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n Aim: to introduce aralternative approach technically more
accessible and intuitive

n Outline
u Part |. Hawking radiation: standard derivation.
» Basics of quantization in curved spacetime.
» Gravitational collapse in Vaidya spacetime.
» Hawking radiation and the information loss problem.
u PartIl. New approach: correlation functions.
» Number operator in the new approach.
» Conformal symmetry and thermal radiation.
» Particles, energy uxes and thunderbolts.
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Bogolubov transformations

In a non-stationary spacetime witlvo asymptotic stationary regions
In the pastiN region):

f09= &;dMun()+ a" Ul (%

al"jOijn =0
with xt, NP () = iwjull(x).

In the future QUT region):

f(X) — é-i a1putuiout(x)+ a19utTuiout (X)

aIQUtj Olout= 0

with xouNLU () = iwjuU(x).

UCM, September 1B, 2005 - p. 5/21




Bogolubov transformations

In a non-stationary spacetime witlvo asymptotic stationary regions

| Motivation and Outline In the pas't m reglon) In the future OUT reglon)

 Canonica Quanizaion f(X)= &, a}“u}”(x)+ a%nTUEn (X) f(x)= &; aIOUtUOUt(X)+ OUtTuout (%)

| Bogolubov transformations

| Gravitational collapse

| Quantfzat?on ?n Vaidyal alan O| i — 0 aIQUtj Ol out = O

| Quantization in Vaidya Il

| Particle production . : . r~ .
I Informatri)on loss Wlth Xl"l Np_uln(X) - IW] UIJn (X) Wlth XgutNouOUt(X) — IW] U?Ut(x) .
| Backreaction effects
Correlaion fnctons Since the two basis are complete:
The End
out — 2 T4 .. N .. qin _ -
U= = aijlajiy” + by ] i aji = (U uf)
wnere
out= 3 .13 al" b__ai_nT] bi = (uout uln )
a4 = ajlaiay  b;ja; Ji

Gonzalo J. Olmo UCM, September 18, 2005 - p. 5/21




Bogolubov transformations

In a non-stationary spacetime witlvo asymptotic stationary regions

| Motivation and Outline In the pas't n\l reglon) In the future OUT reglon)

| CanoicaIQuantization f()() = 4; a:nu=n(x)+ al!nTUEn (X) f(X) = & aIOUtUOUt(X)+ OUtTuout (X)

| Bogolubov transformations

| Gravitational collapse

| Quantizat?on ?n Vaidyal alan O| " — O aIQUtj Ol out — O

| Quantization in Vaidya Il

i E?:;Zf;?ﬁ%ont with xt, NP () = iwjull(x). with xouNLU () = iwjuU(x).
Conelation functons Since the two basis are complete:
U = &ifajiu+ byl | T ot i)
where
a’'= 3 j[a;al bijaij”T] bji = (U ul)

n JOIi, Is seen by al®UT observer as a multiparticle state :

Nout - gPutTaout | intOINOY0i in = & jbij?

Gonzalo J. Olmo UCM, September 18, 2005 - p. 5/21




Bogolubov transformations

In a non-stationary spacetime witlvo asymptotic stationary regions

| Motivation and Outline In the past m reglon) In the future OUT reglon)
f(x)= 3. in inX+ inT in X f 2 . n0ut, out + & outt out
| Canniel vtz () =aja 'y ()+a" u" (X ()= aja’"u (X u (%)
| Gravitational collapse
| Quantization in Vaidya in:n; - out; ni —
| guan:iza:ion inzaidza:l alln.l OI in - 0 al JOI out — O
| Particle production . : . r~ .
I InformatFi)on loss Wlth X Np_uln(X) - IW] UIJn (X) Wlth XgutNouOUt(X) — IW] U?Ut(x) .
| Backreaction effects
Correlaton functions Since the two basis are complete:
The End

Uit = &jlagiu + bjiul ] aji = (uf*u"

- where N
out — 2 in In o = out. ,,in
ai - aj[aijaj b”aj ] bjl (U U )

n |OIi, Is seen by al®UT observer as a multiparticle state :
NPt aUTaout 1 OINOUOiljn = & jloikj?
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Gravitational collapse in Vaidya spacetime

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

Vaidya spacetime line element:

d2= 1 MM g+ 2dvdr+ r2dw?

r

dM(v)=dv

solution corresponding t®,, = 2pr2

Only the asymptotic regions are relevant

Mod(v Vo)

for particle production T,y = 2pr?

