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"There is no royal road to geometry."

Euclid – 325 BCE

"Physics can only be learned by thinking, writing, and worrying."

David Atkinson and Porter Johnson – 2002 CE



Chapter 15: Oscillations
SHM: x = Acos(ωt + φ); φ (phase)
ω (angular frequency);A (amplitude)
Period:T = 2π/ω = 1/ f .
Frequencyf = 1/T = ω/(2π)
Velocity: v = dx

dt =−ωAsin(ωt + φ)

Acceleration:a = dv
dt

a =−ω2Acos(ωt + φ) =−ω2x
Ideal Spring:mẍ = F =−kx
EnergyE = 1/2mv2 +1/2kx2

Frequencyω2 = k/m
Simple Pendulum:I θ̈ = mℓ2 θ̈ = τ
=−mgℓsinθ≈−mgℓθ
θ̈+g/ℓ θ = 0; ω2 = g/ℓ
Damped Harmonic Motion:
mẍ+bẋ+kx= 0
x = Aexp[−bt/(2m)]sin(ω′t + φ);
ω′2 = k/m−b2/(4m2).
Underdampedω′2 > 0;
Overdampedω′2 < 0;
Critically dampedω′2 = 0.
Resonant frequency:ω2 = k/m
Chapter 16: Waves I
transverse or longitudinal
y(x, t) = Asin(kx−ωt + φ)
A: (amplitude);k (wave number);
ω (angular frequency);φ (phase).
k = 2π/λ; ω = 2π f ; ω/k = λ f = v
(v = wave velocity).
Stretched string:v =

√

T/µ.
T: (tension);µ (mass per unit length).
Superposition of waves:
y(x, t) = y1(x, t)+y2(x, t)
Interference of waves:
Asin(kx−ωt)+Asin(kx−ωt + φ)
= 2Acos(φ/2)cos(kx−ωt + φ/2)
φ = 0 mod 2π: (constructive int)
φ = π mod 2π: (destructive int)
Standing waves:2Asinkxcosωt =
Asin(kx−ωt)+Asin(kx+ ωt)

kL = nπ (L is string length).
Number of internal nodes:n−1.
y(x, t) = Bsin(nπx/L)sin(ωt + φ)
k = nπ/L; λ = 2π/k = 2L/n
f = v/λ = nv/(2L)
Chapter 17: Waves II
Speed of Sound: (longitudinal)v =

√

B/ρ
B: (bulk modulus);ρ: (density)
343 meters/sec at 20◦C;
Speed increases with temperature.
Air displacement and pressure differential
90◦ out of phase,.
Interference phaseφ = 2π(∆L)/λ
∆L: (path difference);λ (wave length).
Constructive Int:(∆L)/λ = 0,1,2, · · ·
Destructive Int:(∆L)/λ = 1/2,3/2,5/2, · · ·
I : Sound intensity: Power per unit area.
ThresholdIth = 10−12 Watts/meter2.
deciBels (dB):β = 10log10I/Ith
Standing waves in a Pipe of lengthL
Both ends open:nλ = 2L.
f = v/λ = nv/(2L)
One end open:(n+1/2)λ = 2L.
f = v/λ = (2n+1)v/(4L)
Beats: fbeat = | f1− f2|
Doppler Effect:
f ′ = f × (v±vD)/(v∓vS)
top sign: motion toward
bottom sign: motion away
vD: velocity of detector
vS: velocity of source
Shock waves, Mach cone:
sinθ = vsound/vpro jectile

Chapter 21: Electric Charge
← ·Q Q· → (Like charges Repel)
Q· → ← ·−Q (Unlike charges attract)
Coulomb’s Law:F = (kq1q2)/r2

12
k = 9×109(N ·m2/C2) = 1/(4πε0)
ε0 = 8.85×10−12C2/(N ·m2)
Charge: CONSERVED – QUANTIZED



Electron charge:e0 = 1.6×10−19 C
Conductor: No free charges inside.
Uniformly charged spherical shell
(radiusR; chargeQ)
test chargeq at distance~r from center:
outside:~F = (kqQr̂)/r2. inside:~F =~0
Chapter 22: Electric Field
test chargeq0; ~E = ~F/q0 = kQr̂/r2

Electric field lines:
away from (+) charges: ← (+)→
and toward (-) charges: → (−)←
Two opposite charges: lines from - to +
Two like charges: lines away from each
Dipole: (−q)→ (+q): ~p from - to +
p = qd
along dipole axis (z): Ez = (2kp)/z3

Continuous distribution of charge:
~E =

R

d~E = k
R

dqr̂/r2

Point charge in uniform electric field:
~F = m~a = q~E
Dipole in uniform electric field:
Torque:τ = ~p×~E
Potential Energy:U =−~p·~E
Chapter 23: Gauss’s Law
ε0ΦE = ε0

