQi+BRxarQhLLZTtqlmw92J2IJ/Qte/CtePCji1Zs3/43b2oNWHww83pthZl6YSaHRdT+ticmp6ZnZufnSwuLS8oq9unal01xxqPNUpuomZBqkSKCOAiXcZApYHEq4Dru1gX99C0qLNLnEXgZBzNqJiARnaKSm7dQdrNBDerJd8+Eu8yVE6Oz4kWK8wH5xUev7SrQ7WGnaZbfqDkH/Em9EymSEs6b94bdSnseQIJdM64bnZhgUTKHgEvolP9eQMd5lbWgYmrAYdFAMP+rTLaO0aJQqUwnSofpzomCx1r04NJ0xw44e9wbif14jx+ggKESS5QgJ/14U5ZJiSgfx0JZQwFH2DGFcCXMr5R1m0kATYsmE4I2//Jdc7VY9t+qd75WPjkdxzJENskkc4pF9ckROyRmpE07uySN5Ji/Wg/VkvVpv360T1mhmnfyC9f4FVaScHg==</latexit><latexit sha1_base64="aMBuU4+I5i4LHqyZrEFuOcAYJ3Q=">AAACEXicbVBNS8NAEN34bf2KevSyWIQUsSQi6EUQi+BRxarQhLLZTtqlmw92J2IJ/Qte/CtePCji1Zs3/43b2oNWHww83pthZl6YSaHRdT+ticmp6ZnZufnSwuLS8oq9unal01xxqPNUpuomZBqkSKCOAiXcZApYHEq4Dru1gX99C0qLNLnEXgZBzNqJiARnaKSm7dQdrNBDerJd8+Eu8yVE6Oz4kWK8wH5xUev7SrQ7WGnaZbfqDkH/Em9EymSEs6b94bdSnseQIJdM64bnZhgUTKHgEvolP9eQMd5lbWgYmrAYdFAMP+rTLaO0aJQqUwnSofpzomCx1r04NJ0xw44e9wbif14jx+ggKESS5QgJ/14U5ZJiSgfx0JZQwFH2DGFcCXMr5R1m0kATYsmE4I2//Jdc7VY9t+qd75WPjkdxzJENskkc4pF9ckROyRmpE07uySN5Ji/Wg/VkvVpv360T1mhmnfyC9f4FVaScHg==</latexit><latexit sha1_base64="aMBuU4+I5i4LHqyZrEFuOcAYJ3Q=">AAACEXicbVBNS8NAEN34bf2KevSyWIQUsSQi6EUQi+BRxarQhLLZTtqlmw92J2IJ/Qte/CtePCji1Zs3/43b2oNWHww83pthZl6YSaHRdT+ticmp6ZnZufnSwuLS8oq9unal01xxqPNUpuomZBqkSKCOAiXcZApYHEq4Dru1gX99C0qLNLnEXgZBzNqJiARnaKSm7dQdrNBDerJd8+Eu8yVE6Oz4kWK8wH5xUev7SrQ7WGnaZbfqDkH/Em9EymSEs6b94bdSnseQIJdM64bnZhgUTKHgEvolP9eQMd5lbWgYmrAYdFAMP+rTLaO0aJQqUwnSofpzomCx1r04NJ0xw44e9wbif14jx+ggKESS5QgJ/14U5ZJiSgfx0JZQwFH2DGFcCXMr5R1m0kATYsmE4I2//Jdc7VY9t+qd75WPjkdxzJENskkc4pF9ckROyRmpE07uySN5Ji/Wg/VkvVpv360T1mhmnfyC9f4FVaScHg==</latexit>

The capacitor is charging to E 
with a characteristic time RC 

U(0) = 0 =) U(t) = E


1� exp
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◆�

<latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit>

3. Capacitor and RC circuit
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exp
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RC

◆

<latexit sha1_base64="E6uV6scayGMU+hAGwVNz1zzhdRU="></latexit><latexit sha1_base64="E6uV6scayGMU+hAGwVNz1zzhdRU="></latexit><latexit sha1_base64="E6uV6scayGMU+hAGwVNz1zzhdRU="></latexit><latexit sha1_base64="E6uV6scayGMU+hAGwVNz1zzhdRU="></latexit>

U(0) = 0 =) U(t) = E


1� exp

✓
� t

RC

◆�

<latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit><latexit sha1_base64="mqA8oXN4ln8CJWbiHuXX+QU2QuQ="></latexit>

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>



3. Capacitor and RC circuit

At t = T, the capacitor is charged to E. We open the switch and 
remove the generator:

Immediately after, the 
switch is closed

0 = U +RI =) dU

dt
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U
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3. Capacitor and RC circuit
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The capacitor is discharging from E 
to 0 with a characteristic time RC 
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Coil and RL/LC circuits

4. Coil and RL/LC circuits

Third passive element: coil = winding with many turns of wire

Electromagnetic induction

magnetic flux 
through the coil 

inductance

(depends on the geometry of the coil)

The current flowing through the coil generates a 
solenoid-type magnetic field inside the coil:

�B =

¨
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The emf writes: e = �d�B

dt
= �L

dI

dt
<latexit sha1_base64="+E3h+ANenvWkZdc7vUx1TfpQCJY=">AAACIXicbZDNSsNAFIUn/tb6F3XpJlgENy2JCLopiG4UXFSwrdCWMpnc2MHJJMzcCCXkCXwMn8CtPoE7cSeufQ+nbRbaemDgzLn3cmc+PxFco+t+WnPzC4tLy6WV8ura+samvbXd0nGqGDRZLGJ161MNgktoIkcBt4kCGvkC2v79+ajefgCleSxvcJhAL6J3koecUTRR396HerUbKsqyoJsMeP8szwLM69WrIrwc3/t2xa25YzmzxitMhRRq9O3vbhCzNAKJTFCtO56bYC+jCjkTkJe7qYaEsnt6Bx1jJY1A97Lxd3Jn3ySBE8bKHInOOP09kdFI62Hkm86I4kBP10bhf7VOiuFJL+MySREkmywKU+Fg7IzYOAFXwFAMjaFMcfNWhw2o4YCG4J8toLnEvGy4eNMUZk3rsOa5Ne/6qHJ6VhAqkV2yRw6IR47JKbkgDdIkjDySZ/JCXq0n6816tz4mrXNWMbND/sj6+gEE5aR9</latexit><latexit sha1_base64="+E3h+ANenvWkZdc7vUx1TfpQCJY=">AAACIXicbZDNSsNAFIUn/tb6F3XpJlgENy2JCLopiG4UXFSwrdCWMpnc2MHJJMzcCCXkCXwMn8CtPoE7cSeufQ+nbRbaemDgzLn3cmc+PxFco+t+WnPzC4tLy6WV8ura+samvbXd0nGqGDRZLGJ161MNgktoIkcBt4kCGvkC2v79+ajefgCleSxvcJhAL6J3koecUTRR396HerUbKsqyoJsMeP8szwLM69WrIrwc3/t2xa25YzmzxitMhRRq9O3vbhCzNAKJTFCtO56bYC+jCjkTkJe7qYaEsnt6Bx1jJY1A97Lxd3Jn3ySBE8bKHInOOP09kdFI62Hkm86I4kBP10bhf7VOiuFJL+MySREkmywKU+Fg7IzYOAFXwFAMjaFMcfNWhw2o4YCG4J8toLnEvGy4eNMUZk3rsOa5Ne/6qHJ6VhAqkV2yRw6IR47JKbkgDdIkjDySZ/JCXq0n6816tz4mrXNWMbND/sj6+gEE5aR9</latexit><latexit sha1_base64="+E3h+ANenvWkZdc7vUx1TfpQCJY=">AAACIXicbZDNSsNAFIUn/tb6F3XpJlgENy2JCLopiG4UXFSwrdCWMpnc2MHJJMzcCCXkCXwMn8CtPoE7cSeufQ+nbRbaemDgzLn3cmc+PxFco+t+WnPzC4tLy6WV8ura+samvbXd0nGqGDRZLGJ161MNgktoIkcBt4kCGvkC2v79+ajefgCleSxvcJhAL6J3koecUTRR396HerUbKsqyoJsMeP8szwLM69WrIrwc3/t2xa25YzmzxitMhRRq9O3vbhCzNAKJTFCtO56bYC+jCjkTkJe7qYaEsnt6Bx1jJY1A97Lxd3Jn3ySBE8bKHInOOP09kdFI62Hkm86I4kBP10bhf7VOiuFJL+MySREkmywKU+Fg7IzYOAFXwFAMjaFMcfNWhw2o4YCG4J8toLnEvGy4eNMUZk3rsOa5Ne/6qHJ6VhAqkV2yRw6IR47JKbkgDdIkjDySZ/JCXq0n6816tz4mrXNWMbND/sj6+gEE5aR9</latexit><latexit sha1_base64="+E3h+ANenvWkZdc7vUx1TfpQCJY=">AAACIXicbZDNSsNAFIUn/tb6F3XpJlgENy2JCLopiG4UXFSwrdCWMpnc2MHJJMzcCCXkCXwMn8CtPoE7cSeufQ+nbRbaemDgzLn3cmc+PxFco+t+WnPzC4tLy6WV8ura+samvbXd0nGqGDRZLGJ161MNgktoIkcBt4kCGvkC2v79+ajefgCleSxvcJhAL6J3koecUTRR396HerUbKsqyoJsMeP8szwLM69WrIrwc3/t2xa25YzmzxitMhRRq9O3vbhCzNAKJTFCtO56bYC+jCjkTkJe7qYaEsnt6Bx1jJY1A97Lxd3Jn3ySBE8bKHInOOP09kdFI62Hkm86I4kBP10bhf7VOiuFJL+MySREkmywKU+Fg7IzYOAFXwFAMjaFMcfNWhw2o4YCG4J8toLnEvGy4eNMUZk3rsOa5Ne/6qHJ6VhAqkV2yRw6IR47JKbkgDdIkjDySZ/JCXq0n6816tz4mrXNWMbND/sj6+gEE5aR9</latexit>

Assuming the magnetic field is negligible outside the coil, and neglecting wire 
resistance, the emf is the voltage difference between the terminals (with the same 
orientation as the emf). With receptor convention, U has opposite orientation:

U = �e = L
dI

dt
<latexit sha1_base64="nTu9TNbdRuiyLCS4ePa5Yraztoo=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRbBiyURQS+FohcFDxVMW2hD2Ww27dLNJuxuhBLiX/HiQRGv/hBv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbKK2srq1vlDcrW9s7u3vm/kFbxqnAxMUxi0XXR5IwyomrqGKkmwiCIp+Rjj++nvqdRyIkjfmDmiTEi9CQ05BipLQ0MKtu45Q07vqhQDgLbvMsUPnArNl1ewZrmTgFqUGB1sD86gcxTiPCFWZIyp5jJ8rLkFAUM5JX+qkkCcJjNCQ9TTmKiPSy2fG5dayVwApjoYsra6b+nshQJOUk8nVnhNRILnpT8T+vl6rw0ssoT1JFOJ4vClNmqdiaJmEFVBCs2EQThAXVt1p4hHQOSudV0SE4iy8vk/ZZ3bHrzv15rXlVxFGGQziCE3DgAppwAy1wAcMEnuEV3own48V4Nz7mrSWjmKnCHxifPz9clIM=</latexit><latexit sha1_base64="nTu9TNbdRuiyLCS4ePa5Yraztoo=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRbBiyURQS+FohcFDxVMW2hD2Ww27dLNJuxuhBLiX/HiQRGv/hBv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbKK2srq1vlDcrW9s7u3vm/kFbxqnAxMUxi0XXR5IwyomrqGKkmwiCIp+Rjj++nvqdRyIkjfmDmiTEi9CQ05BipLQ0MKtu45Q07vqhQDgLbvMsUPnArNl1ewZrmTgFqUGB1sD86gcxTiPCFWZIyp5jJ8rLkFAUM5JX+qkkCcJjNCQ9TTmKiPSy2fG5dayVwApjoYsra6b+nshQJOUk8nVnhNRILnpT8T+vl6rw0ssoT1JFOJ4vClNmqdiaJmEFVBCs2EQThAXVt1p4hHQOSudV0SE4iy8vk/ZZ3bHrzv15rXlVxFGGQziCE3DgAppwAy1wAcMEnuEV3own48V4Nz7mrSWjmKnCHxifPz9clIM=</latexit><latexit sha1_base64="nTu9TNbdRuiyLCS4ePa5Yraztoo=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRbBiyURQS+FohcFDxVMW2hD2Ww27dLNJuxuhBLiX/HiQRGv/hBv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbKK2srq1vlDcrW9s7u3vm/kFbxqnAxMUxi0XXR5IwyomrqGKkmwiCIp+Rjj++nvqdRyIkjfmDmiTEi9CQ05BipLQ0MKtu45Q07vqhQDgLbvMsUPnArNl1ewZrmTgFqUGB1sD86gcxTiPCFWZIyp5jJ8rLkFAUM5JX+qkkCcJjNCQ9TTmKiPSy2fG5dayVwApjoYsra6b+nshQJOUk8nVnhNRILnpT8T+vl6rw0ssoT1JFOJ4vClNmqdiaJmEFVBCs2EQThAXVt1p4hHQOSudV0SE4iy8vk/ZZ3bHrzv15rXlVxFGGQziCE3DgAppwAy1wAcMEnuEV3own48V4Nz7mrSWjmKnCHxifPz9clIM=</latexit><latexit sha1_base64="nTu9TNbdRuiyLCS4ePa5Yraztoo=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16CRbBiyURQS+FohcFDxVMW2hD2Ww27dLNJuxuhBLiX/HiQRGv/hBv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbKK2srq1vlDcrW9s7u3vm/kFbxqnAxMUxi0XXR5IwyomrqGKkmwiCIp+Rjj++nvqdRyIkjfmDmiTEi9CQ05BipLQ0MKtu45Q07vqhQDgLbvMsUPnArNl1ewZrmTgFqUGB1sD86gcxTiPCFWZIyp5jJ8rLkFAUM5JX+qkkCcJjNCQ9TTmKiPSy2fG5dayVwApjoYsra6b+nshQJOUk8nVnhNRILnpT8T+vl6rw0ssoT1JFOJ4vClNmqdiaJmEFVBCs2EQThAXVt1p4hHQOSudV0SE4iy8vk/ZZ3bHrzv15rXlVxFGGQziCE3DgAppwAy1wAcMEnuEV3own48V4Nz7mrSWjmKnCHxifPz9clIM=</latexit>



