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difficult and non-intuitive

The End

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

= Qutline
0 Part |. Hawking radiation: standard derivation.
= Basics of quantization in curved spacetime.
= Gravitational collapse in Vaidya spacetime.
= Hawking radiation and the information loss problem.
0 Part Il . New approach: correlation functions.
= Number operator in the new approach.
= Conformal symmetry and thermal radiation.
= Particles, energy fluxes and thunderbolts.
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The End The splitting into positive and negative frequency solusio
depends on the symmetries of the spacetime:

= |In Minkowski uJ(t X) = —iwju;j(t,X), wj > 0 ,t = global inertial time
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Bogolubov transformations

In a non-stationary spacetime witlvo asymptotic stationary regions
In the past N region): In the future QUT region):
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10)in Is seen by a®UT observer as a multiparticle state :

t
NPt = aj" Ta(j)Ut = in(OINP"0)in = Yk |Bik|*

= Changes in the geometry lead to particle production.
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0 Perfect spherical symmetry.
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Quantization in Vaidya spacetime |

= The line element can be written as:

42 —dv2 + 2dvdr+ r2dQ? v<vVp  Minkowski
—(1—M)dv? +2dvdr+r2dQ? v>vy Schwarzschild
or in conformal gaugas
—dvdyy, +r3dQ? v <V

ds? =
— (1= M) dvdupy; +r2,dQ%  v> v

—UYn _ . - — — Fou—2M
where 5 = rip(v,uin) and 52 = roy(V, Uoyt) +2MIn {“U‘ZM } .
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Particle production in Vaidya spacetime

= To determine the number of particles we need to compByig

B = —(FOH, fine) =

_ 1
211

\/g X'Zo dve—ioo(v—4M In [V'j”\;v} ) —iw/v
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Particle production in Vaidya spacetime

= To determine the number of particles we need to comPyie

By = — (3, T1%) =

_ 1
211

w

w

VH
i dv

e—ioo(v—4l\/| In {V';'MV} ) —iw/v

= The main contribution comes from the near-horizon region

VX VH < Ugut — .
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By = —(f3", f0") = — 3/ &

2/

VX VH < Uyt — ™.

plane waves:
out _ 1
Uin" = & e

(j+1)e

weZTunoo/suout

VHd

= 4

/

\

Particle production in Vaidya spacetime

= To determine the number of particles we need to comPyie

|oo<v 4M In {V'Z{MV} ) —iwv

= The malin contribution comes from the near-horizon region

= Since in (0|N2Y0)i, diverges,we use wave packets instead of

Sensitive withire of w; = je
Picked aboutigyt = 2 /€

We need the limih — oo
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Particle production in Vaidya spacetime

To determine the number of particles we need to compBe

By = —(f3", f0") = — 3/ &

Vi dve |w<v 4I\/Iln{v'j”\;vD—iw’v

2/

The main contribution comes from the near-horizon region
V%VH <~ uOut — 00,

Since in (O|N2"|0)i, diverges,we use wave packets instead of

plane waves:
out _ 1

H—l

(
Sensitive withire of wj = J&

dee?™M@/Eyout  — ! picked aboutioyt = 2/

We need the limih — o«

\
The distribution of particles follows Rlanckian spectrum

in{OING"|0)in =

8T[|\/IooJ B

0 THERMAL RADIATION!
1 _ h ~ —7M
atT = SkaM 10 WQ K
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Particle production in Vaidya spacetime

= To determine the number of particles we need to comPyie

e Motivation and Outline VH —V .
B - _(fout fin*> _ 1 /W V|_| d IU)(V 4I\/I|n{ QM D_lev
wd = oty )= Ton\

e Canonical Quantization

" Bogoluboy transiomaons = The malin contribution comes from the near-horizon region

e Gravitational collapse
e Quantization in Vaidya |

« Quanizaton n Vi VR VH < Ugyt — .
= Since in (O|NS'|0)i, diverges,we use wave packets instead of
plane waves:
The End ( Sensitive withire of wj = je
Ut = \% UHDE goe2minw/ey, ot =< Picked aboutioyt = 2mm/e
We need the limih — oo

= The distribution of particles follows BRlanckian spectrum
THERMAL RADIATION!
in(0 ’NOUt|O> — W

1 . _7|v|~
atT_m 10 K

= The thermal nature of the radiation is a very robust result.
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Information loss and correlations

Singularity

+ Incoming
matter

N
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Un & VH — , Which assumes a fixed background.

