
Light as a wave

• Light can be described in two ways:
1. As an electromagnetic wave made of electric and magnetic fields.

2. As a collection of massless elementary particles called photons.

• The two definitions seem contradictory. How can something be 
both a continuous wave and a discrete particle?

• This is called wave-particle duality and is an important concept in 
quantum mechanics.
• The contradiction is resolved by understanding that “wave” and “particle” 

are classical concepts that do not apply to the quantum world. They are 
familiar ways in which we can interpret what we see, but light really is 
something else that doesn’t have a familiar classical description.



Light as a wave

• A wave is a regular disturbance propagating in space.

• “Disturbance” means a change in some physical quantity compared 
to its equilibrium.
• For example: in water waves, the disturbance is the change in the height of 

the water, above or below sea level, which is the equilibrium.

• “Regular” means it’s not random, but has an organized structure, 
often repeating itself many times.
• For example: a sound wave for a specific musical note repeats the same 

pattern over and over until the note stops.

• “Propagating” means it’s moving in some direction in space.
• There are also standing waves, which look like they’re not moving.



• Let’s introduce some basic properties of waves.

• Amplitude, denoted by 𝐴, is the maximum displacement of the 
wave from equilibrium.

• It measures how strong the disturbance is.

• For example: a sound wave with larger amplitude will be louder. 

𝐴

Equilibrium



• Wavelength , denoted by 𝜆 (the Greek letter lambda), is the 
distance between two crests (peaks) of the wave.

• It is measured in meters.

𝜆

Crest



• Frequency , denoted by 𝑓, is the number of wavelengths passing 
through a point in space each second.

• Measured in hertz (Hz): 1 Hz = 1 wavelength per second.

• For a sound wave, higher frequency means higher pitch.

• For light, higher frequency means more energy (as we will see).

𝜆 How many wavelengths 
pass through this point 
(for example) every 
second?



• Speed, denoted by 𝑐, measures how fast the wave travels in 
space.

• For example, the speed of a wave on a guitar string depends on 
its tension. If we tighten the string, the wave will move faster. 

• But waves of light (in vacuum) always travel at the same speed, 
the speed of light: 𝑐 ≈ 3 × 108 m/s.

𝑐



Light as a wave

• The speed, wavelength, and frequency of a wave are related by

𝑐 = 𝜆𝑓 or     𝜆 =
𝑐

𝑓
or     𝑓 =

𝑐

𝜆

• This is because 𝑓 is the number of wavelengths 𝜆 per second, so 
𝑐 = 𝜆𝑓 is the total distance traveled per second.

• For example:
• 𝜆 = 1 meter.

• 𝑓 = 5 wavelengths (of 1 meter) pass through a point in space per second.

• So 𝑐 = 5 meters per second.



High frequency
Short wavelength

Low frequency
Long wavelength

Since 𝜆 = 𝑐/𝑓, wavelength and frequency are inversely proportional:



Simulation

• I will demonstrate the properties of waves using an online 
simulation.

• The simulation can be found at this URL:

https://phet.colorado.edu/sims/html/wave-on-a-
string/latest/wave-on-a-string_en.html

• Hint: Choose “oscillate” on the top left and “no end” on the top 
right. Tension determines the speed.

https://phet.colorado.edu/sims/html/wave-on-a-string/latest/wave-on-a-string_en.html


Video

• In this video, the 6 strings of an acoustic guitar are filmed up close, 
and we can see the waves generated by different notes as the 
strings are plucked.

• Pitch is proportional to frequency. Notes with higher pitch have 
higher frequency and shorter wavelength.

• Amplitude is proportional to volume. When the notes die out, the 
amplitude decreases.

• The video is available at this URL

https://youtu.be/tFw8FzeDjIE

https://youtu.be/tFw8FzeDjIE


Light as a wave

• The electromagnetic field is composed of both electric and 
magnetic fields.

• In a light wave, the propagating disturbance is in the 
electromagnetic field, and the equilibrium is when there is no field.