4. Coil and RL/LC circuits

Current-voltage relation for the coil:

U = L
dI

dt
<latexit sha1_base64="NcGd5i+7uG5Rg0RkGThw9c1l2rU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IBTcWXFRw2kJbSiaTaUMzD5JMoQzzJ25cKOLWP3Hn35hpK6jogQuHc+7l3nvcWHClEfqwCmvrG5tbxe3Szu7e/oF9eNRRUSIpc2gkItlziWKCh8zRXAvWiyUjgStY151e5353xqTiUXiv5zEbBmQccp9Too00sm3n6nbgS0JTr5Wlns5GdhlVEEIYY5gTXLtEhjQa9SquQ5xbBmWwQntkvw+8iCYBCzUVRKk+RrEepkRqTgXLSoNEsZjQKRmzvqEhCZgapovLM3hmFA/6kTQVarhQv0+kJFBqHrimMyB6on57ufiX10+0Xx+mPIwTzUK6XOQnAuoI5jFAj0tGtZgbQqjk5lZIJ8TkoE1YJRPC16fwf9KpVjCq4LuLcrO1iqMITsApOAcY1EAT3IA2cAAFM/AAnsCzlVqP1ov1umwtWKuZY/AD1tsn12OT0w==</latexit><latexit sha1_base64="NcGd5i+7uG5Rg0RkGThw9c1l2rU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IBTcWXFRw2kJbSiaTaUMzD5JMoQzzJ25cKOLWP3Hn35hpK6jogQuHc+7l3nvcWHClEfqwCmvrG5tbxe3Szu7e/oF9eNRRUSIpc2gkItlziWKCh8zRXAvWiyUjgStY151e5353xqTiUXiv5zEbBmQccp9Too00sm3n6nbgS0JTr5Wlns5GdhlVEEIYY5gTXLtEhjQa9SquQ5xbBmWwQntkvw+8iCYBCzUVRKk+RrEepkRqTgXLSoNEsZjQKRmzvqEhCZgapovLM3hmFA/6kTQVarhQv0+kJFBqHrimMyB6on57ufiX10+0Xx+mPIwTzUK6XOQnAuoI5jFAj0tGtZgbQqjk5lZIJ8TkoE1YJRPC16fwf9KpVjCq4LuLcrO1iqMITsApOAcY1EAT3IA2cAAFM/AAnsCzlVqP1ov1umwtWKuZY/AD1tsn12OT0w==</latexit><latexit sha1_base64="NcGd5i+7uG5Rg0RkGThw9c1l2rU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IBTcWXFRw2kJbSiaTaUMzD5JMoQzzJ25cKOLWP3Hn35hpK6jogQuHc+7l3nvcWHClEfqwCmvrG5tbxe3Szu7e/oF9eNRRUSIpc2gkItlziWKCh8zRXAvWiyUjgStY151e5353xqTiUXiv5zEbBmQccp9Too00sm3n6nbgS0JTr5Wlns5GdhlVEEIYY5gTXLtEhjQa9SquQ5xbBmWwQntkvw+8iCYBCzUVRKk+RrEepkRqTgXLSoNEsZjQKRmzvqEhCZgapovLM3hmFA/6kTQVarhQv0+kJFBqHrimMyB6on57ufiX10+0Xx+mPIwTzUK6XOQnAuoI5jFAj0tGtZgbQqjk5lZIJ8TkoE1YJRPC16fwf9KpVjCq4LuLcrO1iqMITsApOAcY1EAT3IA2cAAFM/AAnsCzlVqP1ov1umwtWKuZY/AD1tsn12OT0w==</latexit><latexit sha1_base64="NcGd5i+7uG5Rg0RkGThw9c1l2rU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IBTcWXFRw2kJbSiaTaUMzD5JMoQzzJ25cKOLWP3Hn35hpK6jogQuHc+7l3nvcWHClEfqwCmvrG5tbxe3Szu7e/oF9eNRRUSIpc2gkItlziWKCh8zRXAvWiyUjgStY151e5353xqTiUXiv5zEbBmQccp9Too00sm3n6nbgS0JTr5Wlns5GdhlVEEIYY5gTXLtEhjQa9SquQ5xbBmWwQntkvw+8iCYBCzUVRKk+RrEepkRqTgXLSoNEsZjQKRmzvqEhCZgapovLM3hmFA/6kTQVarhQv0+kJFBqHrimMyB6on57ufiX10+0Xx+mPIwTzUK6XOQnAuoI5jFAj0tGtZgbQqjk5lZIJ8TkoE1YJRPC16fwf9KpVjCq4LuLcrO1iqMITsApOAcY1EAT3IA2cAAFM/AAnsCzlVqP1ov1umwtWKuZY/AD1tsn12OT0w==</latexit>

Energy WB stored in the coil (magnetic field energy):

WB =
1

2
LI2

<latexit sha1_base64="NS0X/aAOK+KwofU2RhcRq0kGb7k=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLYLoejGgosK9gHtOGTSTBuaeZBkhDJ24a+4caGIW3/DnX9jpq2gogcuHM65l3vvcSPBlUbow8osLC4tr2RXc2vrG5tb+e2dlgpjSVmThiKUHZcoJnjAmpprwTqRZMR3BWu7o/PUb98yqXgYXOtxxGyfDALucUq0kZz8Xts5g6ew50lCEzxJSpPL+k0JOvkCKiKEMMYwJbh8ggypVislXIE4tQwKYI6Gk3/v9UMa+yzQVBCluhhF2k6I1JwKNsn1YsUiQkdkwLqGBsRnyk6m90/goVH60AulqUDDqfp9IiG+UmPfNZ0+0UP120vFv7xurL2KnfAgijUL6GyRFwuoQ5iGAftcMqrF2BBCJTe3QjokJgptIsuZEL4+hf+TVqmIURFfHRdq9XkcWbAPDsARwKAMauACNEATUHAHHsATeLburUfrxXqdtWas+cwu+AHr7RPuaZTJ</latexit><latexit sha1_base64="NS0X/aAOK+KwofU2RhcRq0kGb7k=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLYLoejGgosK9gHtOGTSTBuaeZBkhDJ24a+4caGIW3/DnX9jpq2gogcuHM65l3vvcSPBlUbow8osLC4tr2RXc2vrG5tb+e2dlgpjSVmThiKUHZcoJnjAmpprwTqRZMR3BWu7o/PUb98yqXgYXOtxxGyfDALucUq0kZz8Xts5g6ew50lCEzxJSpPL+k0JOvkCKiKEMMYwJbh8ggypVislXIE4tQwKYI6Gk3/v9UMa+yzQVBCluhhF2k6I1JwKNsn1YsUiQkdkwLqGBsRnyk6m90/goVH60AulqUDDqfp9IiG+UmPfNZ0+0UP120vFv7xurL2KnfAgijUL6GyRFwuoQ5iGAftcMqrF2BBCJTe3QjokJgptIsuZEL4+hf+TVqmIURFfHRdq9XkcWbAPDsARwKAMauACNEATUHAHHsATeLburUfrxXqdtWas+cwu+AHr7RPuaZTJ</latexit><latexit sha1_base64="NS0X/aAOK+KwofU2RhcRq0kGb7k=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLYLoejGgosK9gHtOGTSTBuaeZBkhDJ24a+4caGIW3/DnX9jpq2gogcuHM65l3vvcSPBlUbow8osLC4tr2RXc2vrG5tb+e2dlgpjSVmThiKUHZcoJnjAmpprwTqRZMR3BWu7o/PUb98yqXgYXOtxxGyfDALucUq0kZz8Xts5g6ew50lCEzxJSpPL+k0JOvkCKiKEMMYwJbh8ggypVislXIE4tQwKYI6Gk3/v9UMa+yzQVBCluhhF2k6I1JwKNsn1YsUiQkdkwLqGBsRnyk6m90/goVH60AulqUDDqfp9IiG+UmPfNZ0+0UP120vFv7xurL2KnfAgijUL6GyRFwuoQ5iGAftcMqrF2BBCJTe3QjokJgptIsuZEL4+hf+TVqmIURFfHRdq9XkcWbAPDsARwKAMauACNEATUHAHHsATeLburUfrxXqdtWas+cwu+AHr7RPuaZTJ</latexit><latexit sha1_base64="NS0X/aAOK+KwofU2RhcRq0kGb7k=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLYLoejGgosK9gHtOGTSTBuaeZBkhDJ24a+4caGIW3/DnX9jpq2gogcuHM65l3vvcSPBlUbow8osLC4tr2RXc2vrG5tb+e2dlgpjSVmThiKUHZcoJnjAmpprwTqRZMR3BWu7o/PUb98yqXgYXOtxxGyfDALucUq0kZz8Xts5g6ew50lCEzxJSpPL+k0JOvkCKiKEMMYwJbh8ggypVislXIE4tQwKYI6Gk3/v9UMa+yzQVBCluhhF2k6I1JwKNsn1YsUiQkdkwLqGBsRnyk6m90/goVH60AulqUDDqfp9IiG+UmPfNZ0+0UP120vFv7xurL2KnfAgijUL6GyRFwuoQ5iGAftcMqrF2BBCJTe3QjokJgptIsuZEL4+hf+TVqmIURFfHRdq9XkcWbAPDsARwKAMauACNEATUHAHHsATeLburUfrxXqdtWas+cwu+AHr7RPuaZTJ</latexit>

dWB

dt
= UI = LI

dI

dt
=

d

dt

✓
1

2
LI2

◆
=)

<latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit>

Third passive element: coil = winding with many turns of wire

dWB

dt
= UI = LI

dI

dt
=

d

dt

✓
1

2
LI2

◆
=)

<latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit><latexit sha1_base64="kdW0Yy6NfHi0U2fl6FYJifFOORc="></latexit>

RL circuit in series

Initially I=0, and at t=0 the switch is closed.

