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Abstract: The information paradox suggests that the black hole loses information when it
emits radiation. In this way, the spectrum of radiation corresponds to a mixed (non-pure)
quantum state even if the internal state generating the black hole is expected to be pure
in essence. In this paper we propose an argument solving this paradox by developing an
understanding of the process by which spontaneous symmetry breaks when a black hole
selects one of the many possible ground states and emits radiation as a consequence of it.
Here, the particle operator number is the order parameter. This mechanism explains the
connection between the density matrix, corresponding to the pure state describing the black
hole state, and the density matrix describing the spectrum of radiation (mixed quantum
state). From this perspective, we can recover black hole information from the superposition
principle, applied to the different possible order parameters (particle number operators).

Keywords: information paradox; black holes; Hawking radiation; spontaneous symmetry
breaking

PACS: 03.65.—w Quantum mechanics; 03.67.—a Quantum information; 04.62.+v Quantum fields
in curved spacetime; 04.70.Dy Quantum aspects of black holes, evaporation, thermodynamics

1. Introduction

Black holes are compact objects containing huge amounts of mass in a very small space-
time region [1,2]. They develop a surface called the event horizon. Once a particle enters
the event horizon, classically, it can never escape, no matter how much energy is invested in
the process. Initially, it was believed that black holes were completely black, unable to emit
particles. However, it was subsequently demonstrated by Hawking that the black holes also
emit radiation [3,4]. This result was important because without this emission of radiation,
some fundamental laws of thermodynamics would be violated [5-7]. For example, the
first law of thermodynamics requires an appropriate definition of temperature in order
to respect energy conservation. The Hawking radiation, however, brought, by itself, one
problem: namely, the famous information paradox [8]. The black hole information paradox
had been formulated by Hawking by the time he discovered the black hole evaporation
process. Hawking realized that while the radiation emerging from a black hole is thermal
in nature, and it only depends on the mass, charge, and angular momentum of the black
hole, there are still an infinite number of ways to generate the same black hole with the
same macroscopic properties. Thus, the same thermal radiation coming from a black hole,
could be developed by any of the infinite possible microstates (internal states) consistent
with the black hole macrostate with mass M, charge Q and angular momentum J. While
each internal configuration of the black hole represents a pure state, the thermal radiation,
being associated with all possible internal configurations, is represented by a mixed quan-
tum state. This is the case because there is no correlation between thermal radiation, and
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as such, information cannot be carried out from the black hole. This lack of correlation
occurs because the backreaction of the emission is not being counted. This is basically
the root of the information paradox. In the past, other authors have proposed potential
solutions to the black hole information problem. In [9], a possible solution was found when
a non-thermal spectrum was found after calculating the backreaction. Then, in [10], it was
demonstrated that there are correlations in a non-thermal spectrum. It was also found
in [11] that entropy is conserved during black hole evaporation. In this paper, we take a
different point of view and we propose an argument for solving the paradox. The starting
point is the fact that black hole evaporation can be expressed as a natural consequence of
the spontaneous breaking of the symmetry under exchange of internal configurations [12].
This symmetry keeps the same mass M, angular momentum L, and charge Q invariant.
From this perspective, the vacuum expectation value of the particle number, defined as
< 0]n;]0 >, corresponds to an order parameter, being zero before the formation of the
black hole and non-zero after its formation. When the black hole has some specific mass,
angular momentum, and charge, it has infinite possible ground states. In other words, we
have a vacuum degeneracy, typical from in processes involving spontaneous symmetry
breaking. When the black hole selects one among the many possible ground states, it emits
radiation, and this is equivalent to tracing out all the other possible vacuum states. The
difference between this case and the ordinary breaking of spontaneous symmetry is that
here, we have the possibility of having an entanglement between the different possible
ground states. The information paradox disappears when we sum all the possible order
parameters (particle number operators), showing that this sum must be equal to zero, and
recovering, in this way, the trivial ground state before the gravitational collapse. Then, the
original ground state, before the formation of the black hole, is equal to the sum of all the
possible ground states after the formation of the black hole. We can interpret this as the
possibility of emitting antiparticles in addition to the ordinary particles.