We needtosolve f =0 inthis
background.
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Quantization in Vaidya spacetime |

n The lige element can be written as:

42 - < d\2 + 2dvdr+ r2dw? Vv Vo  Minkowski
: 1 M dv+ 2dvdr+ r2dW? v vg  Schwarzschild
orin cogwformal gaugas
< dvduyp + r2 dw Vo

d =
: 1 M dvduy+ r3gdW?  voov

h

in — - 2M
where Y51 = rip(vuin) and Y5 = royu(V; Uout) + 2MIn- 1222
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Quantization in Vaidya spacetime |l

n NeglectingVi(r) and usingconformal coordinates
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since )
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Particle production in Vaidya spacetime

n To determine the number of particles we need to compyiie:
|

Do =

(1 1) =

1

2p

wO  VH
w ydve

h
. VH Vv
iw v 4MIn v

iwdy
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Particle production in Vaidya spacetime

n To determine the number of particles we need to compyje:

Do =

(19 ) =

1qﬁ VH

2p

w

¥

dve

h i
. VH Vv
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n The main contribution comes from the near-horizon region

V VH

uOut I ¥ .
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Particle production in Vaidya spacetime

n To determine the number of particles we need to compyje:
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| Motivation and Outline VH V . q/
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| Quantization in Vaidya | I
| Quantization in Vaidya Il Vv VH y uOUt . ¥
nformation loss 1 ; NJOUt; N . 1 1
| omatoness n Since h,MJN;;"0iin diverges,we use wave packets instead of
Correlation functions plane Waves: 8
iclEnd 3 Sensitive withire of wj = je

1
uﬁ’r‘ft pl—é U+ )edweZP'”W‘euom ) > Picked aboutigyt = 2pn=e
We need the limin! ¥
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Particle production in Vaidya spacetime

-]

To determine the number of particles we need tOhCOmb\H\Rﬁ
VH V

Dy = (foutf e qu %0 VHd iw v 4MIn “Ho iwdy

The main contribution comes from the near-horizon region
V. VH , Uy! *¥.

-]

>

Since inNOjNSY0i i, diverges,we use wave packets instead of
plane waves: 3
3 Sensitive withire of wj = je
o -
U= pl—é j(ej+ )edweZp'”W‘eu\(,)\,“t ) Picked aboutigyt = 2pn=e

n B
* We need the limih! ¥

-]

The distribution of particles follows Rlanckian spectrum
out 1 THERMAL RADIATION!
inMOINGR 0l in = gy —

1 _ - 7M
atT—W 10 WK
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-]

The distribution of particles follows Blanckian spectrum
THERMAL RADIATION!

: out 1
mij JOI in = 8p|\/|Wj 10 7MW K

1 atT =

8pk
The thermal nature of the radiation is a very robust result.

-]
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Information loss an

Singularity

+ Incoming
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Flat geometry

d correlations
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UCM, September 18, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

Canonical Quantization
Bogolubov transformations
Gravitational collapse

Quantization in Vaidya Il
Particle production

| Information loss

| Backreaction effects

|
|
|
| Quantization in Vaidya |
|
|

Correlation functions

The End

Gonzalo J. Olmo

Information loss and correlations

FUTURE = "OUT" region

+
| Future

Outside the Bl

7 .
s Incomin
4 matte

4

Flat geometry

PAST = "IN" region

UCM, September 1B, 2005 - p. 10/21




Information loss and correlations

FUTURE = "OUT" region

n L.Parker(1979 and R.Wald(1979
"/ Future computed |+ ! completely thermal state

Outside the BF
rth= Pw(l e P8 e P™Kjn,ihnj

| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il L7 Incomin
| Particle production P matte