E = U +RI
<latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit><latexit sha1_base64="FLDeJJH1zqQFLKt6VJIkAf4NmHs=">AAAB73icbVBNSwMxEJ31s9avqkcvwSIIQtkVQS9CUQS9VXHbQruUbJptQ5PsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeWHCmTau++0sLC4tr6wW1orrG5tb26Wd3bqOU0WoT2Ieq2aINeVMUt8ww2kzURSLkNNGOLga+40nqjSL5YMZJjQQuCdZxAg2VmpeowvkH9/fdkplt+JOgOaJl5My5Kh1Sl/tbkxSQaUhHGvd8tzEBBlWhhFOR8V2qmmCyQD3aMtSiQXVQTa5d4QOrdJFUaxsSYMm6u+JDAuthyK0nQKbvp71xuJ/Xis10XmQMZmkhkoyXRSlHJkYjZ9HXaYoMXxoCSaK2VsR6WOFibERFW0I3uzL86R+UvHcind3Wq5e5nEUYB8O4Ag8OIMq3EANfCDA4Rle4c15dF6cd+dj2rrg5DN78AfO5w8L6o6n</latexit>

Kirchhoff’s voltage law

coil I-U relation

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

U = L
dI

dt
<latexit sha1_base64="0wloFiDPEGE0ClO0CI7bG4baSqY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ9KLgoYJpC20om82mXbrZhN1JoYT8Ey8eFPHqP/Hmv3Hb5qDVBwOP92aYmRekgmtwnC+rsrK6tr5R3axtbe/s7tn7B22dZIoyjyYiUd2AaCa4ZB5wEKybKkbiQLBOML6Z+Z0JU5on8hGmKfNjMpQ84pSAkQa27V3d9yNFaB7eFXkIxcCuOw1nDvyXuCWpoxKtgf3ZDxOaxUwCFUTrnuuk4OdEAaeCFbV+pllK6JgMWc9QSWKm/Xx+eYFPjBLiKFGmJOC5+nMiJ7HW0zgwnTGBkV72ZuJ/Xi+D6NLPuUwzYJIuFkWZwJDgWQw45IpREFNDCFXc3IrpiJgcwIRVMyG4yy//Je2zhus03IfzevO6jKOKjtAxOkUuukBNdItayEMUTdATekGvVm49W2/W+6K1YpUzh+gXrI9viFKTlg==</latexit><latexit sha1_base64="0wloFiDPEGE0ClO0CI7bG4baSqY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ9KLgoYJpC20om82mXbrZhN1JoYT8Ey8eFPHqP/Hmv3Hb5qDVBwOP92aYmRekgmtwnC+rsrK6tr5R3axtbe/s7tn7B22dZIoyjyYiUd2AaCa4ZB5wEKybKkbiQLBOML6Z+Z0JU5on8hGmKfNjMpQ84pSAkQa27V3d9yNFaB7eFXkIxcCuOw1nDvyXuCWpoxKtgf3ZDxOaxUwCFUTrnuuk4OdEAaeCFbV+pllK6JgMWc9QSWKm/Xx+eYFPjBLiKFGmJOC5+nMiJ7HW0zgwnTGBkV72ZuJ/Xi+D6NLPuUwzYJIuFkWZwJDgWQw45IpREFNDCFXc3IrpiJgcwIRVMyG4yy//Je2zhus03IfzevO6jKOKjtAxOkUuukBNdItayEMUTdATekGvVm49W2/W+6K1YpUzh+gXrI9viFKTlg==</latexit><latexit sha1_base64="0wloFiDPEGE0ClO0CI7bG4baSqY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ9KLgoYJpC20om82mXbrZhN1JoYT8Ey8eFPHqP/Hmv3Hb5qDVBwOP92aYmRekgmtwnC+rsrK6tr5R3axtbe/s7tn7B22dZIoyjyYiUd2AaCa4ZB5wEKybKkbiQLBOML6Z+Z0JU5on8hGmKfNjMpQ84pSAkQa27V3d9yNFaB7eFXkIxcCuOw1nDvyXuCWpoxKtgf3ZDxOaxUwCFUTrnuuk4OdEAaeCFbV+pllK6JgMWc9QSWKm/Xx+eYFPjBLiKFGmJOC5+nMiJ7HW0zgwnTGBkV72ZuJ/Xi+D6NLPuUwzYJIuFkWZwJDgWQw45IpREFNDCFXc3IrpiJgcwIRVMyG4yy//Je2zhus03IfzevO6jKOKjtAxOkUuukBNdItayEMUTdATekGvVm49W2/W+6K1YpUzh+gXrI9viFKTlg==</latexit><latexit sha1_base64="0wloFiDPEGE0ClO0CI7bG4baSqY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ9KLgoYJpC20om82mXbrZhN1JoYT8Ey8eFPHqP/Hmv3Hb5qDVBwOP92aYmRekgmtwnC+rsrK6tr5R3axtbe/s7tn7B22dZIoyjyYiUd2AaCa4ZB5wEKybKkbiQLBOML6Z+Z0JU5on8hGmKfNjMpQ84pSAkQa27V3d9yNFaB7eFXkIxcCuOw1nDvyXuCWpoxKtgf3ZDxOaxUwCFUTrnuuk4OdEAaeCFbV+pllK6JgMWc9QSWKm/Xx+eYFPjBLiKFGmJOC5+nMiJ7HW0zgwnTGBkV72ZuJ/Xi+D6NLPuUwzYJIuFkWZwJDgWQw45IpREFNDCFXc3IrpiJgcwIRVMyG4yy//Je2zhus03IfzevO6jKOKjtAxOkUuukBNdItayEMUTdATekGvVm49W2/W+6K1YpUzh+gXrI9viFKTlg==</latexit>
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dt
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L
<latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit>

4. Coil and RL/LC circuits



=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

The current in the coil is established 
with a characteristic time L/R

4. Coil and RL/LC circuits
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<latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit><latexit sha1_base64="Lg0WCZVogTkF1ssAeLUVP9+yB9s=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURQTdCUQQFF1XsA9pQJpNJO3QyCTMToYT8ght/xY0LRdy6c+ffOGmy0NYLA+dxL3fucSNGpbKsb6O0sLi0vFJeraytb2xumds7bRnGApMWDlkoui6ShFFOWooqRrqRIChwGem444vM7zwQIWnI79UkIk6Ahpz6FCOlpYFZ6/sC4cS7ThNPpYc5u9PsJoVnMKeXGRuYVatuTQvOA7sAVVBUc2B+9b0QxwHhCjMkZc+2IuUkSCiKGUkr/ViSCOExGpKehhwFRDrJ9KIUHmjFg34o9OMKTtXfEwkKpJwEru4MkBrJWS8T//N6sfJPnYTyKFaE43yRHzOoQpjFAz0qCFZsogHCguq/QjxCOgWlQ6zoEOzZk+dB+6huW3X79rjaOC/iKIM9sA9qwAYnoAGuQBO0AAaP4Bm8gjfjyXgx3o2PvLVkFDO74E8Znz/JuZ2Y</latexit>

I(0) = 0 =) I(t) =
E

R


1� exp

✓
�Rt

L

◆�

<latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit>

I(t) =
E

R
+ C exp

✓
�Rt

L

◆

<latexit sha1_base64="zu3zr3+PcsQIk6/JQCkw83XkgNc=">AAACHHicbVDJSgNBEO2Je9yiHr00BiFBDDMq6EUQRVDwoGJiIBNCT6cmaexZ6K4RwzAf4sVf8eJBES8eBP/GznJwe1DweK+KqnpeLIVG2/60cmPjE5NT0zP52bn5hcXC0nJNR4niUOWRjFTdYxqkCKGKAiXUYwUs8CRcezdHff/6FpQWUXiFvRiaAeuEwhecoZFahe3TEpbpPnV9xXh6nKWX2caRC3exK8HH0uZQv8QsPcuoq0Sni+VWoWhX7AHoX+KMSJGMcN4qvLvtiCcBhMgl07rh2DE2U6ZQcAlZ3k00xIzfsA40DA1ZALqZDp7L6LpR2tSPlKkQ6UD9PpGyQOte4JnOgGFX//b64n9eI0F/r5mKME4QQj5c5CeSYkT7SdG2UMBR9gxhXAlzK+VdZuJAk2fehOD8fvkvqW1VHLviXOwUDw5HcUyTVbJGSsQhu+SAnJBzUiWc3JNH8kxerAfryXq13oatOWs0s0J+wPr4Aj/koOM=</latexit><latexit sha1_base64="zu3zr3+PcsQIk6/JQCkw83XkgNc=">AAACHHicbVDJSgNBEO2Je9yiHr00BiFBDDMq6EUQRVDwoGJiIBNCT6cmaexZ6K4RwzAf4sVf8eJBES8eBP/GznJwe1DweK+KqnpeLIVG2/60cmPjE5NT0zP52bn5hcXC0nJNR4niUOWRjFTdYxqkCKGKAiXUYwUs8CRcezdHff/6FpQWUXiFvRiaAeuEwhecoZFahe3TEpbpPnV9xXh6nKWX2caRC3exK8HH0uZQv8QsPcuoq0Sni+VWoWhX7AHoX+KMSJGMcN4qvLvtiCcBhMgl07rh2DE2U6ZQcAlZ3k00xIzfsA40DA1ZALqZDp7L6LpR2tSPlKkQ6UD9PpGyQOte4JnOgGFX//b64n9eI0F/r5mKME4QQj5c5CeSYkT7SdG2UMBR9gxhXAlzK+VdZuJAk2fehOD8fvkvqW1VHLviXOwUDw5HcUyTVbJGSsQhu+SAnJBzUiWc3JNH8kxerAfryXq13oatOWs0s0J+wPr4Aj/koOM=</latexit><latexit sha1_base64="zu3zr3+PcsQIk6/JQCkw83XkgNc=">AAACHHicbVDJSgNBEO2Je9yiHr00BiFBDDMq6EUQRVDwoGJiIBNCT6cmaexZ6K4RwzAf4sVf8eJBES8eBP/GznJwe1DweK+KqnpeLIVG2/60cmPjE5NT0zP52bn5hcXC0nJNR4niUOWRjFTdYxqkCKGKAiXUYwUs8CRcezdHff/6FpQWUXiFvRiaAeuEwhecoZFahe3TEpbpPnV9xXh6nKWX2caRC3exK8HH0uZQv8QsPcuoq0Sni+VWoWhX7AHoX+KMSJGMcN4qvLvtiCcBhMgl07rh2DE2U6ZQcAlZ3k00xIzfsA40DA1ZALqZDp7L6LpR2tSPlKkQ6UD9PpGyQOte4JnOgGFX//b64n9eI0F/r5mKME4QQj5c5CeSYkT7SdG2UMBR9gxhXAlzK+VdZuJAk2fehOD8fvkvqW1VHLviXOwUDw5HcUyTVbJGSsQhu+SAnJBzUiWc3JNH8kxerAfryXq13oatOWs0s0J+wPr4Aj/koOM=</latexit><latexit sha1_base64="zu3zr3+PcsQIk6/JQCkw83XkgNc=">AAACHHicbVDJSgNBEO2Je9yiHr00BiFBDDMq6EUQRVDwoGJiIBNCT6cmaexZ6K4RwzAf4sVf8eJBES8eBP/GznJwe1DweK+KqnpeLIVG2/60cmPjE5NT0zP52bn5hcXC0nJNR4niUOWRjFTdYxqkCKGKAiXUYwUs8CRcezdHff/6FpQWUXiFvRiaAeuEwhecoZFahe3TEpbpPnV9xXh6nKWX2caRC3exK8HH0uZQv8QsPcuoq0Sni+VWoWhX7AHoX+KMSJGMcN4qvLvtiCcBhMgl07rh2DE2U6ZQcAlZ3k00xIzfsA40DA1ZALqZDp7L6LpR2tSPlKkQ6UD9PpGyQOte4JnOgGFX//b64n9eI0F/r5mKME4QQj5c5CeSYkT7SdG2UMBR9gxhXAlzK+VdZuJAk2fehOD8fvkvqW1VHLviXOwUDw5HcUyTVbJGSsQhu+SAnJBzUiWc3JNH8kxerAfryXq13oatOWs0s0J+wPr4Aj/koOM=</latexit>

4. Coil and RL/LC circuits

I(0) = 0 =) I(t) =
E

R


1� exp

✓
�Rt

L

◆�

<latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit><latexit sha1_base64="kzQZtFDVhQhfvnLGCZHWMusGIwk="></latexit>

=) U(t) = L
dI

dt
= E exp

✓
�Rt

L

◆

<latexit sha1_base64="2lXVaTfSpnKu/xv11yR1IcPEAPc="></latexit><latexit sha1_base64="2lXVaTfSpnKu/xv11yR1IcPEAPc="></latexit><latexit sha1_base64="2lXVaTfSpnKu/xv11yR1IcPEAPc="></latexit><latexit sha1_base64="2lXVaTfSpnKu/xv11yR1IcPEAPc="></latexit>



LC circuit

The capacitor is initially charged to 
U=E. At t=0 the switch is closed.