2. The Schwarzschild Solution

For simplicity, we will focus on the Schwarzschild case. For the other cases, the
extension is direct. The metric is defined as [1]

-1
mz::(lmiw)dﬂ+<12f54> dr? + r*dQ?. (1)

The event horizon is defined at ry = 2GM. Classically, when a particle approaches
a distance smaller than r, then it cannot escape from the gravitational influence of the
black hole. However, if we use arguments of Quantum Mechanics, then some particles
can escape, giving rise to a spectrum of thermal radiation. The arguments developed by
Hawking are explained in this section.

The Black Hole Evaporation Process

The black hole evaporation process emerges from a comparison between the vacuum
state before the formation of the black hole and the vacuum state after the formation of the
same body [13]. Before the formation of the black hole, the vacuum state is trivial or devoid
of particles, namely

bp|0 >=0. 2)

This vacuum state corresponds to the field expansion

9(x,t) = 1 (fobp + foby )- ©)
P
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After the formation of the black hole, the vacuum becomes nontrivial, and it is now
defined by
pl0 >=0. (4)

This vacuum state then corresponds to the field expansion
P(x,t) = Z(Ppﬁp + Pply +qplp + ‘7p5$)- ()
P

It is important to remark that the field expansions in Equations (3) and (5) contain
the same amount of information. The difference is with respect to which vacuum state
we expand, and, as a consequence, with respect to which modes we are expanding the
quantum field with. The effects of radiation emerge when we compare the vacuum states of
Equations (2) and (4). This comparison is possible via Bogoliubov transformations, which
are able to relate the quantum operators as
/ B

b (6)

dp = u p ~ Vppby

p.p

Then, when we try to annihilate the ground state defined in Equation (2) with the
operator dp, Equation (6) suggests

314910 2
< 0[fp|0 >= |op pr[* (7)

This means that the ground state now is full of particles, appearing through a spectrum
of radiation. It has been proved before that

S (8)
erx =1
The fact that the spectrum of radiation emerges from a non-zero value of the Bogoli-

ubov coefficient v, ., means that the Hawking radiation emerges from the mix of positive

1 0%
and negative frequency modes.

3. The Formulation of the Information Paradox

The no-hair theorem of black holes suggests that the physical state of a black hole can
be characterized by its mass M, angular momentum L, and charge Q [1,14]. These three
independent parameters are consistent with the huge amount of possible internal states of a
black hole Q). Even still, if Hawking’s calculation is right, then this means that the thermal
spectrum is independent of the details regarding how the particles inside the black hole are
arranged [13]. Thus, technically, the information about the internal details of the black hole is
lost. Another way to perceive this is by understanding that while each internal configuration
of the black hole corresponds to a pure quantum state, the spectrum of radiation corresponds
to a mixed quantum state. A pure quantum state obeys a unitary evolution as follows

[p(t) >= U(t, t2)[9(t2) >, )

and we can always express it as a ket (wave function). More generally, it is also possible
to express the quantum state through a density matrix, as p = |¢ >< ¢|. For pure and
mixed states, the trace of this operator is Tr(p) = 1. However, although for pure states the
idempotent condition 9> = g, or equivalently, Tr(p?) = 1, for mixed states this condition
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is violated, and, in general, Tr(p?) < 1. Although there is no ket representation for mixed
states, they can still be expressed with a density matrix of the form

N
p= Y pelye ><wil. (10)
k=1
Here, |1 > is some set of pure states. Equation (10) is then a superposition of pure states.
The essential idea behind the information paradox is that the black hole radiation is thermal,
because it corresponds to a mixed quantum state, which is a superposition of the pure states
represented by all the possible internal configuration arrangements of the black hole.