A e
| Information loss ’

| Backreaction effects
Flat geometry

Correlation functions

The End

PAST = "IN" region

Gonzalo J. Olmo UCM, September 1, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Information loss and correlations

FUTURE = "OUT" region

n L.Parker(1975 and R.Wald 1975
"/ Future computed |+ | completely thermal state

Outside the Bl

rih= Pw(l e 2P¥K)g8e PWXKjn,ihnj

n A particle emitted to |* is correlated
with another crossing the horizon and
carrying negative energy.

7 .
s Incomin
4 matte

Flat geometry

PAST = "IN" region

UCM, September 1B, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Information loss and correlations

FUTURE = "OUT" region

n L.Parker(1975 and R.Wald1975
"/ Future computed |+ | completely thermal state

Outside the BF
rih= Pw(l e 2P¥K)g8e PWXKjn,ihnj

n A particle emitted to | " is correlated
with another crossing the horizon and
carrying negative energy.

7 .
Incomin
matte

Flat geometry

n Evolution of the correlations:
(Uout = Uin  4MlIn % )

PAST = "IN" region

_ o~ U (Uour )W (Uout2)
|nmJ ﬂuout;l fﬂuout;z fJOI in — 4_p [Uin(uout;I)l Uin(Uoutt;ZZ)]Z

UCM, September 1B, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Information loss and correlations

FUTURE = "OUT" region

n L.Parker(1975 and R.Wald1975
"/ Future computed |+ | completely thermal state

Outside the Bt
rth= Pw(l e P"¥)&fe P jnyihnj

n A particle emitted to | " is correlated
with another crossing the horizon and
carrying negative energy.

7 .
Incomin
matte

Flat geometry

n Evolution of the correlations:

_ Vi U
(Uout = Uin  4MlIn TV )

PAST = "IN" region

i o~ U (Uour) U (Uout2)
PO fuoues Fluoucz TI0Nn = 25 5 Ciger) tin (o T2
Early times
~ 1
4P (Uout1 uout;2)2

Vacuum statejOii, | Oigut

UCM, September 1B, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Information loss and correlations

FUTURE = "OUT" region

7 .
Incomin
matte

Flat geometry

Outside the BF

PAST = "IN" region

L.Parker(1975 and R.Wald 1979
computed |+ | completely thermal state

rth= Pw(l e P"¥)&fe P jnyihnj

A particle emitted to |™ is correlated
with another crossing the horizon and
carrying negative energy.

Evolution of the correlations:

_ Vi U
(Uout = Uin  4MlIn TV )

: . N 0 (Uout |0n _
inmjﬂuout;lfﬂuout;z fJO| in — Uin {Uout1) Ui (Vout2)

Early times

~

4p (Uout1 Uout:2) 2

Vacuum statejOii, | Oigut

4p [Uin (Uout:1) Uin(Uout;Z)]2

Late times
~ e K(Uout:1 Uout:2)
4p [e K(Uout;1  Yout;2) 1]2

Thermal statejOiiy,  rtn

UCM, September 1B, 2005 - p. 10/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Backreaction effects

n Thermal radiations intimately related to the relation

Uin

VH

e Kuout
Kk

, which assumes a xed background.

UCM, September 18, 2005 - p. 11/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Backreaction effects

n Thermal radiations intimately related to the relation

e Kuout
Un VH K

, which assumes a xed background.

n Backreaction effects strongly modify the evaporation pasc

A B

VH Uout

Uin

Extremal+matter!

Non-thermal radiation!
A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , PhyslIRR003)

Near-extremal!

Extremal+Hawking rad.

UCM, September 18, 2005 - p. 11/21




| Motivation and Outline

Hawking radiation

| Canonical Quantization

| Bogolubov transformations
| Gravitational collapse

| Quantization in Vaidya |

| Quantization in Vaidya Il

| Particle production

| Information loss

| Backreaction effects

Correlation functions

The End

Gonzalo J. Olmo

Backreaction effects

n Thermal radiations intimately related to the relation

e Kuout
Un VH K

, which assumes a xed background.

n Backreaction effects strongly modify the evaporation pasc

A B

VH Uout

Uin

Extremal+matter!