coil I-U relation

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

4. Coil and RL/LC circuits

capacitor I-U relation

I = C
dU

dt
<latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit><latexit sha1_base64="NPrNhOWv0WAdOAaBSmhJg0laAVY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lE0ItQ7EVvFYwttKFsNpt26WYTdieFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCAVXIPjfFuVtfWNza3qdm1nd2//wD48etJJpijzaCIS1Q2IZoJL5gEHwbqpYiQOBOsE49bM70yY0jyRjzBNmR+ToeQRpwSMNLDt+5tWP1KE5qFX5CEUA7vuNJw58CpxS1JHJdoD+6sfJjSLmQQqiNY910nBz4kCTgUrav1Ms5TQMRmynqGSxEz7+fzyAp8ZJcRRokxJwHP190ROYq2ncWA6YwIjvezNxP+8XgbRtZ9zmWbAJF0sijKBIcGzGHDIFaMgpoYQqri5FdMRMTmACatmQnCXX14lTxcN12m4D5f15m0ZRxWdoFN0jlx0hZroDrWRhyiaoGf0it6s3Hqx3q2PRWvFKmeO0R9Ynz95wZON</latexit> =) Q = CU

<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

U(t) = A cos(!t) +B sin(!t)
<latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit>U = �UL = �L

dI

dt
<latexit sha1_base64="IlSb+QYr9t/2r+HGng8Fx1vyCYU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8NKSiKCXQtGLQg8VTCu0IWw2m3bpZhN2N0KJOfhXvHhQxKt/w5v/xm2bg7Y+GHi8N8PMPD9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBxcMxice8jSRjlxFFUMXKfCIIin5GuP7qa+N0HIiSN+Z0aJ8SN0IDTkGKktOSZB06j5nitRq3VDwXCWXCTZ4HKPbNq1a0p4CKxC1IFBdqe+dUPYpxGhCvMkJQ920qUmyGhKGYkr/RTSRKER2hAeppyFBHpZtP7c3islQCGsdDFFZyqvycyFEk5jnzdGSE1lPPeRPzP66UqvHAzypNUEY5ni8KUQRXDSRgwoIJgxcaaICyovhXiIdI5KB1ZRYdgz7+8SDqndduq27dn1eZlEUcZHIIjcAJscA6a4Bq0gQMweATP4BW8GU/Gi/FufMxaS0Yxsw/+wPj8Ae4UlWk=</latexit><latexit sha1_base64="IlSb+QYr9t/2r+HGng8Fx1vyCYU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8NKSiKCXQtGLQg8VTCu0IWw2m3bpZhN2N0KJOfhXvHhQxKt/w5v/xm2bg7Y+GHi8N8PMPD9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBxcMxice8jSRjlxFFUMXKfCIIin5GuP7qa+N0HIiSN+Z0aJ8SN0IDTkGKktOSZB06j5nitRq3VDwXCWXCTZ4HKPbNq1a0p4CKxC1IFBdqe+dUPYpxGhCvMkJQ920qUmyGhKGYkr/RTSRKER2hAeppyFBHpZtP7c3islQCGsdDFFZyqvycyFEk5jnzdGSE1lPPeRPzP66UqvHAzypNUEY5ni8KUQRXDSRgwoIJgxcaaICyovhXiIdI5KB1ZRYdgz7+8SDqndduq27dn1eZlEUcZHIIjcAJscA6a4Bq0gQMweATP4BW8GU/Gi/FufMxaS0Yxsw/+wPj8Ae4UlWk=</latexit><latexit sha1_base64="IlSb+QYr9t/2r+HGng8Fx1vyCYU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8NKSiKCXQtGLQg8VTCu0IWw2m3bpZhN2N0KJOfhXvHhQxKt/w5v/xm2bg7Y+GHi8N8PMPD9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBxcMxice8jSRjlxFFUMXKfCIIin5GuP7qa+N0HIiSN+Z0aJ8SN0IDTkGKktOSZB06j5nitRq3VDwXCWXCTZ4HKPbNq1a0p4CKxC1IFBdqe+dUPYpxGhCvMkJQ920qUmyGhKGYkr/RTSRKER2hAeppyFBHpZtP7c3islQCGsdDFFZyqvycyFEk5jnzdGSE1lPPeRPzP66UqvHAzypNUEY5ni8KUQRXDSRgwoIJgxcaaICyovhXiIdI5KB1ZRYdgz7+8SDqndduq27dn1eZlEUcZHIIjcAJscA6a4Bq0gQMweATP4BW8GU/Gi/FufMxaS0Yxsw/+wPj8Ae4UlWk=</latexit><latexit sha1_base64="IlSb+QYr9t/2r+HGng8Fx1vyCYU=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8NKSiKCXQtGLQg8VTCu0IWw2m3bpZhN2N0KJOfhXvHhQxKt/w5v/xm2bg7Y+GHi8N8PMPD9hVCrL+jZKS8srq2vl9crG5tb2jrm715FxKjBxcMxice8jSRjlxFFUMXKfCIIin5GuP7qa+N0HIiSN+Z0aJ8SN0IDTkGKktOSZB06j5nitRq3VDwXCWXCTZ4HKPbNq1a0p4CKxC1IFBdqe+dUPYpxGhCvMkJQ920qUmyGhKGYkr/RTSRKER2hAeppyFBHpZtP7c3islQCGsdDFFZyqvycyFEk5jnzdGSE1lPPeRPzP66UqvHAzypNUEY5ni8KUQRXDSRgwoIJgxcaaICyovhXiIdI5KB1ZRYdgz7+8SDqndduq27dn1eZlEUcZHIIjcAJscA6a4Bq0gQMweATP4BW8GU/Gi/FufMxaS0Yxsw/+wPj8Ae4UlWk=</latexit>

U = �LC
d2U

dt2
<latexit sha1_base64="altKhn3bfM5HIjwKRywbxjoSZYs=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEL5akCHoRir148FDBtIV+sdls2qWbTdidCCXm4F/x4kERr/4Nb/4bt20O2vpg4PHeDDPzvJgzBbb9bSwtr6yurRc2iptb2zu75t5+Q0WJJNQlEY9ky8OKciaoCww4bcWS4tDjtOmNahO/+UClYpG4h3FMuyEeCBYwgkFLffPQvTq7rXUCiUnq9ypulvrQq2R9s2SX7SmsReLkpIRy1PvmV8ePSBJSAYRjpdqOHUM3xRIY4TQrdhJFY0xGeEDbmgocUtVNp/dn1olWfCuIpC4B1lT9PZHiUKlx6OnOEMNQzXsT8T+vnUBw2U2ZiBOggswWBQm3ILImYVg+k5QAH2uCiWT6VosMsc4CdGRFHYIz//IiaVTKjl127s5L1es8jgI6QsfoFDnoAlXRDaojFxH0iJ7RK3oznowX4934mLUuGfnMAfoD4/MH+jOVbg==</latexit><latexit sha1_base64="altKhn3bfM5HIjwKRywbxjoSZYs=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEL5akCHoRir148FDBtIV+sdls2qWbTdidCCXm4F/x4kERr/4Nb/4bt20O2vpg4PHeDDPzvJgzBbb9bSwtr6yurRc2iptb2zu75t5+Q0WJJNQlEY9ky8OKciaoCww4bcWS4tDjtOmNahO/+UClYpG4h3FMuyEeCBYwgkFLffPQvTq7rXUCiUnq9ypulvrQq2R9s2SX7SmsReLkpIRy1PvmV8ePSBJSAYRjpdqOHUM3xRIY4TQrdhJFY0xGeEDbmgocUtVNp/dn1olWfCuIpC4B1lT9PZHiUKlx6OnOEMNQzXsT8T+vnUBw2U2ZiBOggswWBQm3ILImYVg+k5QAH2uCiWT6VosMsc4CdGRFHYIz//IiaVTKjl127s5L1es8jgI6QsfoFDnoAlXRDaojFxH0iJ7RK3oznowX4934mLUuGfnMAfoD4/MH+jOVbg==</latexit><latexit sha1_base64="altKhn3bfM5HIjwKRywbxjoSZYs=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEL5akCHoRir148FDBtIV+sdls2qWbTdidCCXm4F/x4kERr/4Nb/4bt20O2vpg4PHeDDPzvJgzBbb9bSwtr6yurRc2iptb2zu75t5+Q0WJJNQlEY9ky8OKciaoCww4bcWS4tDjtOmNahO/+UClYpG4h3FMuyEeCBYwgkFLffPQvTq7rXUCiUnq9ypulvrQq2R9s2SX7SmsReLkpIRy1PvmV8ePSBJSAYRjpdqOHUM3xRIY4TQrdhJFY0xGeEDbmgocUtVNp/dn1olWfCuIpC4B1lT9PZHiUKlx6OnOEMNQzXsT8T+vnUBw2U2ZiBOggswWBQm3ILImYVg+k5QAH2uCiWT6VosMsc4CdGRFHYIz//IiaVTKjl127s5L1es8jgI6QsfoFDnoAlXRDaojFxH0iJ7RK3oznowX4934mLUuGfnMAfoD4/MH+jOVbg==</latexit><latexit sha1_base64="altKhn3bfM5HIjwKRywbxjoSZYs=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEL5akCHoRir148FDBtIV+sdls2qWbTdidCCXm4F/x4kERr/4Nb/4bt20O2vpg4PHeDDPzvJgzBbb9bSwtr6yurRc2iptb2zu75t5+Q0WJJNQlEY9ky8OKciaoCww4bcWS4tDjtOmNahO/+UClYpG4h3FMuyEeCBYwgkFLffPQvTq7rXUCiUnq9ypulvrQq2R9s2SX7SmsReLkpIRy1PvmV8ePSBJSAYRjpdqOHUM3xRIY4TQrdhJFY0xGeEDbmgocUtVNp/dn1olWfCuIpC4B1lT9PZHiUKlx6OnOEMNQzXsT8T+vnUBw2U2ZiBOggswWBQm3ILImYVg+k5QAH2uCiWT6VosMsc4CdGRFHYIz//IiaVTKjl127s5L1es8jgI6QsfoFDnoAlXRDaojFxH0iJ7RK3oznowX4934mLUuGfnMAfoD4/MH+jOVbg==</latexit>

d2U

dt2
+

U

LC
= 0

<latexit sha1_base64="V2ZIn5vSgrdjpAXxEH0yXQ1pB5M=">AAACCXicbVDLSsNAFL2pr1pfUZduBosgCCUpgm6EYjcuXFQwbaEvJpNJO3TyYGYilJCtG3/FjQtF3PoH7vwbp20W2nrgwplz7mXuPW7MmVSW9W0UVlbX1jeKm6Wt7Z3dPXP/oCmjRBDqkIhHou1iSTkLqaOY4rQdC4oDl9OWO65P/dYDFZJF4b2axLQX4GHIfEaw0tLARF1fYJJ6/aqTpZ7qV7OzuaKft/XsyhqYZatizYCWiZ2TMuRoDMyvrheRJKChIhxL2bGtWPVSLBQjnGalbiJpjMkYD2lH0xAHVPbS2SUZOtGKh/xI6AoVmqm/J1IcSDkJXN0ZYDWSi95U/M/rJMq/7KUsjBNFQzL/yE84UhGaxoI8JihRfKIJJoLpXREZYR2E0uGVdAj24snLpFmt2FbFvjsv167zOIpwBMdwCjZcQA1uoAEOEHiEZ3iFN+PJeDHejY95a8HIZw7hD4zPHxDvmeg=</latexit><latexit sha1_base64="V2ZIn5vSgrdjpAXxEH0yXQ1pB5M=">AAACCXicbVDLSsNAFL2pr1pfUZduBosgCCUpgm6EYjcuXFQwbaEvJpNJO3TyYGYilJCtG3/FjQtF3PoH7vwbp20W2nrgwplz7mXuPW7MmVSW9W0UVlbX1jeKm6Wt7Z3dPXP/oCmjRBDqkIhHou1iSTkLqaOY4rQdC4oDl9OWO65P/dYDFZJF4b2axLQX4GHIfEaw0tLARF1fYJJ6/aqTpZ7qV7OzuaKft/XsyhqYZatizYCWiZ2TMuRoDMyvrheRJKChIhxL2bGtWPVSLBQjnGalbiJpjMkYD2lH0xAHVPbS2SUZOtGKh/xI6AoVmqm/J1IcSDkJXN0ZYDWSi95U/M/rJMq/7KUsjBNFQzL/yE84UhGaxoI8JihRfKIJJoLpXREZYR2E0uGVdAj24snLpFmt2FbFvjsv167zOIpwBMdwCjZcQA1uoAEOEHiEZ3iFN+PJeDHejY95a8HIZw7hD4zPHxDvmeg=</latexit><latexit sha1_base64="V2ZIn5vSgrdjpAXxEH0yXQ1pB5M=">AAACCXicbVDLSsNAFL2pr1pfUZduBosgCCUpgm6EYjcuXFQwbaEvJpNJO3TyYGYilJCtG3/FjQtF3PoH7vwbp20W2nrgwplz7mXuPW7MmVSW9W0UVlbX1jeKm6Wt7Z3dPXP/oCmjRBDqkIhHou1iSTkLqaOY4rQdC4oDl9OWO65P/dYDFZJF4b2axLQX4GHIfEaw0tLARF1fYJJ6/aqTpZ7qV7OzuaKft/XsyhqYZatizYCWiZ2TMuRoDMyvrheRJKChIhxL2bGtWPVSLBQjnGalbiJpjMkYD2lH0xAHVPbS2SUZOtGKh/xI6AoVmqm/J1IcSDkJXN0ZYDWSi95U/M/rJMq/7KUsjBNFQzL/yE84UhGaxoI8JihRfKIJJoLpXREZYR2E0uGVdAj24snLpFmt2FbFvjsv167zOIpwBMdwCjZcQA1uoAEOEHiEZ3iFN+PJeDHejY95a8HIZw7hD4zPHxDvmeg=</latexit><latexit sha1_base64="V2ZIn5vSgrdjpAXxEH0yXQ1pB5M=">AAACCXicbVDLSsNAFL2pr1pfUZduBosgCCUpgm6EYjcuXFQwbaEvJpNJO3TyYGYilJCtG3/FjQtF3PoH7vwbp20W2nrgwplz7mXuPW7MmVSW9W0UVlbX1jeKm6Wt7Z3dPXP/oCmjRBDqkIhHou1iSTkLqaOY4rQdC4oDl9OWO65P/dYDFZJF4b2axLQX4GHIfEaw0tLARF1fYJJ6/aqTpZ7qV7OzuaKft/XsyhqYZatizYCWiZ2TMuRoDMyvrheRJKChIhxL2bGtWPVSLBQjnGalbiJpjMkYD2lH0xAHVPbS2SUZOtGKh/xI6AoVmqm/J1IcSDkJXN0ZYDWSi95U/M/rJMq/7KUsjBNFQzL/yE84UhGaxoI8JihRfKIJJoLpXREZYR2E0uGVdAj24snLpFmt2FbFvjsv167zOIpwBMdwCjZcQA1uoAEOEHiEZ3iFN+PJeDHejY95a8HIZw7hD4zPHxDvmeg=</latexit>

