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Part I: Quantum correlations and black holes

= Subject: New approach for radiation problems in curved space.
Quanum coreaiosanasr ™ StrUCtUre:

Cosmology 0 Black hole evaporation following the standard formalism.
EC 0 Difficult application of the standard approach when

backreaction effects are considered.
0 New approach to solve the problems: correlation functions.
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= Subject: New approach for radiation problems in curved space.
Quanum coreaiosanasr ™ StrUCtUre:

Cosmology 0 Black hole evaporation following the standard formalism.
EC 0 Difficult application of the standard approach when

backreaction effects are considered.
0 New approach to solve the problems: correlation functions.

Part Il: Cosmology

= Subject: Cosmic speed-up due to new gravitational dynamics?
= Structure:

0 Observational evidence for the cosmic accelerated expansi
0 Possible explanations: dark energy, modified dynamics, ...
0 Modified dynamics:f(R) gravities.
0 Analyze the solar system constraints on these theories.

Gonzalo J. Olmo July 8N 2005 - p. 2/26




e QOutline

Quantum Correlations and BH

e Gravitational collapse
e Bogolubov coefficients

Black Holes evaporate
e Evaporation with backreaction

Bogolubov -Vs- Correlator
e New approach

Example: Conformal Invariance Part I .
Moving-mirrors and BH "
Beyond N

Quantum correlations

Cosmology

and
black holes

Gonzalo J. Olmo July 8N 2005 - p. 3/26




Gravitational collapse and quantization

e Outline

Quantum Correlations and BH
e Gravitational collapse

Past

e Bogolubov coefficients

Black Holes evaporate
e Evaporation with backreaction

Bogolubov -Vs- Correlator

e New approach

Example: Conformal Invariance
Moving-mirrors and BH

Beyond N

e Summary and Conclusions

Cosmology

Transient

The end

Future

Gonzalo J. Olmo July 8" 2005 - p. 4/26




Gravitational collapse and quantization

= Consider a scalar field

(x) = 3 [aith () +a/u (x)]

e Outline

Quantum Correlations and BH
e Gravitational collapse

Past

e Bogolubov coefficients

e Black Holes evaporate

e Evaporation with backreaction
e Bogolubov -Vs- Correlator

e New approach

e Example: Conformal Invariance
e Moving-mirrors and BH

e Beyond N

e Summary and Conclusions

Cosmology

Transient

The end

Future

Gonzalo J. Olmo July 8" 2005 - p. 4/26




Gravitational collapse and quantization

= Consider a scalar field

e Outline

Quantum Correlations and BH
e Gravitational collapse

= “IN” expansion:

Past

e Bogolubov coefficients

o Black Holes evaporate - . +
o Evaporation with backreaction (p(X) — Z| [a:n u:n ( ) a:n uln ( )]

e Bogolubov -Vs- Correlator

e New approach |n
e Example: Conformal Invariance Vacu u m Statea1 ‘ O> |n — O
e Moving-mirrors and BH

e Beyond N

e Summary and Conclusions

Transient

Cosmology

The end

Future

Gonzalo J. Olmo July 8" 2005 - p. 4/26




Gravitational collapse and quantization

= Consider a scalar field
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0(x) = Fi[a"ul(x) +a" U™ (x)
Vacuum statea”|0)i, = 0
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- 00 = 0+
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G4 =3 jlauf (%) +af uf (x)
@+ =7 [a(j)utu(j)ut(x) 4+ a(j)utTu?ut* (X)]

Vacuum statea®!|0)o, = 0
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| Future
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= At the horizon:
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Black Holes evaporate

= Number of particles detected lat (Hawking 1974)

in<O’NiOUt‘O>in — Zk‘Bikfz — eBrﬂv&n_l

= Planckian spectrum dt =

h
8TkgM
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Black Holes evaporate

= Number of particles detected lat (Hawking 1974)

in<O‘NiOUt‘O>in = Dk ‘Bik‘z — QSW:‘I*-)i—]_

= Planckian spectrum dt =

h
8kgM

= Uncorrelated outgoing radiatior THERMAL state

(Parker 1975),(Wald 1975)
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Black Holes evaporate

= Number of particles detected lat (Hawking 1974)

in<O‘NiOUt‘O>in = Dk ‘Bik‘z — QSW:‘I*-)i—]_

h

= Planckian spectrum dt = ST

= Uncorrelated outgoing radiatioh THERMAL state

(Parker 1975),(Wald 1975)

BIG PROBLEM : quantum information not radiated (Hawking 697

Apparent conflict betwee@M andGR:

Non-unitary evolution of quantum states

(Information Loss Problem)
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effect (backreaction) could restore the correlations.

