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1. TEXTBOOK

« Fundamental of Physics, Halliday, Resnick, Walker
« Intro to Electrodynamics, Griffiths
+ Electricity and Magnetism, Purcell and Morin

2. ELEcTROSTATICS | - COULOMB’S LAW

Object “participate” in electric forces when they have electric charge. The
electric force between two point charges is given by Coulomb’s law:

« electric charge can be (+) or (—)
» electric force can be attractive or repulsive

00| none

+ |+ | repel

- | - | repel

+ | - | attract

2.1. CourLomB’s Law

jo 1 N2
dmey r?

. g, - “permittivity of free space” ~ 8.85 x 10712C?N~1m=2
« ¢ - electric charge, [¢] = C

« r - the distance between the two charges

« 7 - unit vector that points between charges

2.2. THE PRINCIPLE OF SUPERPOSITION

This principle tells us the interaction between 2 charges is unaffected by the
presence of any other charges.

Fiotal,g = Z anQi

7
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3. ELEcTROSTATICS Il - THE ELECTRIC FIELD

Imagine that N static charges g¢; that are fixed in space. We do have a “test
charge” @) that we are interested in. We could compute the force on a test
charge.

We define the electric field E for discrete charges as the force per unit
charge:

estl
—~
=)
N—"

|
—_
()=

S

S

For continuous charge distributions, we can write the electric field as an
integral:
= 1 dq

B(7) = &
(7) 4re 2’

« Along a line: dg = A dl

» A is the “linear charge density”
+ Along a surface: dg = 0 dA

» o is the “surface charge density”
+ Along a volume: dg = pdV

» p is the “volume charge density”

4. ELECTROSTATICS III - GAuss’s Law

« New concept - flux
» flux is a measure of how much a vector field “flows” through a surface

Define the flux as:
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@:/ﬁjﬁ

Consider a closed surface, the net flux = difference between the flux entering
and leaving.

4.1. GAuss’s Law

#d/_[ . E _ Qencl.
€o

» only helpful for symmetric layouts - spherical, cylindrical, planar

- always true

5. ELECTROSTATICS IV - CONDUCTORS &
INSULATORS

» Conductors are materials where charges are free to flow The charges
rearrange themselves in response to the presence of an external electric
field. Inside a conductor, E, , = 0.

« Insulators are materials where charges cannot flow freely.

6. ELEcTROSTATICS V - ELECTRIC POTENTIAL

Recall the work done by a force W = [dZ - F

« conservative force W is “path-independent” = § dz - F' =0
» conservative force conserves energy

For conservative forces:

—

F=-VU
where U is the potential energy.
We're interested in forces on arbitrary charges, ¢, F = ¢E

We can write the electric field as the gradient of a scalar potential:

E=-VV
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where V' is the electric potential.

U.

elec

1. V is the potential energy per unit charge
« it’s the work needed per charge to move a test charge from a reference
point (usually co) to a specific point in the field
- unit [v] = £ =1 volt
2. The electric potential as a contour map of the electric field
« We can define “equipotential surfaces” where the potential is constant
« The electric field points perpendicular to these equipotential surfaces,
pointing from high to low

Another nice property: the potential obeys the principle of superposition:
Vi =D _V;
i

6.1. How DO WE COMPUTE THE POTENTIAL?
V() = —/ di- B
O

where O is an agreed upon reference point where V(O) = 0. (Exception:
doesn’t work for infinite charge distributions)

If we don’t know E, but do know the charge distribution:

1 .
pt. charges : V = —— &
Ameq S |74
1 d
charge distr. : V = —— Tq
dmeg J |7

« line charge: dg = A dl
« surface charge: dg = 0 dA
+ volume charge: dg = pdr
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7. CiIrcurTs I - Oum’s Law

|AV| =1IR
« |AV] - voltage
o I - current, charge / time
« R - resistance
|AV| = El
L lav
l
F Ee |AV e
vp=aT = — T = — = — 7
m m Ilm

2025-2026

Let v be the thermal velocity of electrons, and A be the “mean free path” -

average distance objects travel before colliding, we have:

T=—
v
|AV]e A

vp = —

b Im g

The current [ is given by product of number of charges and v, for each

charge:

I=n-vp
|AV e A
Im vp

INA) A
mup | 1
Comparing to Ohm’s law, we can identify the resistance:

|AV|=1R
_ mup 1

T e2NMA

=NA-e
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Usually, we write the resistance in terms of area, length, and conductivity o:

R=—
gA
Therefore, we can have o defined as:
e2N A
g =
muyp

As a result from Thermodynamics, we have:

mui = ngT

|3kgT
UT: 3£

R_ \/BkBTmi

e2N\X A

N =

which shows that the absolute temperature 7" must be 0 for the material to
be superconducting.

