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Hawking Radiation 

1975, Hawking showed black holes radiate. 

In the vacuum around a black hole, virtual particle-antiparticle  
pairs are constantly being formed and annihilated. 
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If  pair created near the event horizon, one can fall into the black  
hole. 

The other can escape and become real, escape to infinity 

Black hole then loses gravitational  
energy, i.e. mass. 
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Black hole radiation is thermal! 

Black holes decay into all degrees of freedom available at a  
given temperature democratically. 

Has a definite temperature: 
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TH =1/RS
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Number of particles emitted proportional to black hole entropy 
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Information Paradox 
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From no hair theorem one would expect the Hawking radiation  
to be independent of the type of material that enters the black  
hole. 

If  pure state enters the black hole, the thermal radiation would  
change it into a mixed state 

This mixing of  the state then destroys the information about the  
original quantum state. This is a paradox. 



If  blue shift the temperature back to the horizon, the 
temperature should then be infinite. What will happen to an 
infalling  observer approaching the horizon? 
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If  observer makes it, what about  
the classical singularity at the  
center of the black hole? 

Does eminent death await? 

Will observer burn up before  
reaches the horizon? 



Classical Singularity 
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Idea that quantum mechanical correction will erase the similar 1/r  
classical singularity. 

In Electrodynamics the potential of  the electron is proportional to  
1/r . Using quantum corrections, it was shown that the singularity  
is smeared out at the origin. 



Formalism 
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The Wheeler de-Witt Equation 

The wavefunction is for all the ingredients of the system, including  
the observerÕs degrees of freedom denoted by 

! 

A

€ 

Ψ Xα,gµν ,Φ,A( )

The total Hamiltonian is 

! 

H = Hsys+ Hobs

! 

H" = 0

*Follows the formalism first laid out in Phys. Rev D 76, 024005 (2007).!
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Write the wavefunction as a sum over eigenstates 

! 

" = ck" sys
k (sys,t)" obs

k (A,t)
k

#

Introduce the observer time ÒtÓ via 

This gives 

Or for short 

! 

Hobs" obs # i
$" obs

$t

! 

Hsys" sys # i
$" sys

$t

! 

H" # i$"
$t



Set Up 
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Collapsing spherically symmetric shell of matter is represented by  
an infinitely thin domain wall of  mass M and radius R(ÒtÓ)  

Metric outside is Schwarzschild, r>R(t) 
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Metric inside is Flat (Minkowski), r<R(t) 
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ds2 = −dT2 + dr2 + r 2dΩ2
By BirkhoffÕs Theorem!
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Dynamics of domain wall given by Nambu-Goto action 

! 

S = "# " $d3%& "
1

16' G
" gRd4x&

€ 

σ →

! 

" #

Mass per unit area 

Determinant of  the induced metric on the shell 

! 

" ab = gµ#$aX
µ$bX

#



!9"

! 

Rs

€ 

R

Interested in two different points of view: 

Asymptotic observer, infalling  observer 

Each point of view of  needed to  
consider certain questions. 



Classical Solution 

!:"

From the Lagrangian we can find the Hamiltonian 

! 

H = 4"# R2 1+ R$
2 %2" #GR[ ]

Exact treatment complicated! ! 

R" =
dR
d"where 

Interested in the solution near the horizon. Near the horizon,  
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R" # $
h
Rs

2 + 2%&GRs
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$1 = const.

! 

h =
H
4"#

where 

Hamiltonian is a constant of  motion 
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Zeroth order classical solution: 
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R(τ) = R0 − τ
h
Rs

2 + 2πσGRs
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R" Rs

Infalling  observer sees the shell cross the horizon in a finite  
amount of time! 

Consistent with General Relativity! 



Quantum Treatment 
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Want to look at for different locations:  
    Near Horizon (R~RS) and Near Origin (R~0). 

Near Horizon: 

! 

H "
# 2

8$%Rs
2

Quantize: 

€ 

Π = −i
∂
∂R

Then the Schršdinger equation becomes a free particle 

€ 

−
1

8πσRs
2

∂2Ψ
∂R2 = i

∂Ψ
∂τ

No contradiction! 



Near Origin 
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Hamiltonian: 

! 

2"# R2 exp
$%

4"# R2

& 
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) 
* + 

The Schršdinger equation then becomes 

€ 

2πσR2 exp
i

4πσR2

∂
∂R

 

  
 

  
Ψ = i∂Ψ

∂τ

Displays non-local behavior. Behavior, R~0 have 

€ 

∂Ψ(R→ 0)
∂τ

= 0 Wavefunction non-singular! 



Radiation: Semi-classical 

!6"

The action for the scalar field in the background of a collapsing shell 
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S =
1
2

d4x " ggµ#$µ%$#%&

Decompose scalar field into modes 

€ 

Φ = ak(τ) fk(r)
k

∑

Action becomes 

! 

S = Sin + Sout
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The Hamiltonian is now 

! 

H = 1+ R"
2 p2

2m
+

R"

2B
Ka2
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B =1"
Rs

Rwhere 

The Schršdinger equation is then written as 
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1+ R"
2 p2
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+
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where 

! 

p = " i
#
#a

and 

! 

" =" (a,#)

Harmonic oscillator with  
time dependent mass and  
frequency 
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There exists an exact solution  
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ρ = ρ(τ)

Want the # of  particles produced during the collapse 

€ 

N = ncn

2

n

∑

€ 

cn = dbφn
* (a)ψ(a,τ f )∫

where 

where 
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N(" ) =
1

e#" $1

Radiation from the collapsing shell is clearly not quite thermal. 

Becomes more thermal as 

€ 

τ → τ c

Thermal distribution given by 
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Can fit the temperature using the Planck distribution. 

Temperature of radiation diverges as shell crosses horizon. 



Entropy 
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Using radiation can calculate entropy. 

Calculate the entropy of  shell-radiation system and the entropy  
of  the radiation only. 

Taking the difference, find the entropy of  the shell. 

! 

SShell = SShell+R " SR
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Since harmonic oscillator, write entropy as 

! 

S= " ln 1" e" #$ 0( ) + #
e" #$ 0

1" e" #$ 0

where 

! 

" #
$ ln(1+1/N)( )

$%

Most relevant observer is asymptotic observer. 
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Entropy of  the shell is 

! 

S= 0.7Rs
2

Changing the radius from RS to 2.11RS, then have 

! 

S= 0.7(2.11Rs)
2 " #Rs

2 = SBH

Entropy goes to a constant  
at late times! 



Conclusions 
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! Quantum mechanical treatment indicates that the wavefunction  
 is non-singular at the classical singularity. 

! No singularity could have implications for information loss. 

! Radiation is non-thermal for collapsing shell, until shell crosses  
 the horizon. 

! Entropy of  the shell goes to a constant at late times, as predicted  
 by Bekenstein-Hawking. 



Future Work 
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!Consider information entropy. Use to investigate entanglement. 

!Investigate backreaction from the view point of the infalling   
   observer. 

!Investigate alternative metrics, such as Reisner-Nordstrom. 


