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Black holes in the framework of semiclassical
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Abstract— We present some open questions concerning black
hole physics that illustrate the interplay between gravitation,
quantum field theory, thermodynamics, and quantum informa-
tion theory. Namely, we discuss how black holes can lead to loss
of quantum coherence due to a complete evaporation process,
how the nature of black hole entropy can lead to insights on
how and where they storage information, and how decoherence
may occur even if a quantum state is merely in the vicinity of a
black hole.
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I. INTRODUCTION

Black holes are defined as regions of spacetime from which
not even light can escape from, thus, they are causally discon-
nected regions. When considering both quantum field theory
and general relativity, one is naturally led to the formalism
of semiclassical gravity, in which black hole dynamics has
led to many important questions. Most notably, concerning
the preservation of information during their formation and
complete evaporation [1], the nature of the degrees of freedom
responsible for their entropy [2], [3], [4], and decoherence of
quantum states due to long-range fields [5]. As simultaneity is
a relative concept, in order to provide a covariant description
of such dynamics, analysis over time in this framework is
given by “slices” of spacetime, such that each “slice”, 3,
can be interpreted as an “instant of time”. Consequently, the
protagonist is the state of a quantum field on each slice. In this
paper, we present these problems to highlight how gravitation,
quantum theory, and thermodynamics give rise to them, and
stress that, even though they can be rigorously posed, it is
evident that their solution will only be possible in light of
an adequate description of the fundamental interactions at
the Planck scale. Emphasis is put on the fact that none of
these issues are necessarily “paradoxical”, but they remain
interesting questions that can lead to the development of a
more comprehensive theory.

II. BLACK HOLE INFORMATION PROBLEM

Suppose one starts with a pure state describing a time
independent energy distribution that will eventually collapse to
form a black hole. Following the conjecture that black holes
always reach a stationary configuration, the Hawking effect
implies an evaporation process. In expectation of a physically
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acceptable class of states, one imposes the Hadamard condi-
tion, such that the two-point function is given by
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which implies that there will be entanglement between
causally complementary regions in spacetime. If one assumes
that black holes evaporate completely, there will be informa-
tion loss due to a non-unitary dynamical evolution (see Figs.
1 and 2). Namely, information loss is a physical prediction of
semiclassical gravity [1]. This result may be interpreted as a

consequence of the singularity “opening” the system.
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Fig. 1. Conformal diagram of a spherically symmetric black hole that has
completely evaporated, as a consequence of the Hawking effect.
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Fig. 2. TIllustration of how black holes can lead to loss of quantum coherence
in the process of complete evaporation.
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III. BLACK HOLE ENTROPY PROBLEM

Classical properties of black holes are mathematically anal-
ogous to the laws of thermodynamics (see. Table I). A
physical correspondence was proposed due to the Hawking
effect, which predicts that black holes will effectively emit an
approximately thermal spectrum of particles with temperature
given by the Hawking temperature,
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where x is the black hole surface gravity. Similarly, it was
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TABLE I
CLASSICAL PROPERTIES OF STATIONARY BLACK HOLES.

H Black holes ‘

constancy of k

POM = EE5A + QIL + dg

0A>0
A — constant as k—0

Zeroth law

First law

Second law
Third law

proposed that black hole entropy is given by Bekenstein-

Hawking entropy, s
C kBA
Spr = TR (3)

where A is the black hole area. However, if one “naturally”
interprets this entropy to be the entanglement entropy of
the quantum field degrees of freedom inside the black hole,
one is led to a contradiction between the evolution of the
entanglement entropy associated with the Hawking effect (blue
line in Fig. 3) and the Bekenstein-Hawking entropy (black line
in Fig. 3). It is precisely due to the fact that one does not know
how to describe the degrees of freedom responsible for black
hole entropy that one is led to this apparent contradiction. A
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Fig. 3. Qualitative sketch of the Page curve, entanglement entropy, and
Bekenstein-Hawking entropy over time.

notable proposal to remedy this is given by the “Page curve”
[4], which states that at some “Page time” radiation predicted
by the Hawking effect should strongly deviate from thermality.
In this perspective, the expected evolution of the entanglement
entropy would be given by the red line in Fig. 3, but it is
challenging to conceive a mechanism responsible for such
deviations at arbitrary energy scales.

IV. GRAVITATIONALLY INDUCED DECOHERENCE

It has been shown that the presence of a black hole will
eventually decohere a quantum spatial superposition due to
the long-range field associated with charges, more precisely,
the Coulombian and Newtonian fields. This decoherence, 2,
is mediated by the emission of soft particle, such that

9 =1—exp <;<N)> 4)

If the a initial spatial superposition is separated by d, while
being at a distance D from a black hole with mass M, the
expected number of entangling soft photons/gravitons for each
case are given, respectively, by [5]
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where ¢ and m are the associated electromagnetic and grav-
itational charges. In particular, a local description of this
decoherence phenomena for the case of a black hole requires
the Hawking effect, hence, it is expected that this type of
gravitationally induced decoherence be fundamentally related
to other two issues presented in this paper.

V. CONCLUSIONS

The open questions concerning the loss of quantum coher-
ence due to black holes and the degrees of freedom responsible
for its entropy indicate an intimate connection between quan-
tum theory, thermodynamics, and gravitation. Indeed, they are
perhaps some of the most interesting clues available to the
development of a more general theory of fundamental inter-
actions. Below we summarize the most pertinent questions.

» Does black hole complete evaporation imply information
loss in a complete theory of gravity?

» How to describe time evolution of black hole entropy?

» What and where are the degrees of freedom are respon-
sible for black hole entropy?

» How to evaluate the universal entanglement entropy as-
sociated with the Hawking effect?

» What is the role of decoherence to the development of
quantum gravity?
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