
The Uncertainty Principle 
The Not-Unseen Observer 

CH 4: 4-5 



What we’ve learned so far 

Light Matter 
 is a wave governed by 

Maxwell’s equations 
 the electric E and magnetic 

B fields are waving 
 is also a particle called a 

photon with total energy 
E=hf momentum p=h/λ 

 Intensity is proportional to 
E2 or B2 or the probability 
density of photon’s location 

 is a particle with total energy 
E = γmc2 and momentum 
p=γmu.  

 is also a wave with 
wavelength and frequency 
given by p=h/λ and E=hf 
governed by Schrodinger’s 
equation 

 the wave function Ψ is 
waving 

 the probability density is 
given by 𝜓𝜓 2 
 



Some terms 
 Mistake—a problem that can be corrected. 
 Error—a numerical description of how well a measurement 

has been made. It is a measure of the ability of the 
instruments to make measurements. In principle, better 
instruments can be used to reduce errors.  

 Uncertainty—a numerical description of how well a 
measurement can be made. The fact that nature is composed 
of waves means that uncertainty is inherent. No problems can 
be corrected and no better instruments can make uncertainty 
go away. We’ll use the symbol ∆ to represent uncertainty.  



Classically, no uncertainty 

Each paint particle travels straight through the 
template arriving on the screen to create the 
desired art. In principle, (if the hole is small) you 
can precisely know the location of a particle (in 
the hole) and its momentum (straight at the 
wall). Both ∆x and ∆p equal zero. 



Quantum Mechanics has  
inherent uncertainty 
 The electron plane wave 

passes through a slit.  
 As a result I know the 

location of each electron is 
somewhere in the region 
∆x=w. 

 After passing through the slit, 
the electrons arrive on the 
screen in a spread out 
diffraction pattern. So I don’t 
know each electron’s x-
momentum precisely with no 
uncertainty. ∆p≠0. 



Quantum Mechanics has  
inherent uncertainty 
 In fact the thinner we make 

the slit the more certain we 
become of ∆x. But the 
pattern spreads out more 
and the less certain we 
become of ∆p 

 Δ𝑝𝑝𝑥𝑥 ∝
1
∆𝑥𝑥

 

 In fact, Heisenberg found 
Δ𝑝𝑝𝑥𝑥∆𝑥𝑥 ≥

ℏ
2
 

(Memorize Heisenberg’s 
uncertainty principle) 

 
 

 



Another example of uncertainty 
 For a free particle, we found the probability density of its 

location (in one dimension along x) is 𝜓𝜓 2 = 𝐴𝐴2. This is a 
constant.  

 So the probably density is the same everywhere along x. In 
other words we have NO idea where the particle is located.  

 This means ∆x = ∞. 

 However, for this free particle, 𝜓𝜓 = 𝑒𝑒𝑖𝑖(𝑘𝑘𝑥𝑥−𝜔𝜔𝑡𝑡) where k is a 
constant.  

 So 𝑝𝑝 = ℏ𝑘𝑘 is well defined, which means ∆p = 0. 



Why the ≥ in Heisenberg’s uncertainty 
principle? 

 Δ𝑝𝑝𝑥𝑥∆𝑥𝑥 ≥
ℏ
2
 

 The minimum uncertainty product occurs 
when the wave function is a Gaussian.  

 For other wave functions, the produce is 
greater.  

 A Gaussian is also called a bell-curve and it is 
mathematically given by  

            𝜓𝜓 𝑥𝑥 = 𝐶𝐶𝑒𝑒−(𝑥𝑥/2𝜀𝜀)2  (a little different in math class) 
• where ε is a constant that determines how 

broad the Gaussian is.  
• ∆x is proportional to ε , and if ε  is large then 

the Gaussian is broad and the position has 
higher uncertainty. 

• ∆p is inversely proportional to ε 



Example 4.4 
In a hydrogen atom, the 
uncertainty in the electron’s 
position is roughly equal to 
its orbital “radius” 0.1 nm. 
Find the minimum 
theoretical uncertainty in its 
speed.  

Δ𝑝𝑝𝑥𝑥∆𝑥𝑥 ≥
ℏ
2 

Δ𝑝𝑝𝑥𝑥 ≥
ℏ
2∆𝑥𝑥

 ≥ 1.055×10−34Js
2 0.1×10−9m  

Δ𝑝𝑝𝑥𝑥 ≥ 5.3 × 10−25kg m/s 
Assume non-relativistic speed, so p = mv 
and 

∆𝑣𝑣 =
∆𝑝𝑝
𝑚𝑚 =

5.3 × 10−25kg m/s 
9.11 × 10−31kg   

∆𝑣𝑣 = 6 × 105m/s  
 

Comments:  
1. This is the minimum uncertainty in the speed, (600 km/s)! 
2. Careful studies show that electron is slightly relavististic. Oh well, this is an estimate.  
3. The wave function is NOT a Gaussian, so the minimum doesn’t apply. In other words, the 
uncertainty is even larger!  



If mean quantity is zero,  
 then uncertainty and 

typical values are 
comparable.  
 



Example 4.6 Page 118 
 An electron in orbit around 

a proton is held there by 
there by the electrostatic 
force.  

 Find the total energy 
classically. 

 Find the total energy using 
the uncertainty principle 

 Plot the results. 
 Find minimum r and E 

 



Another way to write Heisenberg’s 
uncertainty principle (memorize) 
 ∆𝐸𝐸∆𝑡𝑡 ≥ ℏ

2
 

 A state or particle with a life span of ∆t has an uncertainty in 
its energy of ∆E. 

 A science fiction writer comes up with an idea to feed a crew 
on a long mission. Food can pop into existence with an 
energy ∆E for a short time ∆t . (Like a matter-antimatter 
pair.) Estimate the time for a crew member to consume the 
food. (1 French fry has 3 calories or 12 J) 



Homework Break 
 Ch 4: 42 and 47 Due Tuesday 13OCT15 
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