= Backreaction effects strongly modify the evaporation pesc
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A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , PhyslR003)

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

= The analysisof the radiation with backreaction and in
moving-mirror modelsising the standard approach
(Bog. coefficientyis highly non-trivial and non-intuitive :
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® B dunderols = Can we determin j, (O|N°“|0);, directly from the correlation
e Beyon

e Summary and conclusions

functions i (0]@(X1)@(%2)|0)in ?

= YES!

The End

= We can thus bypass the computatioroadindf3 !!!
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The End
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Example: Conformal Invariance

= |n d-dimensional Minkowski space,@nformally invariant field

theorysatisfies:

in(0]@(y1)®(y2)|0)in

in(0]®(Y1)@(Y2)|0)in

C

ly1 — 2|22

OX
oy

A/d

X1

OX
oy

A/d

X2

in(0]®(x1)@(%2)|0)in
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= |n d-dimensional Minkowski space,conformally invariant field

o Motivation and Outline theorys atisfies:
Hawking radiation C
n (Ol0YL)@y2) [0 = 10— o

e Number and 2P correlator

° pplictio thrmalrdiation aX A/d ax A/d

e Moving-mirrors and fluxes in <O‘ (p(yl) (p(yZ) ‘ O> in — a_ ~ in <O‘ (p<xl> (p<X2> ‘ O> in
° :H and thunderbolts y Xl ay X2

e Beyond N

e Summary and conclusions

= Normal-ordered two-point function
(X)) P(X2) = @(X1)P(X2) — out{O0]P(X1)P(X2)|0) out

AJd | 4 1B/d - .
o y(x0)—=y(x2)|?2  [x1—Xg|?A

The End

oy

0X

oy
0X

in(0]: @(x1)@(x2) :|O)in =

It vanishes for Conformal Transt- in<O|Ni°“t\O>in = 0.
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Example: Conformal Invariance

= |n d-dimensional Minkowski space,conformally invariant field
theorysatisfies:

C
n(0l@(y1)@(y2)[0)in = V1= ya[?
ox A/d ox A/d
n(0lo(y1)@(y2)[0)in = |+ — | in{0]@(x1)®(X2)|0)in
Y|y, 10Ylx,

= Normal-ordered two-point function

QX)) P(X%2) - = O(X1)P(X2) — out(0]@(X1)P(X2)[0)out
A/d | 5 1A/d c c
2 ly(a)-y(x)|?2  [xg—xo|®

oy
0X

Y

0X

in(01: @(x1)@(x2) :[O)in =

X1

It vanishes for Conformal Transk in(O\NiOUt\O>in = 0.

= Sincejn (ON°"0)ir = T |Bij|? thenB;; should vanish for all
Conformal Transformations:or Special C.T. this is not trivial
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Application: thermal radiation

= |n 2D the number of particles can be expressed as:
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1
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Application: thermal radiation

= |n 2D the number of particles can be expressed as:

- <O]NEUt’O>in __1 jooodxldxzuk(xl)ufz(xz) {[V(Xl)yl(xz) 1 }

= Inserting y(x) ~ xq — &

NOO10>2 -

Tt

400
e Oxedx

K

e i 0)1X1—|—i WoXo

y(x1)—y(x2)]?  (Xx1—x2)?

and using ug(X) = ———e '@ ;

VG

N

|

K2e—K(x1—x2) B 1
(e K(1=X2) _1)2  (x1—Xp)?
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Application: thermal radiation

