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Hawking Radiation

1975, Havking shaved Back holes ediate.

In the vacuum a@ound ablack hole virtual particle-antiparticle
pars ae constatly being brmed ad annihilated.




If par creaed nea the event horizon one ca fdl into the black
hole

The other ca escae and becomeed, escae to infinity

Black hole then losesrgvitational
energy, i.e mass

Event Horizon




Black hole idiaion is themad!

Black holes degainto dl degrees offreedom =ailable & a
given tempeature democatically.

Has adefinite tempesture: T, =1/R,

Number of paticles emitted propaironal to black hole entrop




Information Paradox

From no har theoremone would &pect theHawking radiation
to be ind@endent ofthe type of maerial that enters the lback
hole

If pure stde enters the back hole the themad radiation would
change it iInto amixed stée

This mixing of the stde thendestroys the inbrmetion about the
original quantum stde. This is aparadox.



If blue shift the tempeature back to the horizon, the
tempeture should then beifinite. Wha will happen to a
infalling obsewer gproaching the horizon?
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If obsewer m&es it, wha about
the classica singularity at the
center of the Hack hole?

Does eminent deh await?
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Classical Singularity

In Electrodynamics the potentibof the electron is propdronal to
1/r. Using quatum corrections it was shavn tha the singulaity
IS smeeed out & the origin.

ldeathat quantum mechaicd correction will erase the similal/r
classica singularity.




Formalism
The Wheeler de-Vitt Equation H" =0

The wavefunctionis for dl the ingredients ofthe system, including
the obseverOs dgees of freedom denotedybA

W(X,g,,.®,A

uv?

The tota Hamiltonianis H = Hsys+ H ope

*Follows the formalism first laid out in Phys. Rev D 76, 024005 (2007).!



Write the wavefunctionas asum aver eigenstées

i :# Ck" skys(SySt)" (;(bs(Aat)
Kk

Introduce the @Ovia H_

obs obs

#|$l obs
&

This gives g »  4;2 o
sys  Sys ‘$t

Or for shott oo i$—
H



Set Up

Collgpsing sphericlhy symmetric shell ofmater is represented ¥
an infinitely thin doman wall of mass M and radius R(OD)

Metric outside is Schwaschild,r>R(t)

# TR - s
ds2:"9§" 5(dt2+g£13" ﬁ( dr? + rid) °

r r

Metric inside is Hat (Minkowski), r<R(t)

ByBirkhoffOorem!
ds = -dT? + dr® + r*dQ*



Dynamics of doman wall given by Nambu-Goto action

S:"# ||$d30/l0l 1

1

"gRdx
Gl
o — Mass per unit eea

“H#  Determinant of the induced metric on the shell
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X

Interested in two different points o¥iew:
Asymptotic obsever, infalling obsewer

Each point of view of needed to
consider cetiain questions



Classical Solution

From theLagrangian we can find the Hamiltonian

H=4#R[\I+R %2 "#GR  where R =

Hamiltonian is aconstant of motion

Exact treament complicéed!

Interested in the solution nedhe horizon.Nea the horizon

1 *2
h H
R.#3.N—+2WB&LR $1=const. where h=
%Rf e



2
h
Zeroth order clasicasolution: R(7) =R, - T\/(Rf + ZEGG&) -1

h2 +296GR,, $1
%R +

§

Infalling obsewer sees the shell cross the horizon ifirate
amount of time!

Consistent with Genal Reldivity!



Quantum Treatment

Want to look a for different locéons:
Nea Horizon (R~Rg) and Nea Origin (R~0).

2
Nea Horizon: H " # >
8$0/RS
A P
Quantize: JI=-i—
IR

Then theSchrsdingerequaion becomes &ee paticle
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Near Origin

- E - & 0
Hamiltonian:  2+R?exyy $% 22\}
4"#R

The Schrsdingerequaion then becomes

2TOR* eX : . é)]‘P=i@
410R° OR ot

Displays non-locdbehavior. Behaior, R~0 have

JP(R—0) £

: 0 Wavefunctionnon-singula!
T




Radiation: Semi-classical

The ection for the scdar field in the background of a collgpsing shell
1 1
S = 5 8d4x\/788“#$u0/0$#%

Decompose st field into modes ® = Y, a,(7) f, (1)

Action becomes S =95, ¥ 3,



The Hamiltonian is nowv

4 R
H= 1+R2 P+ i Ka* where B=1" —+
2m 2B R
The Schrsdingerequaion is then written &
Gl Doy Kaz(% -;2_ Harmonic oscillzor with
2m 2B < time dgpendent mas and
frequency
where
p and = (&%)



There ists an exact solution

& 1/4 : &0 - /
" (a#) :(ﬂ?l- exp. | m( d: + ?Fazl where P =p(T)
$96* D289 9%*

Want the # of paticles produced during the colise

N = 2 n|cn|2

where

¢, = [ dbg,(ay(a,)



N(",#)= (1%—+ +(—+1
U= Mozt * gt 3
T/Ry=233, 2.333, 23333
N
100
80
60
0 Thermd distribution given by
20
1
NS =
4 ¢ 8 (050~ =i ) e” $1

Radiation from the collgsing shell is cledy not quite themd.

Becomes more thetd as 7 — 1,

gy



TIRe=2333. 23333, 233333
Ln(1+1/N)
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Can fit the tempeegture using the Plack distribution.

Tempegture of radiaion diverges 8 shell crosses horizon.



Entropy

Using radiation can cdculae entropy.

Cdculae the entroly of shell-radiaion system ad the entroy
of the radiaion only.

Taking the differencefind the entroy of the shell.

Sshell = Ssneir | R



Since hamonic oscill#or, write entropy as

e" #$

S="Infl 6%)+#-E

where

S5 HIn(1+1/N))
$%




Entropy of Shell

S(t)

Entropy goes to aconstant
a late times!

- 5 10 15 20 25

Entropy of the shellis S=0.7R’

Changing the radius from R to 2.11R, then hae

S=0.72.1R)*" #R° =S,



Conclusions

»! Quantum mechaicd treatment indicdes tha the wavefunction
IS non-singula at the classica singularity.

»! No singulaity could hase implicdions for informaion loss

»! Radiation is non-themd for collgpsing shell, until shell crosses
the horizon.

»! Entropy of the shell gpes to econstant at late times as predicted
by BelensteinrnHawking.



Future Work

»LConsiderinformeion entropy. Use to iivestigate entanglement

» Investigate backreaction from the viev point of the infalling
obsever.

»Investigate dternaive metrics such a ReisnerNordstrom.