4. The Information Paradox from the Perspective of Spontaneous
Symmetry Breaking

The black hole evaporation process can be expressed as a consequence of the mecha-
nism of spontaneous symmetry breaking, where the black hole, having access to a huge
amount of possible ground states, selects one arbitrarily. When this occurs, then the black
hole emits particles in the form of radiation. Each different internal configuration corre-
sponds to a different ground state. In principle, if we follow the standard approaches, then
the different vacuum states would correspond to different Hilbert spaces at the thermody-
namic limit [15]. Yet still, we will see later that the ground states are entangled with each
other. The Lagrangian governing the dynamics of the emitted particles is

1., . .
£= Eaﬂn‘é(w)ayn“p(w) —V(n"(w)). (11)
The potential, V(7 ), is defined as
sy L oo Ps Ay
V(np) = FM My + 37 + 17 (12)

We could calculate the ground state by using the condition 0V /971 = 0. However,
due to the spacetime curvature, some kinetic term will still remain, and it cannot be ig-
nored in Equation (11); thus, we have to consider the full version of the Euler-Lagrange
equations. The symmetry of the system under exchange of internal configurations,
consistent with black hole entropy (exchange of particles), is spontaneously broken
when m? < 0. The signature of the parameter B tells us whether the particles evapo-
rating are bosons or fermions. The spectrum of radiation emerges from applying the
Euler-Lagrenge equations over the Lagrangian (11). The information paradox from
this perspective suggests that, while the trivial ground state before the formation of
the black hole can be represented with a pure quantum state, after the formation of
the black hole the vacuum is degenerate, with each vacuum state being represented by
each point at the bottom of the potential on Figure 1. Each possible ground state makes
a thermal emission of particles if the black hole selects them during the process. The
thermal emission then corresponds to a mixed quantum state, while the quantum state
corresponding to the internal configuration of the black hole is supposed to be a pure
quantum state. This is the source of the information paradox. In the coming section we
will look at how this important problem can be solved.
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Figure 1. The typical “Mexican hat” potential generated when we have degenerate vacuum states.
Each point at the bottom of the potential represents a vacuum state. When the black hole selects one
state, it breaks the symmetry spontaneously and then it emits radiation.

5. Mixed Quantum States and the Degenerate Vacuum

The fact that the evaporation process of a black hole corresponds to a spectrum
of radiation means that the emitted radiation is independent of the possible internal
configurations of the black hole. The degeneracy of the ground state is consistent with this
statement. However, more generally, this means that all the possible internal configurations
are entangled with each other. Initially, we would be tempted to express the superposition
of each possible internal configuration of a black hole with mass M, charge Q, and angular
momentum L as

0> 0 >0 +|0 >3 4.+ [0 >y
VN '

Here |0 >; corresponds to each possible ground state of the black hole. The quantum

p > (13)

state (13) corresponds to a pure state, as can be proved if we construct the density matrix.
The only problem with this state is that it suggests that all the possible internal ground
states are not entangled. In order to represent the entanglement of the different internal
configurations, it is appropriate to express the system as a quantum state of the form

9 > YN Trizl0>1 ®[0> ®0>3 ®@..Q [0 >y
VN '

This quantum state looks more like the state that Hawking imagined, considering that

(14)

the thermal radiation has to come from tracing out all the possible ground states, except the
one which the black hole selects when it breaks the symmetry of the system spontaneously.
Expressing the black hole ground state as in Equation (13) or (14) is a matter of convention,
and it will not affect the conclusions. We just have to keep in mind that the different ground
states are entangled. The pure quantum state represented by state (14) can be expressed
through the density matrix

1 1 1

N N N

1 1 1
p=( v 7 (15)