Non-thermal radiation!
A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , PhyslR003)

Near-extremal!

Extremal+Hawking rad.

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

u Creation of particles without emission of energy?
u 1sjOi invariant under conformal transformations?
u Is information loss related to violations of energy conaéion?

UCM, September 18, 2005 - p. 11/21




| Motivation and Outline

Hawking radiation

Correlation functions

Bogolubov -Vs- Correlator

|
| Number and 2P correlator

| Example: Conformal Invariance

| Application: thermal radiation

| Moving-mirrors and uxes P I I .
| BH and thunderbolts art "
| Beyond N

| Summary and conclusions

The End

New approach: correlation functions




Bogolubov -Vs- Correlator

n Within the standard formalism, the Bogolubov coef cieatandb
| Motvaton and Outine are the only way to construct magnitudes suc j,FOjN°“0ij, .

Hawking radiation

Correlation functions
| Bogolubov -Vs- Correlator

| Number and 2P correlator

| Example: Conformal Invariance
| Application: thermal radiation

| Moving-mirrors and uxes

| BH and thunderbolts

| Beyond N

| Summary and conclusions

The End

Gonzalo J. Olmo UCM, September 1B, 2005 - p. 13/21




Bogolubov -Vs- Correlator

n Within the standard formalism, the Bogolubov coef cieatandb
| Motwation and Outine are the only way to construct magnitudes suc j,FOjN°“0ij, .

Hawking radiation

n The two-point correlators allow to "see" the correlationsag the

| umber and 2¢ corelto outgoing particles: long-range, short-range, crossegkkarons. ..

| Example: Conformal Invariance
| Application: thermal radiation

| Moving-mirrors and uxes

| BH and thunderbolts

| Beyond N

| Summary and conclusions

The End

Gonzalo J. Olmo UCM, September 18, 2005 - p. 13/21




| Motivation and Outline

Hawking radiation

Correlation functions
| Bogolubov -Vs- Correlator

| Number and 2P correlator

| Example: Conformal Invariance
| Application: thermal radiation

| Moving-mirrors and uxes

| BH and thunderbolts

| Beyond N

| Summary and conclusions

The End

Gonzalo J. Olmo

Bogolubov -Vs- Correlator

n Within the standard formalism, the Bogolubov coef cieatandb
are the only way to construct magnitudes suc i, 0| Ni°“tj i

n The two-point correlators allow to "see" the correlationsag the
outgoing particles: long-range, short-range, crossegkt@ons. ..

n Can we determin j,FOjN°"j0i;, directly from the correlation

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

UCM, September 1B, 2005 - p. 13/21




Bogolubov -Vs- Correlator

-]

Within the standard formalism, the Bogolubov coef cieateandb
| Motwation and Outine are the only way to construct magnitudes suc j,FOjN°“0ij, .

Hawking radiation

n The two-point correlators allow to "see" the correlationsag the

| Number and 2P correlator OUth|ng paruCleS. |Ong'range, Short'range, Crossemmmns ..

| Example: Conformal Invariance
| Application: thermal radiation
| Moving-mirrors and uxes

N n Can we determin i, 0 Ni°“tj0i in directly from the correlation
eyon
| Summary and conclusions . . N
o functions i, M0jf (X9)f (X2)]0iin ?
» YESI!

) We can thus bypass the computatioracdndb !!!
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n The standard formalism
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Dif cult application and interpretation.
Obscure manifestation of the symmetries.

n The use otorrelators

u

Simpli es some technicalities and allows for artuitive
Interpretation of the process of particle creation and emission
of energy uxes.

Clear implementation of the symmetries

Allows to detectiocalized uxes of particles and energy
Indicates thainformation loss and violation of energy
conservation are intimately related
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