July 8N, 2005 - p. 7/26




e Outline

Quantum Correlations and BH

e Gravitational collapse
e Bogolubov coefficients
e Black Holes evaporate

e Evaporation with backreaction

e Bogolubov -Vs- Correlator

e New approach

e Example: Conformal Invariance
e Moving-mirrors and BH

e Beyond N

e Summary and Conclusions

Cosmology

The end

Gonzalo J. Olmo

Evaporation with backreaction

= The outgoing radiation modifies the geometry. This
effect (backreaction) could restore the correlations.

= Charged black holes represent good toy models.
A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , Phyd R2003)

Strong correlations appear in the outgoing radiation:

CreI —

Cuwibr(X1,X2)

Cnbr(X1>X2>

e2K|xg—x2|

~ g WhereC(xi,x2) = in(0]((x1)9(x2)|O}in
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Evaporation with backreaction

= The outgoing radiation modifies the geometry. This
effect (backreaction) could restore the correlations.

» Charged black holes represent good toy models.
A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , PhyddR2003)

Strong correlations appear in the outgoing radiation:

Cool = Cuwbr (X1,%2) e2Kx1—x|

Cnbr(xlaxz)
= |nvolved computation ofi and3:

7 Unknowni, (O|N°Y|0)i, =
0 Unknown density matrix|0 >,n — ?

~ Sl whereC(x1,%2) = in(0]@(X1)®(X2)|0)in
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Evaporation with backreaction

The outgoing radiation modifies the geometry. This
effect (backreaction) could restore the correlations.

Charged black holes represent good toy models.
A.Fabbri, D.Navarro, J.Navarro-Salas and G.J.O. , PhyddR2003)

Strong correlations appear in the outgoing radiation:

e?K[x1—x2|

Crel — C\Nbr(X17X2)

Cnbr(xlaxz)

Involved computation oft and:

. Unknown.n<O]N°“t\O>m =

1O>|n — ’)

~ Sl whereC(x1,%2) = in(0]@(X1)®(X2)|0)in

Moving-mirror model physically equivalent but ...

0 Unclear computation aft and3.

0 Unclear relation between particles and energy fluxes.
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Bogolubov -Vs- Correlator

= The Bogolubov coefficients and[3 allow to
construct magnitudes such ,(0|N°“|0);, .
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Bogolubov -Vs- Correlator

= The Bogolubov coefficienta and[3 allow to
construct magnitudes such ,(0|N°“|0);, .

= The two-point correlator allows to "see" the
correlations among the outgoing particles.
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Bogolubov -Vs- Correlator

= The Bogolubov coefficients and[3 allow to
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e Summary and Conclusions
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Bogolubov -Vs- Correlator

The Bogolubov coefficients andf3 allow to
construct magnitudes such i, (0|N°|0);, .

e Outline

e Gravitational collapse

e Bogolubov coefficients

e Black Holes evaporate

escnpnnte The two-point correlator allows to "see" the
correlations among the outgoing patrticles.

e New approach

e Example: Conformal Invariance
e Moving-mirrors and BH

e Beyond N

Can we determin ;,(0|N°“t0);, directly from
in(0]@(X1)P(%2)|0)in ?

= YES!

= We can bypass the computationcofindf3 !!!
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New approach

= With the decomposition

O+ = Z[a?UtU?Ut(X) 4+ a?utTu?ut* (x)]

We construct the normal-ordered operator

LX) P(X2) 1 = O(X1)P(%2) — out{0]O(X1)P(X2)|0)out
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New approach

= With the decomposition

T *
@ = TP + AT ()

We construct the normal-ordered operator

LX) P(X2) 1 = O(X1)P(X2) — out(0]@(X1)P(X2)|0) ot

= Using the scalar produ (fy|f,) = —i dz*f; 8 .f3
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New approach

= With the decomposition

e Outline 1—
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New approach

= With the decomposition
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s We construct the normal-ordered operator

e Example: Conformal Invariance (P(Xl) (p(XZ) . = (p(Xl) (p(XZ) — out <O’ (p<Xl) (P(XZ) ‘ O> out
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Product of operators:
el = (U (0 ) | (U9 (o) |2 @(xa) Plx2) 1)