7.1. VocaB TERMS

« Circuit: a closed loop consisting of circuit elements

Circuit element: anything that adds or removes energy from the circuit

dq .
3¢> measured in Amperes (A)

Wires: equipotential surfaces connecting circuit elements

Current: moving electric charge, I =

Series circuit: only 1 path for charge to flow

Parallel circuit: multiple paths for charge to flow

7.2. CirculiT RULES

1. Need AV for charge to flow

2. Need a path for charge to flow

3. Around any closed loop, AV = 0 (Kirchhoff’s loop rule, energy
conservation)

4. Atany junction, I;, = I, (Kirchhoff’s junction rule, charge conservation)
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5. Across any resistor, AV = I R (Ohm’s law)

8. CIrRCUIT ANALYSIS

Goal: Predict AV across and I through resistors.
— Crucial step: Can we “simplify” our model of a circuit?

For resistors in series:
Req = g R,
n

For resistors in parallel:

1 1
R _;R_n

eq B
9. CAPACITORS

« Capacitors are circuit elements that stores energy in electric fields by
letting charges accumulate on closely spaced plates.
+ Definition:

_Q
C=v

where () is charge stored on plates and V is potential difference across
plates.

Measured in Farads (F): 1F = 1%.
« Capacitors in series:

« Capacitors in parallel:
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10. TIME DEPENDENCE IN CAPACITORS

Q(t) =CV(t)
aQ . dv

This gives the analogous of Ohm’s law for capacitors:

dv
I=C—
¢ dt
We can also get the inverse relationship:
dv
I(t) =C—
(t)=Co
dV = ! I(t)dt
- C
/dV—/ Ly a
-/ C
1
V(t)—V(0) = C I(t)dt

This gives the relationship between voltage and current for a capacitor:

VO = V() + g [ 10

11. RC CiIrcuIrTs

How do we analyze circuits?

1. Combine resistors and capacitors into equivalent resistors and capacitors
2. Use KLR and KJR to write equations for AV and I

3. Use I — V relationships to turn these into diff. eq.s or algebraic eq.s

4. Do the math
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11.1. CHARGING A CAPACITOR
What do we expect to happen as time passes?

Q(t):att=0,Q=0
lim Q = Q.

t—o0

It):att=0,I=1,,
lim [ =0

t—o0

VR(t)attZO,VRZO

t—o0

Vo(t) ratt=0, V=0

t—o0

We have the equation:

AVy—TR-2 =
IR~ % =0

After solving the diff. eq.s, we get:
Q(t) = AVpC(1— e 7o)

We let 7 = RC the “time constant” of the circuit, and let @, = AVC,
which gives:

Q(t) = Qmax(l - eit/T)
Consequently, we have:

_ @ - Qmaxe—t/T — %e—tﬁ' — ﬂe_t/"'
dt T RC R

10
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and similarly:

Ve(t) = I(t)R = IyRe /™ = AVge U™

Vo(t) = V(0) + é /t dt’ I(t')
0

- AVB(l - 6_t/T)

11.2. D1ISCHARGING A CAPACITOR

Q) ratt=0,Q =Q,,,
lim Q = 0

t—o0

It):att=0,I=1,,
lim [ =0

t—o0

Ve(t) rat t =0, Vg = Voo
lim Vi, = 0

t—o00

Vo(t) ratt =0, Vo =V .«

t—o0

12. INTRO TO MAGNETOSTATICS

« We know magnets have north and south poles (analogous to (+) and (-)
charges)
» like poles repel, opposite poles attract

» Weird because we always have north and south poles together
» there are no magnetic monopoles

11



Advance Physics: Electricity and Magnetism 2025-2026

12.1. “GAuss’s LAW FOR MAGNETISM”:

#dj.ézo

« B denotes the magnetic field

N
s

» magnetic field is measured in Tesla (T'): 1T =1

Particles feel forces from magnetic fields

« U - velocity of the charge
« magnitude:

| Foll = o 11| B] sin 05

12.2. RiGHT HAND RULE
We can determine the direction of the force using the right hand rule:

« pointer finger in direction of ¥
« middle finger in direction of B
« thumb points in direction of F

Notation for in/out of page:

+ © — out of the page
+ ® — into the page

12.3. LORENTZ FORCE Law
F = q(E + 7 X B)

Lorentz force law combines the electric and magnetic forces on a charge. It’s
a generalization of Coulomb’s law (for electric field) and the magnetic force
law (for magnetic field).