H

~E · ~dS= Qenc

ε0 = 8.85×10−12 C2 /(N m2)
Any excess charge sits on outer surface
of conductor;~E =~0 inside.
At surface,E = σ/ε0 (outward)
σ = charge per unit area on surface.
Infinite line charge:λ = charge/length
smallE = λ/(2πε0r) away from line.
Non-conducting sheet on either side:
E = σ/(2ε0)
Spherical shell. electric field radially out
E = 0 inside;E = Q/(4πε0r2) outside.
Spherical charge distribution:
E = Qenc/(4πε0r2) radially outward.
Qenc: charge inside sphere of radiusr.
Uniformly charged sphere:

E = ρr/(3ε0) inside.
E = kQtot/r2 outside:Qtot = 4πρR3/3.
Gauss’s Law + symmetry:
Planar, cylindrical, or spherical
Chapter 24: Electric Potential
Work done by electric fielddWE =−δU .
∆V = Vf −Vi =−WE/Q.
Electric potential: 1 Volt = 1 Joule/Coul
Equipotential surface (constantV):
Perpendicular to electric field lines.
dV =−~E · ~dℓ
∆V =−

R f
i

~E · ~dℓ
Potential of point charge:V = kQ/r.
Combination of charges (superposition)
V = k∑i Qi/r i .
Continuous distribution:V = k

R

dQ/r.
V(x,y,z)→ (Ex,Ey,Ez):
Ex =−∂V/∂x;Ey =−∂V/∂y;Ez =−∂V/∂z.
Electric potential energy of pair of charges:
E = kq1q2/r12

(superposition of pairs to get total)
Charged conductor: Potential constant in-
side.
Chapter 25: Capacitance
Two conductors; charges+Q and−Q, re-
spectively. Potential between conductors:
∆V: Q = C∆V.
C: capacitance (1 Farad = 1 Volt/Coul).
Parallel plate capacitor:C = ε0A/d.
plate areaA; plate separationd.
Cylindrical capacitor (lengthℓ; radii a,b):
C = 2πε0ℓ/ ln(b/a).
Spherical capacitor (radiia,b):
C = 4πε0 ab/(b−a).
Capacitors in parallel:
Ctot = C1 +C2+C3+ · · ·
Capacitors in series:
1/Ctot = 1/C1 +1/C2 +1/C3 + · · ·
Potential energy stored in capacitor:
U = 1/2CV2 = Q2/(2C)



Energy density stored in electric field:u =
1/2ε0E2.
Dielectric-filled capacitor:
C→ κC0 = κε0A/d,
κ: dielectric constant.
Gauss’s law for dielectrics:
ε0

H

κ~E · ~dS= Qenc

Chapter 26: Current and Resistance
Charge∆Q passes by in time∆t:
I = ∆Q/∆t. 1 Amp = 1 Coul/sec.
Current density~J: current per unit area
I =

R

~J ·d~A
~J = ne0~vd; charge:e0: drift speed:vd.
n: num charge carriers per unit vol.
Electical resistance:
CurrentI flowing through circuit;
Voltage drop∆V along circuit.
R= ∆V/I . 1(Ω) Ohm = 1 Volt/ Amp.
Resistivityρ: ~E = ρ~J.
Wire cross-section areaA, lengthℓ:
R= ρℓ/A.
Metals: resistivity increases with tempera-
ture
ρ = ρ0(1+ α∆T).
α = (∆ρ/∆T)/ρ0

Ohm’s Law::V = RI.
Resistivity of metal (electron gas):
ρ = m/(ne2

0τ): Collision time:τ.
Power dissipated inside resistor:
P = I∆V = I2R= ∆V2/R.
Semiconductorρ decreases withT.
Superconductor (low temp)ρ = 0.
Chapter 27: Circuits
Work done by EMF source (battery)
Chemical energy→ Electrical energy
dW = EdQ
Kirchhoff’s Laws
Loop rule: sum of voltage changes around
closed loop = 0.
Junction rule: net current into junction = 0.

Single loop circuit: Load resistorR.
BatteryE with internal resistancer;
I = E/(R+ r)
Power provided by battery:P = IE .
Thermal power in resistorP = I2R.
Resistors in series:
Rtot = R1+R2+R3+ · · ·
Resistors in parallel:
1/Rtot = 1/R1 +1/R2 +1/R3 + · · ·
RC Circuit
CbargingE ,R,C in series:
E = RdQ/dt+Q/C
Q(t) = EC(1−e−t/RC)
I = dQ/dt = E/R e−t/RC

Discharging:R,C in series
0 = RdQ/dt+Q/C
Q(t) = Q0 e−t/RC

I(t) = dQ/dt =−Q0/RCe−t/RC

Chapter 28: Magnetic Fields
Lorentz Force:~F = q~v×~B
(1 Tesla = 1 N / (A m) )
Hall effect: (determine sign of charge carri-
ers)
−−−−−−−−−−−−−−−−−−−
→ I · · · → ~B (out of paper)~F (down)
−−−−−−−−−−−−−−−−−−−
J = I/A = ne0vd.
E = vdB ∆V = wE.
Charged particle - uniform magnetic field:
planar motion.qvB= mv2/R;
R= mv/(qB).
ω = qB/m, f = ω/(2π) = 1/T
Three dimensional motion: helix
Cyclotron: Dees: voltage change produces
acceleration in uniform magnetic field.
Current-carrying wire:
straight:~F = I~ℓ×~B
curved:d~F = I ~dℓ×~B
Magnetic moment of wire:
(CurrentI , areaA, N turns)