=) Q = CU
<latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit><latexit sha1_base64="UM9iC+R/gZDfu3nA21EtxsG2ezQ=">AAACBHicbVBPS8MwHE39O+e/qsddgkPwNFoR9CIMBuJxA7sNtjLS7NctLE1Lkgqj7ODFr+LFgyJe/RDe/DZmXQ+6+SDweO/3y0tekHCmtON8W2vrG5tb26Wd8u7e/sGhfXTcVnEqKXg05rHsBkQBZwI8zTSHbiKBRAGHTjBpzP3OA0jFYnGvpwn4ERkJFjJKtJEGdqXPIpMDCvfzy7KApzBr4Rvc8AZ21ak5OfAqcQtSRQWaA/urP4xpGoHQlBOleq6TaD8jUjPKYVbupwoSQidkBD1DBYlA+VmeO8NnRhniMJbmCI1z9fdGRiKlplFgJiOix2rZm4v/eb1Uh9d+xkSSahB0ERSmHOsYzxvBQyaBaj41hFDJzFsxHRNJqDa9lU0J7vKXV0n7ouY6Nbd1Wa3fFnWUUAWdonPkoitUR3eoiTxE0SN6Rq/ozXqyXqx362MxumYVOyfoD6zPHwcIl60=</latexit>

! = 1/
p
LC

<latexit sha1_base64="9lGovg1kpB3gbiI/28JsXb7TFOA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRMRdCMUu3HhooJ9QBPKZDpph84jzkyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+UMKqN5307C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoPq2G8+EKWpFHdmmJCQo56gMcXIWKnj7geSkx6Cl9A/CfS9MtlNddRxS17ZmwDOEz8nJZCj1nG/gq7EKSfCYIa0bvteYsIMKUMxI6NikGqSIDxAPdK2VCBOdJhNrh/BI6t0YSyVLWHgRP09kSGu9ZBHtpMj09ez3lj8z2unJr4IMyqS1BCBp4vilEEj4TgK2KWKYMOGliCsqL0V4j5SCBsbWNGG4M++PE8ap2XfK/u3Z6XKVR5HARyAQ3AMfHAOKuAa1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wcp7ZRi</latexit><latexit sha1_base64="9lGovg1kpB3gbiI/28JsXb7TFOA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRMRdCMUu3HhooJ9QBPKZDpph84jzkyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+UMKqN5307C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoPq2G8+EKWpFHdmmJCQo56gMcXIWKnj7geSkx6Cl9A/CfS9MtlNddRxS17ZmwDOEz8nJZCj1nG/gq7EKSfCYIa0bvteYsIMKUMxI6NikGqSIDxAPdK2VCBOdJhNrh/BI6t0YSyVLWHgRP09kSGu9ZBHtpMj09ez3lj8z2unJr4IMyqS1BCBp4vilEEj4TgK2KWKYMOGliCsqL0V4j5SCBsbWNGG4M++PE8ap2XfK/u3Z6XKVR5HARyAQ3AMfHAOKuAa1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wcp7ZRi</latexit><latexit sha1_base64="9lGovg1kpB3gbiI/28JsXb7TFOA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRMRdCMUu3HhooJ9QBPKZDpph84jzkyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+UMKqN5307C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoPq2G8+EKWpFHdmmJCQo56gMcXIWKnj7geSkx6Cl9A/CfS9MtlNddRxS17ZmwDOEz8nJZCj1nG/gq7EKSfCYIa0bvteYsIMKUMxI6NikGqSIDxAPdK2VCBOdJhNrh/BI6t0YSyVLWHgRP09kSGu9ZBHtpMj09ez3lj8z2unJr4IMyqS1BCBp4vilEEj4TgK2KWKYMOGliCsqL0V4j5SCBsbWNGG4M++PE8ap2XfK/u3Z6XKVR5HARyAQ3AMfHAOKuAa1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wcp7ZRi</latexit><latexit sha1_base64="9lGovg1kpB3gbiI/28JsXb7TFOA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRMRdCMUu3HhooJ9QBPKZDpph84jzkyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce0+UMKqN5307C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoPq2G8+EKWpFHdmmJCQo56gMcXIWKnj7geSkx6Cl9A/CfS9MtlNddRxS17ZmwDOEz8nJZCj1nG/gq7EKSfCYIa0bvteYsIMKUMxI6NikGqSIDxAPdK2VCBOdJhNrh/BI6t0YSyVLWHgRP09kSGu9ZBHtpMj09ez3lj8z2unJr4IMyqS1BCBp4vilEEj4TgK2KWKYMOGliCsqL0V4j5SCBsbWNGG4M++PE8ap2XfK/u3Z6XKVR5HARyAQ3AMfHAOKuAa1EAdYPAInsEreHOenBfn3fmYti44+cwe+APn8wcp7ZRi</latexit>

with

4. Coil and RL/LC circuits

U(t) = A cos(!t) +B sin(!t)
<latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit><latexit sha1_base64="KYhVOMMcDy7gpsmqRknjE60a8PA=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlQQi7IuhFiPHiMYJ5QDaE2ckkGTI7s8z0CiHkD7z4K148KOLVqzf/xskD1MSChqKqm+6uMBbcgOd9Oaml5ZXVtfR6ZmNza3vH3d2rGpVoyipUCaXrITFMcMkqwEGweqwZiULBamH/euzX7pk2XMk7GMSsGZGu5B1OCVip5R5XcpC/vAqoMrlARaxLMOTxCS4FhssfpeVmvYI3AV4k/oxk0QzllvsZtBVNIiaBCmJMw/diaA6JBk4FG2WCxLCY0D7psoalkkTMNIeTf0b4yCpt3FHalgQ8UX9PDElkzCAKbWdEoGfmvbH4n9dIoHPRHHIZJ8AknS7qJAKDwuNwcJtrRkEMLCFUc3srpj2iCQUbYcaG4M+/vEiqpwXfK/i3Z9liaRZHGh2gQ5RDPjpHRXSDyqiCKHpAT+gFvTqPzrPz5rxPW1PObGYf/YHz8Q1FBJpH</latexit>

U(0) = E =) A = E
<latexit sha1_base64="ofGFUX5lMn1d5lkjcCX7lbYMc1U=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoW5KIoJuhKoILivYB7ShTKaTduhMEmYmQgnd+CtuXCji1s9w5984abPQ1gMD555zL3fu8WPOlHacb6uwtLyyulZcL21sbm3v2Lt7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o5vMbz1SqVgUPuhxTD2BByELGMHaSD37oFFxTtAlukVdJsxCqtBVVvbsslN1pkCLxM1JGXLUe/ZXtx+RRNBQE46V6rhOrL0US80Ip5NSN1E0xmSEB7RjaIgFVV46PWCCjo3SR0EkzQs1mqq/J1IslBoL33QKrIdq3svE/7xOooMLL2VhnGgaktmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxkQnDnT14kzdOq61Td+7Ny7TqPowiHcAQVcOEcanAHdWgAgQk8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AHAek7s=</latexit><latexit sha1_base64="ofGFUX5lMn1d5lkjcCX7lbYMc1U=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoW5KIoJuhKoILivYB7ShTKaTduhMEmYmQgnd+CtuXCji1s9w5984abPQ1gMD555zL3fu8WPOlHacb6uwtLyyulZcL21sbm3v2Lt7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o5vMbz1SqVgUPuhxTD2BByELGMHaSD37oFFxTtAlukVdJsxCqtBVVvbsslN1pkCLxM1JGXLUe/ZXtx+RRNBQE46V6rhOrL0US80Ip5NSN1E0xmSEB7RjaIgFVV46PWCCjo3SR0EkzQs1mqq/J1IslBoL33QKrIdq3svE/7xOooMLL2VhnGgaktmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxkQnDnT14kzdOq61Td+7Ny7TqPowiHcAQVcOEcanAHdWgAgQk8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AHAek7s=</latexit><latexit sha1_base64="ofGFUX5lMn1d5lkjcCX7lbYMc1U=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoW5KIoJuhKoILivYB7ShTKaTduhMEmYmQgnd+CtuXCji1s9w5984abPQ1gMD555zL3fu8WPOlHacb6uwtLyyulZcL21sbm3v2Lt7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o5vMbz1SqVgUPuhxTD2BByELGMHaSD37oFFxTtAlukVdJsxCqtBVVvbsslN1pkCLxM1JGXLUe/ZXtx+RRNBQE46V6rhOrL0US80Ip5NSN1E0xmSEB7RjaIgFVV46PWCCjo3SR0EkzQs1mqq/J1IslBoL33QKrIdq3svE/7xOooMLL2VhnGgaktmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxkQnDnT14kzdOq61Td+7Ny7TqPowiHcAQVcOEcanAHdWgAgQk8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AHAek7s=</latexit><latexit sha1_base64="ofGFUX5lMn1d5lkjcCX7lbYMc1U=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWoW5KIoJuhKoILivYB7ShTKaTduhMEmYmQgnd+CtuXCji1s9w5984abPQ1gMD555zL3fu8WPOlHacb6uwtLyyulZcL21sbm3v2Lt7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o5vMbz1SqVgUPuhxTD2BByELGMHaSD37oFFxTtAlukVdJsxCqtBVVvbsslN1pkCLxM1JGXLUe/ZXtx+RRNBQE46V6rhOrL0US80Ip5NSN1E0xmSEB7RjaIgFVV46PWCCjo3SR0EkzQs1mqq/J1IslBoL33QKrIdq3svE/7xOooMLL2VhnGgaktmiIOFIRyhLA/WZpETzsSGYSGb+isgQS0y0yaxkQnDnT14kzdOq61Td+7Ny7TqPowiHcAQVcOEcanAHdWgAgQk8wyu8WU/Wi/VufcxaC1Y+sw9/YH3+AHAek7s=</latexit>

