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Motivation and Outline

n Motivation:
The analysis of quantum radiation problems in curved space using
the standard formalism of Bogolubov coef�cients is technically
dif�cult and non-intuitive.

n Aim: to introduce analternative approach technically more
accessible and intuitive.

n Outline:
u Part I . Hawking radiation: standard derivation.

n Basics of quantization in curved spacetime.
n Gravitational collapse in Vaidya spacetime.
n Hawking radiation and the information loss problem.

u Part II . New approach: correlation functions.
n Number operator in the new approach.
n Conformal symmetry and thermal radiation.
n Particles, energy �uxes and thunderbolts.
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Part I:

Hawking radiation: standard derivation
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Canonical Quantization in curved space

n Consider a free, massless, scalar �eld,� f = 0, and its expansion

f (x) = å i aiui(x)+ a†
i u�

i (x) , where(ui ;u j ) = di j , (ui ;u�
j ) = 0.
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xµÑµu j (x) = � iw ju j (x) , wherexµÑµ � ¶t � Killing time.



l Motivation and Outline

Hawking radiation

l Canonical Quantization

l Bogolubov transformations

l Gravitational collapse

l Quantization in Vaidya I

l Quantization in Vaidya II

l Particle production

l Information loss

l Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo UCM, September 15th, 2005 - p. 5/21

Bogolubov transformations
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n Changes in the geometry lead to particle production.
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Gravitational collapse in Vaidya spacetime

n We will assume:
u Perfect spherical symmetry.
u Unimportant details of the collapse.
u Other simpli�cations.

n Vaidya spacetime line element:

ds2 = �
�

1� 2M(v)
r

�
dv2 + 2dvdr+ r2dW2

solution corresponding toTvv = dM(v)=dv
4pr2 .

n Only the asymptotic regions are relevant

for particle production! Tvv = M0d(v� v0)
4pr2

n We need to solve� f = 0 in this
background.
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Quantization in Vaidya spacetime I

n The line element can be written as:

ds2 =

8
<

:
� dv2 + 2dvdr+ r2dW2 v � v0 Minkowski

�
�
1� 2M

r

�
dv2 + 2dvdr+ r2dW2 v � v0 Schwarzschild

or in conformal gaugeas

ds2 =

8
<

:
� dvduin + r2

indW2 v � v0

�
�
1� 2M

r

�
dvduout + r2

outdW2 v � v0

where v� uin
2 = r in(v;uin) and v� uout

2 = rout(v;uout) + 2M ln
h

rout� 2M
2M

i
.
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n Expandingf (xµ) = å l ;m
fl (t;r)

r Ylm(q; j ) we �nd
�

� ¶2

¶t2 + ¶2

¶r2 � l (l+ 1)
r2

�
fl (t; r) = 0 v � v0

�
� ¶2

¶t2 + ¶2

¶r2
�

� Vl (r)
�

fl (t; r) = 0 v � v0

with Vl (r) =
�
1� 2M

r

� �
l (l+ 1)

r2 + 2M
r3

�
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Quantization in Vaidya spacetime II

n NeglectingVl (r) and usingconformal coordinates:

¶v¶uin f = 0 v � v0

¶v¶uout f = 0 v � v0

since )

uout = uout(uin)

¶v¶uin f = 0 all v

¶v¶uout f = 0 all v
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n The thermal nature of the radiation is a very robust result.
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n Thermal radiationis intimately related to the relation

uin � vH � e� kuout

k , which assumes a �xed background.

n Backreaction effects strongly modify the evaporation process:
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vH � uout

! Non-thermal radiation!

A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , Phys.Rev.D (2003)

Extremal+matter! Near-extremal! Extremal+Hawking rad.
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Backreaction effects

n Thermal radiationis intimately related to the relation

uin � vH � e� kuout

k , which assumes a �xed background.

n Backreaction effects strongly modify the evaporation process:

uin � A� B
vH � uout

! Non-thermal radiation!

A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , Phys.Rev.D (2003)

Extremal+matter! Near-extremal! Extremal+Hawking rad.

n The analysisof the radiation with backreaction and in
moving-mirror modelsusing the standard approach
(Bog. coef�cients) is highly non-trivial and non-intuitive :

u Creation of particles without emission of energy?
u Is j0i invariant under conformal transformations?
u Is information loss related to violations of energy conservation?
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Bogolubov -Vs- Correlator

n Within the standard formalism, the Bogolubov coef�cientsa andb

are the only way to construct magnitudes such asinh0jNout
i j0i in .

n The two-point correlators allow to "see" the correlations among the
outgoing particles: long-range, short-range, crossed correlations. . .

n Can we determineinh0jNout
i j0i in directly from the correlation

functions inh0jf (x1)f (x2)j0i in ?

n YES!

) We can thus bypass the computation ofa andb !!!
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Number of particles and two-point correlator

n With the decomposition

f I+ = å [aout
j uout

j (x)+ aout
j

†uout
j

� (x)]

We construct the normal-ordered operator

: f (x1)f (x2) : � f (x1)f (x2) � outh0jf (x1)f (x2)j0i out
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Example: Conformal Invariance

n In d-dimensional Minkowski space, aconformally invariant �eld
theorysatis�es:

inh0jf (y1)f (y2)j0i in =
C

jy1 � y2j2D

inh0jf (y1)f (y2)j0i in =
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n Normal-ordered two-point function
: f (x1)f (x2) : � f (x1)f (x2) � outh0jf (x1)f (x2)j0i out

inh0j: f (x1)f (x2) :j0i in �
�
�
� ¶y
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�
�
�
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�
�
� ¶y

¶x

�
�
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2

C
jy(x1)� y(x2)j2D � C

jx1� x2j2D

It vanishes for Conformal Transf.) inh0jNout
i j0i in = 0.
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It vanishes for Conformal Transf.) inh0jNout
i j0i in = 0.

n Sinceinh0jNout
i j0i in = å k jbi j j2 thenbi j should vanish for all
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Beyond the number of particles
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n In expectation values only the "OUT" indices are free. The "IN"
indices are always summed over.
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indices are always summed over.

n Instead ofa ik;b jk we can use

Ci j = ~� 1
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j j0i in = ( b� a†) i j
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n We are free to choose between two representations:

f a;bg f N;Cg

"IN" and "OUT" indices "OUT" indices
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Summary and conclusions

n We have studied quantum radiation problems from two different
approaches:
u Standard formalism ofBogolubov coef�cients.
u New approach usingcorrelation functions.
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Summary and conclusions

n We have studied quantum radiation problems from two different
approaches:
u Standard formalism ofBogolubov coef�cients.
u New approach usingcorrelation functions.

n The standard formalism
u Dif�cult application and interpretation.
u Obscure manifestation of the symmetries.
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Summary and conclusions

n We have studied quantum radiation problems from two different
approaches:
u Standard formalism ofBogolubov coef�cients.
u New approach usingcorrelation functions.

n The standard formalism
u Dif�cult application and interpretation.
u Obscure manifestation of the symmetries.

n The use ofcorrelators
u Simpli�es some technicalities and allows for anintuitive

interpretation of the process of particle creation and emission
of energy �uxes.

u Clear implementation of the symmetries.
u Allows to detectlocalized �uxes of particles and energy.
u Indicates thatinformation loss and violation of energy

conservation are intimately related.
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Thanks !!!

¡Gracias!!!
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