1 1

N N

We can verify that Tr(p) = 1 (the trace runs over N entries of the matrix) and that the
density matrix is idempotent, which means that the ground state of a black hole, before
breaking the symmetry under exchange of particles, is a pure state. Spontaneously breaking
the symmetry under exchange of configurations is equivalent to tracing out all the ground
states in Equation (15), except the one which the black hole selects. Evidently, any selected
ground state, after tracing out all the additional ground states, is a mixed quantum state
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(non-pure). This is what gives a thermal character to the spectrum of radiation emitted by
the black hole. To solve the information paradox, we can argue that each possible ground
state corresponds to a mixed quantum state with a probability p, = 1/N, as it is formulated
in agreement with Equation (10). Here, N accounts the number of possible ground states,
while each ground state has an equal probability of appearing. The states are entangled
with each other. The selection of a specific ground state depends on external factors. Among
all the possible external perturbations, helping to select some specific direction for the
expansion of the universe, we have external gravitational sources, the expansion of the
universe itself, and others. Any perturbation generates a preferred direction of selection for
some specific ground state. Once this occurs, the emission process starts. In this way, we
can describe the evaporation process of a black hole as follows: (1). The black hole is formed
and characterized by its mass M, angular momentum L, and charge Q. (2). A degenerate
ground state emerges as a consequence of all the internal states consistent with the specific
values taken by M, L, and Q. (3). Each ground state has an equal probability py = 1/N
of emerging as the final ground state. (4). Each ground state is not a pure quantum state,
but the total wave function of the system is a superposition of all possible ground states,
giving then a final pure (combined) ground state. (5). The selection of a single ground state
naturally gives a thermal spectrum corresponding to a mixed quantum state. If we trace
out all the ground states, except one, then the resulting density matrix is

£ 0 0

R R 0 &+ .. 0
pi = Tr(p)jxi = N : (16)

0

This density matrix naturally represents a mixed quantum state. It is easy to verify
that Tr(p;) = 1, p? # p;, and thus, Tr(p?) < 1. At this point, it is clear that while the black
hole quantum state is a pure state as density matrix (15), the Quantum state still represents
the thermal spectrum, which is defined in Equation (16); it is a mixed quantum state which
does not have a wave function representation.

Recovering Unitarity

It is possible to recover the unitarity of the system if we make a superposition of all
the possible spectra of radiation emitted by the black hole. In other words, we can recover
the original ground state if we take the particle number operator 7; as the order parameter,
as was suggested in [12]. Before the formation of the black hole, < 0]#1,|0 >= 0, while
after the formation of the black hole we have < 0|71,|0 ># 0. If we consider the black
hole evaporation process as a phase transition, then, evidently, the vacuum expectation
value of the particle number operator is the order parameter. Considering the vacuum
degeneracy, if we sum all the possible values of the order parameter, we should recover
the trivial result as explained in [16-20]. The recovery of the original vacuum state
from the superposition of all the possible order parameters is a standard result which
can be appreciated more from Figure 2. In the same figure, it can be perceived that for
every possible vacuum state, such that we can construct the vacuum expectation value of the
particle number operator as < 0|#;|0 >= n;, we have another possible vacuum state with
< 0[j|0 >= n; = —n;. Negative particle numbers can be interpreted as the emission of
antiparticles. We can recover the vacuum state before the gravitational collapse if we add,
over all the possibilities, as follows:

< 0]A1]0 >1 4 < 0[2]0 > 4.+ < Olfin]0 >n= 0. (17)
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Another way to interpret this result is by saying that, depending on the external
perturbation breaking the symmetry of the black hole, the particle number can take positive
and negative values after evaluating the corresponding vacuum expectation values. This is
only possible if the black hole emits particles in some situations and antiparticles in others
during its particle emission process. We take the emission of antiparticles as a negative
number operator after evaluating the corresponding vacuum expectation value. In this
way, in general, the black holes can emit particles and antiparticles at any instant. This
solves the paradox, because Equation (17) tells us that

< 0|ﬁ1|0 >4+ < D|ﬁN|0 >N=< O|ﬁbf|0 >=0, (18)