I(0) = 0 =) B = 0
<latexit sha1_base64="Q1kL9rcpwZuU9BQGcSuzNgvloOs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDclI4JuhFI3uqtgH9AOJZNm2tAkMyQZoQzd+CtuXCji1s9w59+YaWehrQcC555zLzf3BDFn2iD07RRWVtfWN4qbpa3tnd09d/+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89iNVmkXywUxi6gs8lCxkBBsr9d2juwo6g9cQwR4TdiHVsJ6VfbeMqmgGuEy8nJRBjkbf/eoNIpIIKg3hWOuuh2Ljp1gZRjidlnqJpjEmYzykXUslFlT76eyAKTy1ygCGkbJPGjhTf0+kWGg9EYHtFNiM9KKXif953cSEV37KZJwYKsl8UZhwaCKYpQEHTFFi+MQSTBSzf4VkhBUmxmZWsiF4iycvk9Z51UNV7/6iXKvncRTBMTgBFeCBS1ADt6ABmoCAKXgGr+DNeXJenHfnY95acPKZQ/AHzucPHYuThg==</latexit><latexit sha1_base64="Q1kL9rcpwZuU9BQGcSuzNgvloOs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDclI4JuhFI3uqtgH9AOJZNm2tAkMyQZoQzd+CtuXCji1s9w59+YaWehrQcC555zLzf3BDFn2iD07RRWVtfWN4qbpa3tnd09d/+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89iNVmkXywUxi6gs8lCxkBBsr9d2juwo6g9cQwR4TdiHVsJ6VfbeMqmgGuEy8nJRBjkbf/eoNIpIIKg3hWOuuh2Ljp1gZRjidlnqJpjEmYzykXUslFlT76eyAKTy1ygCGkbJPGjhTf0+kWGg9EYHtFNiM9KKXif953cSEV37KZJwYKsl8UZhwaCKYpQEHTFFi+MQSTBSzf4VkhBUmxmZWsiF4iycvk9Z51UNV7/6iXKvncRTBMTgBFeCBS1ADt6ABmoCAKXgGr+DNeXJenHfnY95acPKZQ/AHzucPHYuThg==</latexit><latexit sha1_base64="Q1kL9rcpwZuU9BQGcSuzNgvloOs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDclI4JuhFI3uqtgH9AOJZNm2tAkMyQZoQzd+CtuXCji1s9w59+YaWehrQcC555zLzf3BDFn2iD07RRWVtfWN4qbpa3tnd09d/+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89iNVmkXywUxi6gs8lCxkBBsr9d2juwo6g9cQwR4TdiHVsJ6VfbeMqmgGuEy8nJRBjkbf/eoNIpIIKg3hWOuuh2Ljp1gZRjidlnqJpjEmYzykXUslFlT76eyAKTy1ygCGkbJPGjhTf0+kWGg9EYHtFNiM9KKXif953cSEV37KZJwYKsl8UZhwaCKYpQEHTFFi+MQSTBSzf4VkhBUmxmZWsiF4iycvk9Z51UNV7/6iXKvncRTBMTgBFeCBS1ADt6ABmoCAKXgGr+DNeXJenHfnY95acPKZQ/AHzucPHYuThg==</latexit><latexit sha1_base64="Q1kL9rcpwZuU9BQGcSuzNgvloOs=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLUDclI4JuhFI3uqtgH9AOJZNm2tAkMyQZoQzd+CtuXCji1s9w59+YaWehrQcC555zLzf3BDFn2iD07RRWVtfWN4qbpa3tnd09d/+gpaNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvsn89iNVmkXywUxi6gs8lCxkBBsr9d2juwo6g9cQwR4TdiHVsJ6VfbeMqmgGuEy8nJRBjkbf/eoNIpIIKg3hWOuuh2Ljp1gZRjidlnqJpjEmYzykXUslFlT76eyAKTy1ygCGkbJPGjhTf0+kWGg9EYHtFNiM9KKXif953cSEV37KZJwYKsl8UZhwaCKYpQEHTFFi+MQSTBSzf4VkhBUmxmZWsiF4iycvk9Z51UNV7/6iXKvncRTBMTgBFeCBS1ADt6ABmoCAKXgGr+DNeXJenHfnY95acPKZQ/AHzucPHYuThg==</latexit>

U(t) = E cos(!t)
<latexit sha1_base64="2x5jrAQ3rWZ3gKTSvqN8iz3YZ2Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiQh6EYoieKxg2kITyma7aZdusmF3IpTSi3/FiwdFvPozvPlv3LY5aOuDgcd7M8zMC1PBNTjOt1VYWV1b3yhulra2d3b37P2DppaZosyjUkjVDolmgifMAw6CtVPFSBwK1gqHN1O/9ciU5jJ5gFHKgpj0Ex5xSsBIXfvIq0AVX+Fb7FOpK76MWZ9gqHbtslNzZsDLxM1JGeVodO0vvydpFrMEqCBad1wnhWBMFHAq2KTkZ5qlhA5Jn3UMTUjMdDCePTDBp0bp4UgqUwngmfp7YkxirUdxaDpjAgO96E3F/7xOBtFlMOZJmgFL6HxRlAkMEk/TwD2uGAUxMoRQxc2tmA6IIhRMZiUTgrv48jJpntVcp+ben5fr13kcRXSMTlAFuegC1dEdaiAPUTRBz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AGUAZR4</latexit><latexit sha1_base64="2x5jrAQ3rWZ3gKTSvqN8iz3YZ2Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiQh6EYoieKxg2kITyma7aZdusmF3IpTSi3/FiwdFvPozvPlv3LY5aOuDgcd7M8zMC1PBNTjOt1VYWV1b3yhulra2d3b37P2DppaZosyjUkjVDolmgifMAw6CtVPFSBwK1gqHN1O/9ciU5jJ5gFHKgpj0Ex5xSsBIXfvIq0AVX+Fb7FOpK76MWZ9gqHbtslNzZsDLxM1JGeVodO0vvydpFrMEqCBad1wnhWBMFHAq2KTkZ5qlhA5Jn3UMTUjMdDCePTDBp0bp4UgqUwngmfp7YkxirUdxaDpjAgO96E3F/7xOBtFlMOZJmgFL6HxRlAkMEk/TwD2uGAUxMoRQxc2tmA6IIhRMZiUTgrv48jJpntVcp+ben5fr13kcRXSMTlAFuegC1dEdaiAPUTRBz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AGUAZR4</latexit><latexit sha1_base64="2x5jrAQ3rWZ3gKTSvqN8iz3YZ2Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiQh6EYoieKxg2kITyma7aZdusmF3IpTSi3/FiwdFvPozvPlv3LY5aOuDgcd7M8zMC1PBNTjOt1VYWV1b3yhulra2d3b37P2DppaZosyjUkjVDolmgifMAw6CtVPFSBwK1gqHN1O/9ciU5jJ5gFHKgpj0Ex5xSsBIXfvIq0AVX+Fb7FOpK76MWZ9gqHbtslNzZsDLxM1JGeVodO0vvydpFrMEqCBad1wnhWBMFHAq2KTkZ5qlhA5Jn3UMTUjMdDCePTDBp0bp4UgqUwngmfp7YkxirUdxaDpjAgO96E3F/7xOBtFlMOZJmgFL6HxRlAkMEk/TwD2uGAUxMoRQxc2tmA6IIhRMZiUTgrv48jJpntVcp+ben5fr13kcRXSMTlAFuegC1dEdaiAPUTRBz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AGUAZR4</latexit><latexit sha1_base64="2x5jrAQ3rWZ3gKTSvqN8iz3YZ2Y=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksQnspiQh6EYoieKxg2kITyma7aZdusmF3IpTSi3/FiwdFvPozvPlv3LY5aOuDgcd7M8zMC1PBNTjOt1VYWV1b3yhulra2d3b37P2DppaZosyjUkjVDolmgifMAw6CtVPFSBwK1gqHN1O/9ciU5jJ5gFHKgpj0Ex5xSsBIXfvIq0AVX+Fb7FOpK76MWZ9gqHbtslNzZsDLxM1JGeVodO0vvydpFrMEqCBad1wnhWBMFHAq2KTkZ5qlhA5Jn3UMTUjMdDCePTDBp0bp4UgqUwngmfp7YkxirUdxaDpjAgO96E3F/7xOBtFlMOZJmgFL6HxRlAkMEk/TwD2uGAUxMoRQxc2tmA6IIhRMZiUTgrv48jJpntVcp+ben5fr13kcRXSMTlAFuegC1dEdaiAPUTRBz+gVvVlP1ov1bn3MWwtWPnOI/sD6/AGUAZR4</latexit>

I(t) = C
dU

dt

= �
r

C

L
E sin(!t)

<latexit sha1_base64="vY5Pq2ljMkvqMpgSC8eHMda3Ays="></latexit><latexit sha1_base64="vY5Pq2ljMkvqMpgSC8eHMda3Ays="></latexit><latexit sha1_base64="vY5Pq2ljMkvqMpgSC8eHMda3Ays="></latexit><latexit sha1_base64="vY5Pq2ljMkvqMpgSC8eHMda3Ays="></latexit>



Summary

Drude model: friction term due to 
collisions, leads to Ohm’s law:

Ohm’s law

microscopic version

Ohm’s law

macroscopic version

conductivity

Electrostatic

I-U relation

capacitor energy (electric)

EM induction

I-U relation

coil energy (magnetic)

charging capacitor 
in RC circuit

establishing current 
in RL circuit

U = L
dI

dt
<latexit sha1_base64="LZbt5pno5k4mPhb5oLGSn5/aF3Q=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLEtguh4EbBRQWnLbRDyWQybWjmQZIplGH+xI0LRdz6J+78GzNtBRU9cOFwzr3ce4+XCK40Qh/Wyura+sZmaau8vbO7t28fHHZUnErKHBqLWPY8opjgEXM014L1EslI6AnW9SZXhd+dMql4HN3rWcLckIwiHnBKtJGGtu1c3g4CSWjm3+SZr/OhXUFVhBDGGBYE1y+QIc1mo4YbEBeWQQUs0R7a7wM/pmnIIk0FUaqPUaLdjEjNqWB5eZAqlhA6ISPWNzQiIVNuNr88h6dG8WEQS1ORhnP1+0RGQqVmoWc6Q6LH6rdXiH95/VQHDTfjUZJqFtHFoiAVUMewiAH6XDKqxcwQQiU3t0I6JiYHbcIqmxC+PoX/k06tilEV351XWq1lHCVwDE7AGcCgDlrgGrSBAyiYggfwBJ6tzHq0XqzXReuKtZw5Aj9gvX0C1K6Tyg==</latexit><latexit sha1_base64="LZbt5pno5k4mPhb5oLGSn5/aF3Q=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLEtguh4EbBRQWnLbRDyWQybWjmQZIplGH+xI0LRdz6J+78GzNtBRU9cOFwzr3ce4+XCK40Qh/Wyura+sZmaau8vbO7t28fHHZUnErKHBqLWPY8opjgEXM014L1EslI6AnW9SZXhd+dMql4HN3rWcLckIwiHnBKtJGGtu1c3g4CSWjm3+SZr/OhXUFVhBDGGBYE1y+QIc1mo4YbEBeWQQUs0R7a7wM/pmnIIk0FUaqPUaLdjEjNqWB5eZAqlhA6ISPWNzQiIVNuNr88h6dG8WEQS1ORhnP1+0RGQqVmoWc6Q6LH6rdXiH95/VQHDTfjUZJqFtHFoiAVUMewiAH6XDKqxcwQQiU3t0I6JiYHbcIqmxC+PoX/k06tilEV351XWq1lHCVwDE7AGcCgDlrgGrSBAyiYggfwBJ6tzHq0XqzXReuKtZw5Aj9gvX0C1K6Tyg==</latexit><latexit sha1_base64="LZbt5pno5k4mPhb5oLGSn5/aF3Q=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLEtguh4EbBRQWnLbRDyWQybWjmQZIplGH+xI0LRdz6J+78GzNtBRU9cOFwzr3ce4+XCK40Qh/Wyura+sZmaau8vbO7t28fHHZUnErKHBqLWPY8opjgEXM014L1EslI6AnW9SZXhd+dMql4HN3rWcLckIwiHnBKtJGGtu1c3g4CSWjm3+SZr/OhXUFVhBDGGBYE1y+QIc1mo4YbEBeWQQUs0R7a7wM/pmnIIk0FUaqPUaLdjEjNqWB5eZAqlhA6ISPWNzQiIVNuNr88h6dG8WEQS1ORhnP1+0RGQqVmoWc6Q6LH6rdXiH95/VQHDTfjUZJqFtHFoiAVUMewiAH6XDKqxcwQQiU3t0I6JiYHbcIqmxC+PoX/k06tilEV351XWq1lHCVwDE7AGcCgDlrgGrSBAyiYggfwBJ6tzHq0XqzXReuKtZw5Aj9gvX0C1K6Tyg==</latexit><latexit sha1_base64="LZbt5pno5k4mPhb5oLGSn5/aF3Q=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuSlLEtguh4EbBRQWnLbRDyWQybWjmQZIplGH+xI0LRdz6J+78GzNtBRU9cOFwzr3ce4+XCK40Qh/Wyura+sZmaau8vbO7t28fHHZUnErKHBqLWPY8opjgEXM014L1EslI6AnW9SZXhd+dMql4HN3rWcLckIwiHnBKtJGGtu1c3g4CSWjm3+SZr/OhXUFVhBDGGBYE1y+QIc1mo4YbEBeWQQUs0R7a7wM/pmnIIk0FUaqPUaLdjEjNqWB5eZAqlhA6ISPWNzQiIVNuNr88h6dG8WEQS1ORhnP1+0RGQqVmoWc6Q6LH6rdXiH95/VQHDTfjUZJqFtHFoiAVUMewiAH6XDKqxcwQQiU3t0I6JiYHbcIqmxC+PoX/k06tilEV351XWq1lHCVwDE7AGcCgDlrgGrSBAyiYggfwBJ6tzHq0XqzXReuKtZw5Aj9gvX0C1K6Tyg==</latexit>