Number of particles:

in(O[NP“|0)in = % dZEdZ‘Z’[uf’“t(xl)?u][uiO“t* (XZ)?V] in(O]: @(x1)@(X2) :|O)in
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Example: Conformal Invariance

= |n d-dimensional Minkowski space, a conformally

iInvariant field theory satisfies:
e Gravitational col.la.psiS C
e OO0V =
e ax |2/ | ax |2/
n(0l@y)®(y2)[0)in = |- |5c|  in(0[e(x1)@(x2)|0)in
0y |y, 19Y|x
1 2
= Normal-ordered two-point function
The end QX)) P(x2) : = O(X1)P(X2) — out{0]O(X1)P(%2)|0) out
A/d | 5 o 1A/d
_ _ Ay, | ay dy C C
n(0: @O0 @02) |0 = |3| (5|, By T e

It vanishes for Conformal Transg ;,(0|N°Y|0)i, = O.
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Example: Conformal Invariance

= |n d-dimensional Minkowski space, a conformally
iInvariant field theory satisfies:

C
n(0l@(y1)@(y2)|0)in = Vi — Y[
ox A/d ox A/d
n(0l@y)@(y2)10)in = |5 |52| in(0/@X1)@(x2)|0)in
Y|y, 10Ylx,

= Normal-ordered two-point function
LX) P(%2) 1 = O(X1)P(X2) — out(0]@(X1)P(X2)|0)out

A/d | g, 1B/ - -

ay . Cc
xg 1%l2  Iy(xa)=y(x)[A [x—xp|A

0X

in(0[: @(x1)@(X2) :|0)in =

It vanishes for Conformal Transt ;,(0|N°Y|0);, = 0.

= [3;; should vanish for all Conformal Transf.
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Moving-mirrors and black holes

Y = Number of particles:

: outjny, . 1
« Gutine in (0N [0)in = — £, dXadXoUy (X1 ) U (X2) X
T { Y (%)Y (¥2) 1 }
e Gravitational collapse >< 7 — YV RVRY
e Bogolubov coefficients Mirror / » {/ 4 [y(Xl) _y(X2>] (Xl_XZ)
e Black Holes evaporate . N
o , Trajectory . .
e Evaporation with backreaction : N

= Exponential trajectory (NBR):
y(X) =Yo— ze<* = THERMAL
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Alternative approach to study radiation problems:
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- in terms of correlation functions:(o]: e(x:)@(x2) :|0)in

e Evaporation with backreaction

e Outline

e Gravitational collapse

= Clear visualization of particle production:

particles are produced when the correlator deviates frem it
Cosmology vacuum value

The end

= Technically more accessible and intuitive.

= Clarifies an apparent tension between particle
creation and energy fluxes in curved space.

Allows to detect localized thunderbolts.
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Second assumptios- dynamics ofa(t) .

Observations tell us about the geometry of the
universekk ~ 0, a(tg) > 0.

= d(tp) > 0 was unexpected only 10 years ago.
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» "f(R) gravities" stands for:
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= Leads to early-time inflation
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o GR + cosmological constant ifR) = R— 2A

» Starobinsky mode(1980: f(R) = R+ &

= Leads to early-time inflation

» Carroll et al. mode(2004): f(R)=R-k

= Leads to late-time acceleration

= GR could just be a good approximation at
Intermediate curvatures.
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the same equations of motion.
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Gonzalo J. Olmo July 8, 2005 - p. 19/26




e Outline

Quantum Correlations and BH

Cosmology
e Standard cosmologies

e Accelerating Universe

e Mechanism for the acceleration
e f(R) gravities

e Constraining the lagrangian

e PN limit I: Scalar-Tensor

e PN limit II: Metric

e PN limit IlI: Palatini

e Summary and Conclusions

The end

Gonzalo J. Olmo

Search for a suitable f(R)

= By trial and error:(very common method)
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Constraining the gravity lagrangian

Take a clean scenario to test gravity.

o Cosmology is not a clean laboratory.

0 The solar system Iis more appropriate.

Compute the predictions of the theory in that

regime post-Newtonian limit .

Confront predictions with experimental data.

Determine the observational constraintsfgR).
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PN limit I: Scalar-Tensor representation

= The original actiors= 2%, d*xy/=gf(R) +Sn(gw, V)

can be rewritten as follows:
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PN limit Il: Metric formalismor wW=0
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their late-time cosmological predictions.
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