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Reminder: Maxwell’s equations in a vacuum

!𝐸. 𝑑𝐴 = 0

!𝐵. 𝑑𝐴 = 0

!𝐸. 𝑑𝑙 = −
𝑑Φ!

𝑑𝑡

!𝐵. 𝑑𝑙 = 𝜇"𝜀"
𝑑Φ#

𝑑𝑡

Gauss’s law for electric fields

Gauss’s law for magnetic fields

Faraday’s law

Ampere’s law



Electricity, magnetism, and light

According to Maxwell’s equations, an 
accelerating electric charge must produce 
electromagnetic waves.

For example, power lines carry a strong 
alternating current, which means that a 
substantial amount of charge is 
accelerating back and forth and 
generating electromagnetic waves. 

These waves can produce a buzzing 
sound from your car radio when you 
drive near the lines.



Electromagnetic spectrum

The frequencies and wavelengths of electromagnetic waves found in nature extend over such 
a wide range that we have to use a logarithmic scale to show all important bands. 



Electromagnetic spectrum

X ray



Electromagnetic spectrum

Ultraviolet



Electromagnetic spectrum

IR



Electromagnetic spectrum

Visible



Electromagnetic spectrum

Microwave/radio



Electromagnetic waves

At every point to the left of the 
plane there are uniform 
electric field magnetic fields.

The boundary plane, the wave 
front, moves in the + x 
direction with a constant 
speed, c.



Gauss’s law and a plane wave

Shown is a Gaussian surface, a rectangular 
box, through which the simple plane wave 
is traveling. The box encloses no electric 
charge.

In order to satisfy Maxwell’s first 
(∮𝐸. 𝑑𝐴 = !

"!
) and second (∮𝐵. 𝑑𝐴 = 0) 

equations, the electric and magnetic fields 
must be perpendicular to the direction of 
propagation; that is, the wave must be 
transverse.



Faraday’s law and a plane wave

The simple plane wave must satisfy Faraday’s law in a 
vacuum (∮𝐸. 𝑑𝑙 = − #$"

#% ). 

On the left side of the rectangle efgh, E and dl are 
opposite such that 

+𝑬. 𝑑𝒍 = −𝐸𝑎



Faraday’s law and a plane wave

In a time dt, the magnetic flux through the rectangle in 
the xy-plane increases by an amount dΦB.

This increase equals the flux through the shaded 
rectangle with area 𝑎 𝑐 𝑑𝑡; that is, 𝑑𝛷& = 𝐵 𝑎 𝑐 𝑑𝑡

Thus #'"#% = 𝐵 𝑎 𝑐

This and Faraday’s law implies:



Ampere’s law and a plane wave

The simple plane wave must satisfy Ampere’s law in a 
vacuum (∮𝐵. 𝑑𝑙 = 𝜇(𝜀(

#$#
#% )

On the left side of the rectangle efgh, B and dl are 
parallel such that 

+𝑩. 𝑑𝒍 = 𝐵𝑎



Ampere’s law and a plane wave

In a time dt, the electric flux through the rectangle in 
the xz-plane increases by an amount dΦE.

This increase equals the flux through the shaded 
rectangle with area ac dt; that is, 𝑑𝛷) = 𝐸 𝑎 𝑐 𝑑𝑡

Thus #'#
#%

= 𝐸 𝑎 𝑐

This implies:

*𝐵. 𝑑𝑙 = 𝜇!𝜀!
𝑑Φ"

𝑑𝑡



Electromagnetic waves

Maxwell’s equations imply that in an electromagnetic wave, both the electric and magnetic 
fields are perpendicular to the direction of propagation of the wave, and to each other. 

In an electromagnetic wave, there is a definite ratio between the magnitudes of the electric 
and magnetic fields: 

𝐸 = 𝑐𝐵

Unlike mechanical waves, electromagnetic waves require no medium. In fact, they travel in 
vacuum with a definite and unchanging speed:

Inserting the numerical values of these constants, we obtain c = 3 x 108 ms-1



Electromagnetic waves

𝐸 = 𝑐𝐵

where 𝑐 = 4
5!"!

The direction of propagation 
of an electromagnetic wave is 
the direction of the vector 
product of the electric and 
magnetic fields.



Sinusoidal electromagnetic waves

Electromagnetic waves 
produced by an oscillating point 
charge are an example of 
sinusoidal waves that are not 
plane waves.



Sinusoidal electromagnetic waves

We can describe electromagnetic waves by means of 
waves functions:

The wave travels to the right with speed c = ω/k.
The amplitudes must be related by:



Electromagnetic waves in a vacuum

In a vacuum all EM waves travel at the same speed, c. 

Remember:

𝑐 = 𝑓 𝜆

Therefore waves with high frequency have short wavelength, but travel at the same speed 
as waves with low frequency and long wavelength.



Electromagnetic waves in matter

Electromagnetic waves can travel in certain types of matter, such as air, water, or glass. 
When electromagnetic waves travel in nonconducting materials—that is, dielectrics—the 
speed v of the waves depends on the dielectric constant of the material.

The ratio of the speed c in vacuum to the speed v in a material is known in optics as the index 
of refraction n of the material.



Standing electromagnetic waves

Electromagnetic waves can be 
reflected by a conductor or 
dielectric, which can lead to 
standing waves.

As time elapses, the pattern 
does not move along the x-
axis; instead, at every point 
the electric and magnetic field 
vectors simply oscillate. 



Real world: microwave oven

A typical microwave oven sets up a standing 
electromagnetic wave with λ = 12.2 cm, a 
wavelength that is strongly absorbed by the 
water in food. 

Because the wave has nodes spaced 
λ/2 = 6.1 cm apart, the food must be 
rotated while cooking. 

Otherwise, the portion that lies at a node 
(where the electric-field amplitude is zero) 
will remain cold.



Energy in electromagnetic waves

Electromagnetic waves are traveling waves that 
transport energy from one region to another.

The magnitude of the Poynting vector is the power 
per unit area in the wave, and it points in the 
direction of propagation.

The SI unit of S is 1 J/s m2 or 1 W/m2. 



Energy in electromagnetic waves

The magnitude of the average value of S is 
called the intensity. 

The SI unit of intensity is 1 W/m2.



• Electromagnetic waves CH  32

• Sinusoidal EM waves CH 32

• Energy in EM waves CH 32

Next time: Revision! CH 21 – 32

Summary

𝐸 = 𝑐𝐵