I = C
dU

dt
<latexit sha1_base64="Lq1l0ZndCeYf4qeGfLAyuD3BBfg=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IhW50V8GxhXYomUymDc08SDKFMsyfuHGhiFv/xJ1/Y6atoKIHLhzOuZd77/ESwZVG6MMqra1vbG6Vtys7u3v7B/bh0b2KU0mZQ2MRy75HFBM8Yo7mWrB+IhkJPcF63rRT+L0Zk4rH0Z2eJ8wNyTjiAadEG2lk2zdXnWEgCc18J898nY/sKqohhDDGsCC4cYkMabWaddyEuLAMqmCF7sh+H/oxTUMWaSqIUgOMEu1mRGpOBcsrw1SxhNApGbOBoREJmXKzxeU5PDOKD4NYmoo0XKjfJzISKjUPPdMZEj1Rv71C/MsbpDpouhmPklSziC4XBamAOoZFDNDnklEt5oYQKrm5FdIJMTloE1bFhPD1Kfyf3NdrGNXw7UW13V7FUQYn4BScAwwaoA2uQRc4gIIZeABP4NnKrEfrxXpdtpas1cwx+AHr7RPGHZPB</latexit><latexit sha1_base64="Lq1l0ZndCeYf4qeGfLAyuD3BBfg=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IhW50V8GxhXYomUymDc08SDKFMsyfuHGhiFv/xJ1/Y6atoKIHLhzOuZd77/ESwZVG6MMqra1vbG6Vtys7u3v7B/bh0b2KU0mZQ2MRy75HFBM8Yo7mWrB+IhkJPcF63rRT+L0Zk4rH0Z2eJ8wNyTjiAadEG2lk2zdXnWEgCc18J898nY/sKqohhDDGsCC4cYkMabWaddyEuLAMqmCF7sh+H/oxTUMWaSqIUgOMEu1mRGpOBcsrw1SxhNApGbOBoREJmXKzxeU5PDOKD4NYmoo0XKjfJzISKjUPPdMZEj1Rv71C/MsbpDpouhmPklSziC4XBamAOoZFDNDnklEt5oYQKrm5FdIJMTloE1bFhPD1Kfyf3NdrGNXw7UW13V7FUQYn4BScAwwaoA2uQRc4gIIZeABP4NnKrEfrxXpdtpas1cwx+AHr7RPGHZPB</latexit><latexit sha1_base64="Lq1l0ZndCeYf4qeGfLAyuD3BBfg=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IhW50V8GxhXYomUymDc08SDKFMsyfuHGhiFv/xJ1/Y6atoKIHLhzOuZd77/ESwZVG6MMqra1vbG6Vtys7u3v7B/bh0b2KU0mZQ2MRy75HFBM8Yo7mWrB+IhkJPcF63rRT+L0Zk4rH0Z2eJ8wNyTjiAadEG2lk2zdXnWEgCc18J898nY/sKqohhDDGsCC4cYkMabWaddyEuLAMqmCF7sh+H/oxTUMWaSqIUgOMEu1mRGpOBcsrw1SxhNApGbOBoREJmXKzxeU5PDOKD4NYmoo0XKjfJzISKjUPPdMZEj1Rv71C/MsbpDpouhmPklSziC4XBamAOoZFDNDnklEt5oYQKrm5FdIJMTloE1bFhPD1Kfyf3NdrGNXw7UW13V7FUQYn4BScAwwaoA2uQRc4gIIZeABP4NnKrEfrxXpdtpas1cwx+AHr7RPGHZPB</latexit><latexit sha1_base64="Lq1l0ZndCeYf4qeGfLAyuD3BBfg=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIitl0IhW50V8GxhXYomUymDc08SDKFMsyfuHGhiFv/xJ1/Y6atoKIHLhzOuZd77/ESwZVG6MMqra1vbG6Vtys7u3v7B/bh0b2KU0mZQ2MRy75HFBM8Yo7mWrB+IhkJPcF63rRT+L0Zk4rH0Z2eJ8wNyTjiAadEG2lk2zdXnWEgCc18J898nY/sKqohhDDGsCC4cYkMabWaddyEuLAMqmCF7sh+H/oxTUMWaSqIUgOMEu1mRGpOBcsrw1SxhNApGbOBoREJmXKzxeU5PDOKD4NYmoo0XKjfJzISKjUPPdMZEj1Rv71C/MsbpDpouhmPklSziC4XBamAOoZFDNDnklEt5oYQKrm5FdIJMTloE1bFhPD1Kfyf3NdrGNXw7UW13V7FUQYn4BScAwwaoA2uQRc4gIIZeABP4NnKrEfrxXpdtpas1cwx+AHr7RPGHZPB</latexit>

WB =
1

2
LI2

<latexit sha1_base64="2E6sa72z4duK52WeCNHgGDZ34Fs=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLagUHSj4KKCfUA7Dpk004ZmHiQZoYxd+CtuXCji1t9w59+YaSuo6IELh3Pu5d573EhwpRH6sDJz8wuLS9nl3Mrq2vpGfnOrqcJYUtagoQhl2yWKCR6whuZasHYkGfFdwVru8Cz1W7dMKh4G13oUMdsn/YB7nBJtJCe/03JO4QnsepLQBI+T0hheXtyUnHwBFRFCGGOYElw+QoZUq5USrkCcWgYFMEPdyb93eyGNfRZoKohSHYwibSdEak4FG+e6sWIRoUPSZx1DA+IzZSeT+8dw3yg96IXSVKDhRP0+kRBfqZHvmk6f6IH67aXiX14n1l7FTngQxZoFdLrIiwXUIUzDgD0uGdViZAihkptbIR0QE4U2keVMCF+fwv9Js1TEqIivDgu141kcWbAL9sABwKAMauAc1EEDUHAHHsATeLburUfrxXqdtmas2cw2+AHr7RPp25S8</latexit><latexit sha1_base64="2E6sa72z4duK52WeCNHgGDZ34Fs=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLagUHSj4KKCfUA7Dpk004ZmHiQZoYxd+CtuXCji1t9w59+YaSuo6IELh3Pu5d573EhwpRH6sDJz8wuLS9nl3Mrq2vpGfnOrqcJYUtagoQhl2yWKCR6whuZasHYkGfFdwVru8Cz1W7dMKh4G13oUMdsn/YB7nBJtJCe/03JO4QnsepLQBI+T0hheXtyUnHwBFRFCGGOYElw+QoZUq5USrkCcWgYFMEPdyb93eyGNfRZoKohSHYwibSdEak4FG+e6sWIRoUPSZx1DA+IzZSeT+8dw3yg96IXSVKDhRP0+kRBfqZHvmk6f6IH67aXiX14n1l7FTngQxZoFdLrIiwXUIUzDgD0uGdViZAihkptbIR0QE4U2keVMCF+fwv9Js1TEqIivDgu141kcWbAL9sABwKAMauAc1EEDUHAHHsATeLburUfrxXqdtmas2cw2+AHr7RPp25S8</latexit><latexit sha1_base64="2E6sa72z4duK52WeCNHgGDZ34Fs=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLagUHSj4KKCfUA7Dpk004ZmHiQZoYxd+CtuXCji1t9w59+YaSuo6IELh3Pu5d573EhwpRH6sDJz8wuLS9nl3Mrq2vpGfnOrqcJYUtagoQhl2yWKCR6whuZasHYkGfFdwVru8Cz1W7dMKh4G13oUMdsn/YB7nBJtJCe/03JO4QnsepLQBI+T0hheXtyUnHwBFRFCGGOYElw+QoZUq5USrkCcWgYFMEPdyb93eyGNfRZoKohSHYwibSdEak4FG+e6sWIRoUPSZx1DA+IzZSeT+8dw3yg96IXSVKDhRP0+kRBfqZHvmk6f6IH67aXiX14n1l7FTngQxZoFdLrIiwXUIUzDgD0uGdViZAihkptbIR0QE4U2keVMCF+fwv9Js1TEqIivDgu141kcWbAL9sABwKAMauAc1EEDUHAHHsATeLburUfrxXqdtmas2cw2+AHr7RPp25S8</latexit><latexit sha1_base64="2E6sa72z4duK52WeCNHgGDZ34Fs=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIrkpSxLagUHSj4KKCfUA7Dpk004ZmHiQZoYxd+CtuXCji1t9w59+YaSuo6IELh3Pu5d573EhwpRH6sDJz8wuLS9nl3Mrq2vpGfnOrqcJYUtagoQhl2yWKCR6whuZasHYkGfFdwVru8Cz1W7dMKh4G13oUMdsn/YB7nBJtJCe/03JO4QnsepLQBI+T0hheXtyUnHwBFRFCGGOYElw+QoZUq5USrkCcWgYFMEPdyb93eyGNfRZoKohSHYwibSdEak4FG+e6sWIRoUPSZx1DA+IzZSeT+8dw3yg96IXSVKDhRP0+kRBfqZHvmk6f6IH67aXiX14n1l7FTngQxZoFdLrIiwXUIUzDgD0uGdViZAihkptbIR0QE4U2keVMCF+fwv9Js1TEqIivDgu141kcWbAL9sABwKAMauAc1EEDUHAHHsATeLburUfrxXqdtmas2cw2+AHr7RPp25S8</latexit>

WE =
1

2
CU2

<latexit sha1_base64="yKI/uz2Y+v8scAnLAkFMT1pHyYc=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUsS0oFIrgsoJ9QDsOmTTThmYeJBmhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nu8WHClEfqwFhaXlldWc2v59Y3NrW17Z7elokRS1qSRiGTHI4oJHrKm5lqwTiwZCTzB2t6onvntWyYVj8JrPY6ZE5BByH1OiTaSa++33Qt4Dnu+JDTFk7Q0gfXmTcm1C6iIEMIYw4zg8ikypFqtlHAF4swyKIA5Gq793utHNAlYqKkgSnUxirWTEqk5FWyS7yWKxYSOyIB1DQ1JwJSTTu+fwCOj9KEfSVOhhlP1+0RKAqXGgWc6A6KH6reXiX953UT7FSflYZxoFtLZIj8RUEcwCwP2uWRUi7EhhEpuboV0SEwU2kSWNyF8fQr/J61SEaMivjop1M7mceTAATgExwCDMqiBS9AATUDBHXgAT+DZurcerRfrdda6YM1n9sAPWG+f8ymUwg==</latexit><latexit sha1_base64="yKI/uz2Y+v8scAnLAkFMT1pHyYc=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUsS0oFIrgsoJ9QDsOmTTThmYeJBmhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nu8WHClEfqwFhaXlldWc2v59Y3NrW17Z7elokRS1qSRiGTHI4oJHrKm5lqwTiwZCTzB2t6onvntWyYVj8JrPY6ZE5BByH1OiTaSa++33Qt4Dnu+JDTFk7Q0gfXmTcm1C6iIEMIYw4zg8ikypFqtlHAF4swyKIA5Gq793utHNAlYqKkgSnUxirWTEqk5FWyS7yWKxYSOyIB1DQ1JwJSTTu+fwCOj9KEfSVOhhlP1+0RKAqXGgWc6A6KH6reXiX953UT7FSflYZxoFtLZIj8RUEcwCwP2uWRUi7EhhEpuboV0SEwU2kSWNyF8fQr/J61SEaMivjop1M7mceTAATgExwCDMqiBS9AATUDBHXgAT+DZurcerRfrdda6YM1n9sAPWG+f8ymUwg==</latexit><latexit sha1_base64="yKI/uz2Y+v8scAnLAkFMT1pHyYc=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUsS0oFIrgsoJ9QDsOmTTThmYeJBmhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nu8WHClEfqwFhaXlldWc2v59Y3NrW17Z7elokRS1qSRiGTHI4oJHrKm5lqwTiwZCTzB2t6onvntWyYVj8JrPY6ZE5BByH1OiTaSa++33Qt4Dnu+JDTFk7Q0gfXmTcm1C6iIEMIYw4zg8ikypFqtlHAF4swyKIA5Gq793utHNAlYqKkgSnUxirWTEqk5FWyS7yWKxYSOyIB1DQ1JwJSTTu+fwCOj9KEfSVOhhlP1+0RKAqXGgWc6A6KH6reXiX953UT7FSflYZxoFtLZIj8RUEcwCwP2uWRUi7EhhEpuboV0SEwU2kSWNyF8fQr/J61SEaMivjop1M7mceTAATgExwCDMqiBS9AATUDBHXgAT+DZurcerRfrdda6YM1n9sAPWG+f8ymUwg==</latexit><latexit sha1_base64="yKI/uz2Y+v8scAnLAkFMT1pHyYc=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq5IUsS0oFIrgsoJ9QDsOmTTThmYeJBmhjF34K25cKOLW33Dn35hpK6jogQuHc+7l3nu8WHClEfqwFhaXlldWc2v59Y3NrW17Z7elokRS1qSRiGTHI4oJHrKm5lqwTiwZCTzB2t6onvntWyYVj8JrPY6ZE5BByH1OiTaSa++33Qt4Dnu+JDTFk7Q0gfXmTcm1C6iIEMIYw4zg8ikypFqtlHAF4swyKIA5Gq793utHNAlYqKkgSnUxirWTEqk5FWyS7yWKxYSOyIB1DQ1JwJSTTu+fwCOj9KEfSVOhhlP1+0RKAqXGgWc6A6KH6reXiX953UT7FSflYZxoFtLZIj8RUEcwCwP2uWRUi7EhhEpuboV0SEwU2kSWNyF8fQr/J61SEaMivjop1M7mceTAATgExwCDMqiBS9AATUDBHXgAT+DZurcerRfrdda6YM1n9sAPWG+f8ymUwg==</latexit>

