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ASTR398B Black Holes (Spring 2017) 
Prof. Chris Reynolds 

Class 25 : 
Quantum Physics and 
Hawking Evaporation 

Today 

n  Continue discussion of black holes and 
fundamental physics 
l  Start discussion of one of the hottest topics 

in theoretical physics…  
l  Black holes as a place where GR and 

quantum mechanics battle it out. 
n  Today 

l  Brief primer on some quantum physics 
l  Heisenberg Uncertainty Principle 
l  Hawking radiation and black hole 

evaporation 
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I : Wave Particle Duality 

n  Einstein (1905) 
l  Proposed that light is emitted and absorbed 

in discrete packets (“quanta”), what we now 
call photons.  These packets behave as 
particles with energy and momentum given 
by 

l  Here, h is “Planck’s constant” and λ is the 
wavelength of the light. 

n  de Broglie (1924) 
l  Proposed that matter particles have 

wavelike properties, with a wavelength 
given by 

 
l  This assertion naturally explained the 

curious behavior of electrons in atoms 
previously noted by Bohr… that only certain 
energy levels are allowed. 

l  [Discussion in class about “meaning” of 
these matter waves] 
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n  For both light and matter… 
l  Completely specified momentum means 

that we have a “pure” wave with a single 
wavelength, hence infinite extent 

l  Tightly specified position means that we 
must have a superposition of many waves 
with different wavelengths, hence a wide 
range of momenta. 

 
n  This leads us to… 

II : Heisenberg’s Uncertainty 
Principle 
n  There are many different uncertainty 

principles for different pairs of variables 
n  The position-momentum principle… 

l  Suppose we know the position to an 
accuracy of Δx and the momentum to an 
accuracy of Δp.  Then 

 
l  Here, “h-bar” is shorthand for h/2π 
l  Must be stressed that this is fundamental… 

not some “boring” limitation of 
measurement apparatus 
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n  There is also an uncertainty principle 
linking energy and time… 
l  Suppose we know the energy of process to 

an accuracy of ΔE and the duration of that 
process to an accuracy of Δt.  Then, 

l  So, for finite duration events, energy need 
not be strictly conserved (since it cannot be 
precisely defined!) 

III : Pair production and 
vacuum fluctuations 

n  Remember E=mc2… 
l  Important consequence is that, if we have 

some energy E, then we can spontaneously 
create a particle/anti-particle pair  

l  [Discussion : what limits the kinds of 
particles that you could make?] 
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n  But, Heisenberg’s uncertainty principle 
says we can violate energy conservation 
provided that we do it for a short time 
l  So, even in a vacuum, we can have particle/

anti-particle pairs popping into existence 
spontaneously provided that they annihilate 
quickly enough (so that “nature doesn’t 
notice”).  Example of virtual particles. 

n  New picture for the vacuum… rather 
than being empty, it is a see of virtual 
particles of all kinds. 

IV : Hawking Radiation 

n  Things get interesting close to a black 
hole event horizon… can convert virtual 
particles into real particles!  

n  [see discussion on board] 
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n  Conclude that black holes are radiating! 
l  Referred to as Hawking Radiation 
l  Radiation has “black body” form with a temperature 

of  

l  Radiated energy must come from the mass-energy 
of the black hole itself… thus the black hole’s mass 
must decrease over time. 

l  But this is a VERY slow process unless the black hole 
is microscopic. 

n  This is starting point for one of the most 
profound paradoxes in modern physics… 