where the subindex bf stands for “before formation” of the black hole. Then, it is pos-
sible to recover all the information for the black hole by summing all the possible out-
comes of the order parameter evaluated at their corresponding ground states, taking
the order parameter as the particle number operator. When the emitted field represents
a particle, then < 0];|0 >; > 0, and when the emitted field represents an antiparticle,
< 0]7;]0 >; < 0. This means that half of the degenerate ground states (N /2) correspond to
the emission of particles, while the other half (N /2) represent antiparticles. Once the black
hole selects one among the infinite ground states, then it starts to emit particles. The selec-
tion of a single ground state among many requires an external perturbation. The external
perturbation could be the presence of another source of gravity, universe expansion itself,
or the presence of other virtual pairs in the vicinity. Normally, the origin or source of the
perturbation is not so relevant, because its influence has to be considerably small once the
conditions for symmetry breaking are reached. Figure 3 illustrates this issue, where virtual
pairs are generated in the neighborhood of the black hole. For the emission process to occur,
there must be a special orientation for the pair with respect to the event horizon; in other
words, one particle from the pair can enter the event horizon when the right orientation,
with respect to the event horizon, is established. Particular orientations of the virtual pairs
at certain instants are defined by external perturbations.

Superior view Frontal view

09 Vv
/Ili

N\

nN= -1

Figure 2. Typical potential when there is a vacuum degeneracy. In such a case, the system selects
one among the N possible ground states. Before the symmetry is broken, for each possible vacuum
< 0|71;]0 >, we have a diametrically opposite vacuum obeying < 0|nx|0 >= — < 0|7;/0 >. This can be
interpreted as the emission of antiparticles when the appropriate vacuum state is selected during the
breaking process.
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Black Hole

Figure 3. Black Hole evaporation process. Virtual pairs with particles (blue circles) and antiparticles (red

circles) are generated in the neighborhood of the black hole. Their orientation with respect to the black
hole is random. From the perspective of the mechanism of spontaneous symmetry breaking, whether or
not one of the particles in the pair enters the event horizon depends on external perturbations.

6. Conclusions

In this paper, we have demonstrated that it is possible to solve the black hole informa-
tion paradox if we consider the process as a consequence of the breaking symmetry under
internal exchange of configurations spontaneously. From this perspective, the particle oper-
ator number 7ip is the order parameter of the system, which is trivial before the formation
of the black hole (zero vacuum expectation value) and non-trivial after the formation of the
black hole (non-zero vacuum expectation value) and once one of the degenerate vacuum
states is selected during the process. Even still, the whole quantum state representing the
black hole corresponds to a pure quantum state which considers all possible (degenerate)
vacuum states. Selecting one of the ground states is equivalent to tracing out all the other
vacuum states, and this is why Hawking radiation has a thermal nature, generating a
mixed quantum state (non-pure). The information for the black hole is recovered when
we sum all the possible order parameters emerging from the breaking of the symmetry,
under internal configurations, spontaneously. This brings another physical consequence,
suggesting that black holes not only emit particles, but also antiparticles. The present
formulation solves the information paradox of black holes. The emission of antiparticles
could be noticed through the electromagnetic spectrum that they would generate after
suffering annihilation when they meet ordinary particles. Analyzing how strong this sig-
nature can be is be a matter of evaluation, and discussion will follow in a forthcoming paper.

Funding: This research received no external funding.
Data Availability Statement: No new data were created.

Acknowledgments: In the completion of this work, the author appreciates the opportunity for
the discussion during the YITP-RIKEN iTHEMS conference “Generalized symmetries in QFT 2024”
(YITP-W-24-15). The author would especially like to offer thanks to Zohar Komargodski for the close
discussion about this and other research topics during this event.

Conflicts of Interest: The authors declare no conflicts of interest.



AppliedMath 2025, 5, 4 80f8

References

1. Carrol, S. Spacetime and Geometry: An Introduction to General Relativity; Addison-Wesley: San Francisco, CA, USA, 2003; ISBN
978-0-8053-8732-2.