• There is an interesting interaction between the electric and 
magnetic fields that makes this possible (but we won’t learn about 
that here).



 

 

 

 

 

 

An illustration of an electromagnetic wave moving to the right, showing that the electric field E and the magnetic field B both oscillate together, but in perpendicular directions.
Credits: SuperManu (Wikipedia)



Star colors

• Light has a wavelength and a frequency because it’s a wave.

• But we said that light is also a particle – it’s made of photons.

• From quantum mechanics, we know that the energy of a photon is 
proportional to its frequency:

𝐸 = ℎ𝑓 =
ℎ𝑐

𝜆
• ℎ ≈ 4.1 × 10−15 eV/Hz is called Planck’s constant.

• Note that energy, like frequency, is inversely proportional to wavelength.

• This makes sense. The higher the frequency, the faster the wave 
oscillates (moves up and down), so it has more kinetic energy.



Star colors

• The wavelength and frequency of light determine its color.

• Visible light is the range that the human eye can see:
• Wavelength: ~380-750 nm (nanometers, a billionth of a meter)

• Frequency: ~400-790 THz (terahertz, a trillion hertz)

• Light in only one of these frequencies is called monochromatic and 
the colors it corresponds to are called spectral colors.
• These are the colors of the rainbow.

• There are also non-spectral (or extra-spectral) colors that can only 
be obtained by combining two or more wavelengths.
• Example: magenta is a mix of red and blue wavelengths.



Color Wavelength (nm) Frequency (THz) Photon energy (eV)

Violet 380–450 670–790 2.75–3.26 

Blue 450–485 620–670 2.56–2.75 

Cyan 485–500 600–620 2.48–2.56 

Green 500–565 530–600 2.19–2.48 

Yellow 565–590 510–530 2.10–2.19 

Orange 590–625 480–510 1.98–2.10 

Red 625–750 400–480 1.65–1.98 

The spectral colors



Star colors

• The spectrum of light, called the electromagnetic spectrum, 
contains much more than just visible light!

• The spectrum includes, from lowest to highest frequency:
• Radio waves (lowest frequency / longest wavelength)

• Microwaves

• Infrared (infra = “below”, because it has frequency below visible light)

• Visible light (red = lowest frequency, violet = highest frequency)

• Ultraviolet (ultra = “above”)

• X-rays

• Gamma rays (highest frequency / shortest wavelength)



The electromagnetic spectrum.
Credits: NASA/Wikipedia



Star colors

• A black body is an idealized body that absorbs all incoming 
electromagnetic radiation.

• Quantum mechanics predicts that a black body emits radiation 
called black body radiation.

• This radiation is emitted in all wavelengths, but the peak 
wavelength 𝜆peak is determined according to Wien’s displacement 
law: (pronounced “vin”)

𝜆peak =
𝑏

𝑇
• 𝑏 ≈ 2.9 × 10−3 m ⋅ K is a constant of proportionality.



 

     

     

     

     

                

 
 
 
 
  
 
  
 
 
 
  
 
  
 
 
 
  
 
   
 
 
  

 
  
 

               

     

     

     

     

     

Wien’s displacement law.
Credits: 4C (Wikipedia)



Star colors

• From 𝜆peak = 𝑏/𝑇 we see that the wavelength is inversely
proportional to temperature.

• This means the frequency is proportional to temperature.

• This makes sense. The frequency of light is proportional to the 
photon energy, so light emitted at hotter temperatures (more 
thermal energy) should have a higher frequency.

• Stars are not perfect black bodies, but their radiation spectrum is 
well approximated by black body radiation.



The electromagnetic spectrum, including corresponding temperatures.
Credits: NASA/Wikipedia



Star colors

• Now we understand why different stars have different colors: the 
color depends on the temperature of the star’s photosphere.

• Red has the lowest frequency = lowest temperatures: ~3,000 K.

• Blue has the highest frequency = highest temperatures: ~25,000 K.

• Note that this is the opposite of the colors on water taps! When it 
comes to stars, red is cold and blue is hot, and not the other way 
around.
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