12
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13. MAGNETOSTATICS II - BIoT-SAVART LAW

« Moving charges react to B fields
« Moving charges also create B fields
« Look at the B field from steady currents (I(t) = I)

The Biot-Savart Law is an empirical law that lets us find Bat any distance
away from a wire carrying a steady current:
L o Idlx 7

aB =t
47 r?

[ - “permeability of free space”, how easily B fields can move through
space
> pio ~ 4m x 107745
. dl - differential length element of the wire, points in direction of current
« r - distance from dl to the point of interest

+ 7 - unit vector pointing from dl to the point of interest

Strategy:

1. Use RHR to determine direction of dB = focus on just the mag. of dB
2. Clearly define di, r, #

3. Pray for an easy integral

14. MAGNETOSTATICS III - AMPERE’S LAw

Before we generalize BSL, let’s first generalize our notion of current:

-

o I - linear current
« K - surface current density
« J - volume current density

ZqiiN/ dlfw/ dAK ~ dv J

line surface volume

13
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We found that B-fields wrap around wires, and, for infinite straight wires,
we have:

B pol
B(s) = 2%~
(5)=5 ¢

If we integrate B around the circular path of radius s:

.. I I
y{dl-B:%“Ldl:“Lfdlzuol
27s 27s

In cylindrical coordinates, we can write:

dl=dss+sdpp+dz2

?{di-éz%sdgo-ézuo]

The path we take can be arbitrary. Therefore, we have Ampére’s Law:

Thus, we have:

where:

Ioa= // dA-J where C =88
S

Our “derivation” assumed straight wires with infinite length, but Ampeére’s
law holds for any wire with a steady current.

AL is always true, but only sometimes useful. Looking for symmetric current
distributions:

14
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« Infinite long wire

« Infinite plane of current
« Infinite solenoid (I > r)
« Toroid

14.1. AL STRATEGY:

1. Identify the symmetry. If not, BSL

2. Determine the direction of B using RHR

3. Choose a loop (circle, rectangle, etc.) over wires
4. Calculate I,

5. Calculate § B.dl
6. Solve for B

15. SUMMARY

2025-2026

For Magnetostatics:

fdi-é:MOIend #dj-ézo

For Electrostatics:

B0 #d*.E:Qew
€o

16. ELEcTRODYNAMICS I - FARADAY’S LAW

1831 - Michael Faraday conducted 3 experiments:
1. Poll a loop through an external B field - induced some current
2. Move a magnet to stationary loop - induced some current

3. Leave loop and magnet stationary, but make B stronger - induced some

current

Faraday’s Law: A changing magnetic field induces an electric field.

15
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e—¢dip=_

3 G

« & - “electromotive force”, “emf” (this is just a voltage)

« C - any arbitrary closed loop
+ ®p - the magnetic flux through the loop

@Bz//dﬁ.é
S

Lenz’s Law: Nature abhors a change in flux.

When @5 through a closed loop changes, nature induced a current to create
a magnetic field to counteract that change in flux.

16.1. FARADAY’Ss LAwW PROBLEM SOLVING STRATEGY

1. |&| for Faraday’s Law
2. Direction of current from Lenz’s Law

17. ELECTRODYNAMICS Il - AMPERE-MAXWELL
LAaw + MAXWELL’S EQUATIONS

Ampére’s Law is not always with the static charge. We can correct it with it
by adding a term for the “displacement current”:

Traditional derivation considers a capacitor with a changing electric field
between the plates.

> o 0®
% dl- B = pglyg + IU'OEOa_tE
C

16
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S dt
. S , B dE
c . dt

Continuity equation: The amount of electric charge in any volume in space
can only change by the amount of current flowing through its boundary:

17.1. MODERN DERIVATION OF AMPERE-MAXWELL LAaw
0=V -(VxB)=pV-J#0

We get a conflict here. Therefore, we consider adding another term be be
consistent with V - (V X F’) =0:

- 9p 0 , OF

which gives us:

- > OE
V xB= /LOJ"}_MOEOE

18. CONCLUSION

18.1. MAXWELL’S EQUATIONS

Integral form:

17
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2025-2026

%dl -B = IUOIencl + :U'OE:OW

de-E:—

Aoy
dt

0%y,

Lorentz force law:

Differential form:

18
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