M = N I A (right hand rule)
Torque:~τ = ~M×~B
Potential Energy:U =−~M ·~B
Chapter 29: Magnetic Fields Due to Cur-
rents
Biot-Savart Law:
~dB= µ0I/(4π) ~dℓ×~r/r3

µ0 = 4π×10−7Tm/A
Long Straight wire - currentI :
Bt = µ0I/(2πr) right hand rule.
Circular arc center:B = µ0I/(2r)θ/(2π)
Force between wires: Like currents attract;
unlike currents repel:
F = µ0I1I2/(2πd)
Ampère’s Law:

H

~B· ~dℓ = µ0Ienc

Ideal Solenoid:B = µ0NI/L
N turns; currentI ; lengthL.
Chapter 30: Induction and Inductance
Magnetic Flux:ΦB =

R

~B· ~dS
Faraday’s Law:
(closed loop)-(open surface)
E =−dΦB/dt =−d/dt(

R

~B· ~dS)
Self-Inductance (N turns, currentI ):
NΦB = LI ; (1 Henry = 1 T m2/A)
Long Solenoid (lengthℓ, areaA, N turns):
L = µ0N2A/ℓ
LR Circuit + battery:E = LdI/dt +RI
I(t) = E/R· (1−e−Rt/L)
No Battery:LdI/dt+RI = 0
I(t) = I0e−Rt/L

Magnetic energy in inductor:UB = 1/2 ·
LI2.
Magnetic energy density:u = B2/(2µ0)
Mutual Inductance of two circuits:M
E2 =−MdI1/dt; E1 =−MdI2/dt
Chapter 31: Electromagnetic Oscillations
LC Circuit: LdI/dt+Q/C = 0;
I = dQ/dt.
Q(t) = Q0cos(ωt + φ).
ω2 = 1/(LC)

LRC Circuit: (Damped Oscillations)
Ld2Q/dt2 +RdQ/dt+Q/C = 0
Q(t) = Ae−Rt/(2L) cos(ω′t + φ)
ω′2 = 1/(LC)−R2/(4L2)
Forced Oscillations (steady state):
Ld2Q/dt2 +RdQ/dt+Q/C = E0sin(ωt)
I = E0/|Z|sin(ωt + φ)
Z = R+ ı(ωL−1/ωC))
ω2 < 1/(LC);φ < 0; I lagsV
ω2 > 1/(LC);φ < 0; I leadsV
ω2 = 1/(LC);φ = 0; resonance
Chapter 32: Magnetism; Maxwell’s Equa-
tions
Gauss’s Law for Magnetism:
ΦB =

H

~B · ~dS= 0.
Magnetic Dipole:~M in field ~B:
U =−~M ·~B;~τ = ~M×~B.
Orbital Magnetic Moment~M;
angular momentum~L
~ML = q/(2m)~L
Spin magnetic moment:~MS = q/(2m)~S
Diamagnetism:~Binducedopposite~Bext.
Unpaired atomic spins are possible.
Paramagnetism:~Binduced||~Bext.
Curie-Weiss Law:M = CBext/T
Ferromagnetism:
(Permanent magnetic moment in absence of
field).
Displacement CurrentId
(extension of Ampère’s Law)
H

~B· ~dℓ = µ0(I + Id)
Id = ε0dΦE/dt = ε0d/dt(

R

~E · ~dS)
Maxwell’s Equations
Gauss:ε0

H

~E · ~dS= Qenc

Magnetic Gauss:
H

~B· ~dS= 0
Faraday:

H

~E · ~dℓ =−d/dt(
R

~B· ~dS)
Ampère + Maxwell:
H

~B· ~dℓ = µ0[Ienc+ ε0d/dt(
R

~E · ~dS]
Chapter 33: Electromagnetic Waves
~E = îE0sin(kz−ωt)



~B = ĵB0sin(kz−ωt)
c = E0/B0 = ω/k
c = 1/

√

(µ0ε0) = 3×108 m/sec.
Poynting Vector: (Watts/m2)
energy flux per unit area per unit time.
~S= ~E×~B/µ0

Radiation pressureP = F/A = |~S|/c.
Polarization defined as direction of~E
Polarizer: light initially unpolarized.
I f = 1/2I0
Malus Law:I = I0 cos2θ
~E makes angleθ with polarizer.
Reflection:θi = θr

angle of incidence = angle of reflection.
Refraction:
Snell’s Law medium 1 - medium 2.
n1 sinθ1 = n2 sinθ2

n: index of refraction.
θ angle with surface normal.
Total internal feflection:n2 < n1:
n1 sinθ1 > n2.
Polarization by reflection:
Brewster’s angle: reflected ray polarized.
(~E perpendicular to plane of reflection.)
θ1 + θ2 = 90o.