2. Walt, R.M. General Relativity; University of Chicago Press: Chicago, IL, USA, 1984; ISBN 978-0-226-87033-5.

3.  Hawking, S.W. Particle creation by black Holes. Commun. Math. Phys. 1975, 43, 199-220, Erratum in Commun. Math. Phys. 1976,
46, 206. [CrossRef]

4.  Hartle, ].B.; Hawking, S.W. Path-integral derivation of black-hole radiance. Phys. Rev. D 1976, 13, 2188. [CrossRef]

5. Bekenstein, J.D. Black holes and the second law. Lett. Nuovo Cim. 1972, 4, 737-740. [CrossRef]

6.  Bekenstein, ].D. Black holes and entropy. Phys. Rev. D 1973, 7, 2333-2346. [CrossRef]

7. Hawking, S.W. Black holes in general relativity. Commun. Math. Phys. 1972, 25, 152-166. [CrossRef]

8.  Hawking, S.W. Breakdown of predictability in gravitational collapse. Phys. Rev. D 1976, 14, 2460-2473. [CrossRef]

9.  Parikh, M.K; Wilczek, F. Hawking Radiation as Tunneling. Phys. Rev. Lett. 2000, 85, 5042. [CrossRef] [PubMed]

10. Zhang, B.; Cai, Q.Y.; You, L.; Zhan, M.S. Hidden Messenger Revealed in Hawking Radiation: A Resolution to the Paradox of
Black Hole Information Loss. Phys. Lett. B 2009, 675, 98-101. [CrossRef]

11.  Zhang, B.; Cai, Q.-Y.; Zhan, M.-S.; You, L. Information conservation is fundamental: Recovering the lost information in Hawking
radiation. IIMPD 2013, 22, 1341014. [CrossRef]

12.  Arraut, I. Hawking radiation as a manifestation of spontaneous symmetry breaking. Symmetry 2024, 16, 519. [CrossRef]

13. Carlip, S. Black hole thermodynamics. Int. ]. Mod. Phys. 2014, 23, 1430023. [CrossRef]

14. Misner, CW,; Thorne, K.S.; Wheeler, J.A. Gravitation; W.H. Freeman: San Francisco, CA, USA, 1973; pp. 875-877, ISBN 978-0716703341.

15. Brauner, T. Spontaneous Symmetry Breaking and Nambu-Goldstone Bosons in Quantum Many-Body Systems. Symmetry 2010, 2,
609-657. [CrossRef]

16. Arraut, I. The Quantum Yang Baxter conditions: The fundamental relations behind the Nambu-Goldstone theorem. Symmetry
2019, 11, 803. [CrossRef]

17.  Arraut, I. The Nambu-Goldstone theorem in non-relativistic systems. Int. . Mod. Phys. A 2017, 32, 1750127. [CrossRef]

18.  Arraut, I. The origin of the mass of the Nambu-Goldstone bosons. Int. |. Mod. Phys. A 2018, 33, 1850041. [CrossRef]

19. Arraut, I; Yu, W.C. Order parameter conditions from mutual information and symmetry conditions. arXiv 2021, arXiv:2102.02546.
[CrossRef]

20. Gu, SJ.; Yu, W.C,; Lin, H.Q. Construct order parameters from the reduced density matrix spectra. Ann. Phys. 2013, 336, 118.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/BF02345020
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1007/BF02757029
http://dx.doi.org/10.1103/PhysRevD.7.2333
http://dx.doi.org/10.1007/BF01877517
http://dx.doi.org/10.1103/PhysRevD.14.2460
http://dx.doi.org/10.1103/PhysRevLett.85.5042
http://www.ncbi.nlm.nih.gov/pubmed/11102182
http://dx.doi.org/10.1016/j.physletb.2009.03.082
http://dx.doi.org/10.1142/S0218271813410149
http://dx.doi.org/10.3390/sym16050519
http://dx.doi.org/10.1142/S0218271814300237
http://dx.doi.org/10.3390/sym2020609
http://dx.doi.org/10.3390/sym11060803
http://dx.doi.org/10.1142/S0217751X17501275
http://dx.doi.org/10.1142/S0217751X18500410
http://dx.doi.org/10.1142/S0217979225500833
http://dx.doi.org/10.1016/j.aop.2013.05.014

	Introduction
	The Schwarzschild Solution
	The Formulation of the Information Paradox
	The Information Paradox from the Perspective of Spontaneous Symmetry Breaking
	Mixed Quantum States and the Degenerate Vacuum
	Conclusions
	References