U = RI
<latexit sha1_base64="3tkS03SI+BnWj1CAVZ+u/gw1/xs=">AAAB63icdVBNSwMxEM36WetX1aOXYBE8laSIbQ9C0YveqrhtoV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0wENxahD29peWV1bT23kd/c2t7ZLeztN02casp8GotYt0NimOCK+ZZbwdqJZkSGgrXC0WXmt+6ZNjxWd3acsECSgeIRp8Rmkn9+e90rFFEJIYQxhhnBlTPkSK1WLeMqxJnlUAQLNHqF924/pqlkylJBjOlglNhgQrTlVLBpvpsalhA6IgPWcVQRyUwwmd06hcdO6cMo1q6UhTP1+8SESGPGMnSdktih+e1l4l9eJ7VRNZhwlaSWKTpfFKUC2hhmj8M+14xaMXaEUM3drZAOiSbUunjyLoSvT+H/pFkuYVTCN6fF+sUijhw4BEfgBGBQAXVwBRrABxQMwQN4As+e9B69F+913rrkLWYOwA94b5+2Ho4F</latexit><latexit sha1_base64="3tkS03SI+BnWj1CAVZ+u/gw1/xs=">AAAB63icdVBNSwMxEM36WetX1aOXYBE8laSIbQ9C0YveqrhtoV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0wENxahD29peWV1bT23kd/c2t7ZLeztN02casp8GotYt0NimOCK+ZZbwdqJZkSGgrXC0WXmt+6ZNjxWd3acsECSgeIRp8Rmkn9+e90rFFEJIYQxhhnBlTPkSK1WLeMqxJnlUAQLNHqF924/pqlkylJBjOlglNhgQrTlVLBpvpsalhA6IgPWcVQRyUwwmd06hcdO6cMo1q6UhTP1+8SESGPGMnSdktih+e1l4l9eJ7VRNZhwlaSWKTpfFKUC2hhmj8M+14xaMXaEUM3drZAOiSbUunjyLoSvT+H/pFkuYVTCN6fF+sUijhw4BEfgBGBQAXVwBRrABxQMwQN4As+e9B69F+913rrkLWYOwA94b5+2Ho4F</latexit><latexit sha1_base64="3tkS03SI+BnWj1CAVZ+u/gw1/xs=">AAAB63icdVBNSwMxEM36WetX1aOXYBE8laSIbQ9C0YveqrhtoV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0wENxahD29peWV1bT23kd/c2t7ZLeztN02casp8GotYt0NimOCK+ZZbwdqJZkSGgrXC0WXmt+6ZNjxWd3acsECSgeIRp8Rmkn9+e90rFFEJIYQxhhnBlTPkSK1WLeMqxJnlUAQLNHqF924/pqlkylJBjOlglNhgQrTlVLBpvpsalhA6IgPWcVQRyUwwmd06hcdO6cMo1q6UhTP1+8SESGPGMnSdktih+e1l4l9eJ7VRNZhwlaSWKTpfFKUC2hhmj8M+14xaMXaEUM3drZAOiSbUunjyLoSvT+H/pFkuYVTCN6fF+sUijhw4BEfgBGBQAXVwBRrABxQMwQN4As+e9B69F+913rrkLWYOwA94b5+2Ho4F</latexit><latexit sha1_base64="3tkS03SI+BnWj1CAVZ+u/gw1/xs=">AAAB63icdVBNSwMxEM36WetX1aOXYBE8laSIbQ9C0YveqrhtoV1KNs22oUl2SbJCKf0LXjwo4tU/5M1/Y7atoKIPBh7vzTAzL0wENxahD29peWV1bT23kd/c2t7ZLeztN02casp8GotYt0NimOCK+ZZbwdqJZkSGgrXC0WXmt+6ZNjxWd3acsECSgeIRp8Rmkn9+e90rFFEJIYQxhhnBlTPkSK1WLeMqxJnlUAQLNHqF924/pqlkylJBjOlglNhgQrTlVLBpvpsalhA6IgPWcVQRyUwwmd06hcdO6cMo1q6UhTP1+8SESGPGMnSdktih+e1l4l9eJ7VRNZhwlaSWKTpfFKUC2hhmj8M+14xaMXaEUM3drZAOiSbUunjyLoSvT+H/pFkuYVTCN6fF+sUijhw4BEfgBGBQAXVwBRrABxQMwQN4As+e9B69F+913rrkLWYOwA94b5+2Ho4F</latexit>

~j = � ~E
<latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit><latexit sha1_base64="PiFsHQ3d/OIfR2y3MdK0gsGETWc=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUpYtuFUBTBZQX7gM5QMmnaxmYeJJlCGQb8FTcuFHHrd7jzb8y0FVT0wIWTc+4l9x4vElxphD6s3NLyyupafr2wsbm1vWPv7rVUGEvKmjQUoex4RDHBA9bUXAvWiSQjvidY2xtfZn57wqTiYXCrpxFzfTIM+IBToo3Usw+cCaPJXXruKD70yex1lfbsIiohhDDGMCO4coYMqdWqZVyFOLMMimCBRs9+d/ohjX0WaCqIUl2MIu0mRGpOBUsLTqxYROiYDFnX0ID4TLnJbP0UHhulDwehNBVoOFO/TyTEV2rqe6bTJ3qkfnuZ+JfXjfWg6iY8iGLNAjr/aBALqEOYZQH7XDKqxdQQQiU3u0I6IpJQbRIrmBC+LoX/k1a5hFEJ35wW6xeLOPLgEByBE4BBBdTBNWiAJqAgAQ/gCTxb99aj9WK9zltz1mJmH/yA9fYJDGiWMA==</latexit>

Kirchhoff’s laws:

X

k

Uk = 0
<latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit><latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit><latexit sha1_base64="hZKIv6Ym3Lc37R7FL43vsc/wjYQ=">AAAB9XicdVBNSwMxEM36WetX1aOXYBE8laSIbUGh4MVjBbcttGvJptk2NMkuSVYppf/DiwdFvPpfvPlvzLYVVPTBwOO9GWbmhYngxiL04S0tr6yurec28ptb2zu7hb39polTTZlPYxHrdkgME1wx33IrWDvRjMhQsFY4usz81h3Thsfqxo4TFkgyUDzilFgn3XZNKnsj6Lu6gKhXKKISQghjDDOCK2fIkVqtWsZViDPLoQgWaPQK791+TFPJlKWCGNPBKLHBhGjLqWDTfDc1LCF0RAas46gikplgMrt6Co+d0odRrF0pC2fq94kJkcaMZeg6JbFD89vLxL+8TmqjajDhKkktU3S+KEoFtDHMIoB9rhm1YuwIoZq7WyEdEk2odUHlXQhfn8L/SbNcwqiEr0+L9fNFHDlwCI7ACcCgAurgCjSADyjQ4AE8gWfv3nv0XrzXeeuSt5g5AD/gvX0CKbuRnQ==</latexit>

X

k

Ik = 0
<latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit><latexit sha1_base64="tjVDUDqyx/J6vYE3x7vooYcs1WE=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4KkkR24JCwY3uKtgHtGPJpGkbmmSGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69J4gENxahDy+ztLyyupZdz21sbm3v5Hf3miaMNWUNGopQtwNimOCKNSy3grUjzYgMBGsF44vUb90xbXiobuwkYr4kQ8UHnBLrpNuuiWVvDK9cnUPUyxdQESGEMYYpweVT5Ei1WinhCsSp5VAAC9R7+fduP6SxZMpSQYzpYBRZPyHacirYNNeNDYsIHZMh6ziqiGTGT2ZXT+GRU/pwEGpXysKZ+n0iIdKYiQxcpyR2ZH57qfiX14ntoOInXEWxZYrOFw1iAW0I0whgn2tGrZg4Qqjm7lZIR0QTal1QORfC16fwf9IsFTEq4uuTQu1sEUcWHIBDcAwwKIMauAR10AAUaPAAnsCzd+89ei/e67w14y1m9sEPeG+fF0ORkQ==</latexit>

for any node for any loop

Transient regime = problems involving 
ordinary differential equations:

Electrical power: P = UI
<latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit><latexit sha1_base64="R5jPCuwSZ6gjcp6czUlEeFH81Io=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqSRFbAsKBS96q+C2hXYp2TTbhibZJckKpfQvePGgiFf/kDf/jdm2goo+GHi8N8PMvDAR3FiEPrzcyura+kZ+s7C1vbO7V9w/aJk41ZT5NBax7oTEMMEV8y23gnUSzYgMBWuH46vMb98zbXis7uwkYYEkQ8UjTonNpOalf9MvllAZIYQxhhnB1XPkSL1eq+AaxJnlUAJLNPvF994gpqlkylJBjOlilNhgSrTlVLBZoZcalhA6JkPWdVQRyUwwnd86gydOGcAo1q6UhXP1+8SUSGMmMnSdktiR+e1l4l9eN7VRLZhylaSWKbpYFKUC2hhmj8MB14xaMXGEUM3drZCOiCbUungKLoSvT+H/pFUpY1TGt2elxsUyjjw4AsfgFGBQBQ1wDZrABxSMwAN4As+e9B69F+910ZrzljOH4Ae8t0+xPI39</latexit>

P = RI2
<latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit><latexit sha1_base64="0NF82seo2ctjRfRRt7trtSJ5d9E=">AAAB7XicdVDLSgMxFM34rPVVdekmWARXJSliW1AouNFdFfuAdiyZNNPGZpIhyQil9B/cuFDErf/jzr8x01ZQ0QMXDufcy733BLHgxiL04S0sLi2vrGbWsusbm1vbuZ3dhlGJpqxOlVC6FRDDBJesbrkVrBVrRqJAsGYwPE/95j3Thit5Y0cx8yPSlzzklFgnNWpn15e3xW4ujwoIIYwxTAkunSBHKpVyEZchTi2HPJij1s29d3qKJhGTlgpiTBuj2Ppjoi2ngk2yncSwmNAh6bO2o5JEzPjj6bUTeOiUHgyVdiUtnKrfJ8YkMmYUBa4zInZgfnup+JfXTmxY9sdcxollks4WhYmAVsH0ddjjmlErRo4Qqrm7FdIB0YRaF1DWhfD1KfyfNIoFjAr46jhfPZ3HkQH74AAcAQxKoAouQA3UAQV34AE8gWdPeY/ei/c6a13w5jN74Ae8t0/TgI6e</latexit>

Joule heating