= |n 2D the number of particles can be expressed as:
e Motivation and Outline 1 o % y/ (Xl )y’ (XZ) 1
in(OINOY0Yin = —= = dxqdXou(Xq Ui (X [ —
Hawking radiation In< ‘ k ’ >In T —% 1 2 k( 1) k( 2) [y(Xl)—y(X2>]2 (Xl_X2>2
. kx . .
» Bogolubov -Vs- Correlator » Inserting y(x) ~ x4 — £~ and using ug(x) = ———e %X
e Number and 2P correlator y K ™ 4TI
e Example: Conformal Invariance o . 2 —K(X _x )
—_ 1o e AT | _kfe M) 1
.ingmirrsandﬂues NOO_‘]_()JZ —00 XmdX2 4]'[2 /wlwz (efK(leXZ)_l)Z (Xl_XZ)Z
e BH and thunderbolts
et = A change of variable® = x; + X, allows to make one integral:
_ O(wm—up) How Q.7 | _K2e KT 1
N = = Zm /e, —» 7 € e 17 @ P
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Application: thermal radiation

Yy 1 }

y(x1)—y(x2)]?  (Xx1—x2)?

In 2D the number of particles can be expressed as:
n{OINS{0)in = — 3 %, doacot(xa) U (%) |

. . efKX . - 1 i )
Inserting y(x) ~ x4 — S— and using ug(x) = Tt 10X

B 400 e—i(x)1X1—H(x)2X2 Kze—K(Xl—Xz) 1
Nw1w2 — 7 dX]_dXZ 4-’-[2 /031002 |:(eK(X1X2)1)2 o (X]_—X2)2:|

A change of variable™ = x; 4 X, allows to make one integral:

O —wp) 4o g Q. 7 | K& KE
Ny, = — 2T,/ Wy — dz'e (e Kz _1)2

The last integral leads td,, = (w1 — Gy) [

- 7]
1
eZTﬁDl —1]
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Application: thermal radiation

In 2D the number of particles can be expressed as:

n (OINQ™[0)in = —3 % dhachei (xa)ug (xe) | REeeey — Ao
Inserting y(x) ~ x4 — %= and using uy(x) = e '

Ny, = — T dxdx e:g%(z {(eKie(}le(g)le))Z - (Xl—lxz)z}

A change of variable™ = x; + X, allows to make one integral:
Neywyp = —%wl—% Te dz e T {(eKzKezlizl)z - (21)2}

The last integral leads td¥y, ¢, = 8(01 — wp) [ Py

1
2y

Inserting wave packets we fin Nij = §j;
e kK —1
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Application: thermal radiation

In 2D the number of particles can be expressed as:

1

n(OINEU[O)in = —3 %, chxadboti(xa) Uy () | L), —

' _ 1 —iwx -
and using ugy(x) = T
+00 e 1w1Xx1 Hwpxp K2e—K(X1—x2) - 1
oo UX0 0% ATE /031 6 [(eK(X1X2)1)2 (X1 —X2)?

Inserting y(x) ~ xy — £~

Nwlwz -

(x1—X2)?

A change of variable™ = x; 4 X, allows to make one integral:

O —wp) 4o g Q. 7 | K& KE 1
Noye, = — Zm/loolwz o dZ7 e {(eKZ—l)2 B (Z>2}
The last integral leads tdNy, ., = 0(wW1 — Wy) [ 21'[(31

eK—1]

Inserting wave packets we fin Nij ~ &j —m—
e Kk —1

Other magnitudes require the use of all the correlators:

0)in = oux(010}inexp(£5i€ ¥ /b)) [O)ou
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= Number of particles:
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Mirror
Trajectory
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= Number of particles:
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Though the black hole contains a finite
amount of energythe emission of a
thunderbolfwhich is a purely topological
effect,breaks the consistency of the
semiclassical approach
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= \We have studied quantum radiation problems from two differe
approaches:

[
[

Standard formalism dBogolubov coefficients
New approach usingorrelation functions

m The standard formalism

[
[

Difficult application and interpretation.
Obscure manifestation of the symmetries.

= The use oforrelators

[]

Simplifies some technicalities and allows foriatuitive
Interpretation of the process of particle creation and emission
of energy fluxes.

Clear implementation of the symmetries

Allows to detectocalized fluxes of particles and energy
Indicates thainformation loss and violation of energy
conservation are intimately related
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