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Abstract

The standard quantization formalism in spacetimes with event horizons implies a non-unitary evolution of
quantum states, as initial pure states may evolve into thermal states. This phenomenon is behind the famous
black hole information loss paradox which provoked long-standing debates on the compatibility of quantum
mechanics and gravity. In this paper we demonstrate that within an alternative time-symmetric quantiza-
tion formalism thermal radiation is absent and states evolve unitarily in spacetimes with event horizons.
We also discuss the theoretical consistency of the proposed formalism. We explicitly demonstrate that the-
ory preserves microcausality condition and suggest a “reinterpretation postulate” to resolve other apparent
pathologies associated with negative energy states. Accordingly as there is a consistent alternative, we argue
that choosing to use time-asymmetric quantization is a necessary condition for the black hole information
loss paradox.
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1 Black hole information paradox

The prediction of thermal radiation from classical black holes [1] has ignited long-standing debates
on the compatibility of quantum mechanics and gravity. The standard quantization of fields in
the background spacetime of a classical black hole implies that a pure quantum mechanical state
evolves into a mixed state of Hawking radiation, thereby destroying all the information about the
initial quantum state. This violates the basic postulate of quantum mechanics according to which
quantum mechanical probabilities are conserved during the evolution of a system, which means
that information related to the system is necessarily conserved.

The black hole information paradox may well be an artefact of the approximation where gravity
is kept classical. Indeed, there are some suggestions that the paradox is resolved within the more
fundamental string theory, for example using the AdS/CFT correspondence [2] or more specific
“fuzzball” descriptions of black hole microstates [3]. Another interesting scenario was recently
discussed in [4].

In addition to this, however, it is important to understand exactly how the effect emerges at the
level where gravity is kept classical. It is already well known that thermal radiation appears as a
quantum mechanical effect even in flat spacetimes without gravity (Unruh radiation [5]), suggesting
that Hawking radiation is a purely kinematic effect (see also the discussion in [6]). The aim of this
paper is to demonstrate that the black hole information paradox results from not only the peculiar
structure of spacetimes with event horizons, but further due to the time-asymmetric nature of the
standard quantization of fields.

Within the standard quantization a relativistic field operator in a given inertial reference frame
is broken up into positive and negative frequency parts, which are associated with annihilation and
creation operators for positive energy states only. The restriction to only positive energy states has
the merit that we always deal with positive norm states and causal propagation as given by the
Feynman propagator. Nevertheless in accelerated (non-inertial) reference frames in flat Minkowski
spacetime or in a black hole spacetime where no global inertial reference frames are available,
this restriction to positive energy states leads inevitably to the existence of thermal states with
respect to the Killing vector of time translations. If instead a time-symmetric quantization is used,
where annihilation and creation operators are associated with both positive and negative states,
the negative energy states lead to a cancelling out of the thermal effects. Thus in this formalism
there is no black hole information paradox as Hawking radiation has been removed, revealing the
time-asymmetric quantization as a fundamental condition for its existence.

The remainder of the paper is structured as follows. Section 2 outlines the time-symmetric
quantization and canvasses its key features. It is shown that with an appropriate choice of metric
all states have a positive norm and also that the theory does not violate causality. In Section 3 we
demonstrate that such a quantization leads to the absence of thermal radiation in spacetimes with
event horizons within the technically simpler Rindler spacetime, which captures all the essential
ingredients of time-symmetric quantization in black hole spacetimes, and thus the formalism can
be used equally well to demonstrate the absence of Hawking radiation. In Section 4 we briefly
describe a “reinterpretation principle”, whereby the negative energy states can be reinterpreted as
positive energy states in order to resolve pathologies with the formalism. Finally in Section 5 we
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discuss our results.

2 Time-symmetric quantization

In this section we show how to introduce the time-symmetric quantization and consider its basic
features. To begin with consider the quantization of a free massless scalar field in an inertial refer-
ence frame. We assume the standard quantization, so the field is expanded in the complete basis of
positive and negative frequency plane-wave modes,

ot ) = / i (fedi + AL (1)

1 —i(|k|t—kx)

2m+/ 2|k ¢

symmetric quantization we take

. 1 /. . .
A = ﬁ (ak + aT_k> , [AL = (Ak)q ) 2)
This now ensures that ngS(t, x) has a symmetry t — —t, an explicit time-symmetry as is present in
the Klein-Gordon equation, rather than an anti-unitary one. The annihilation ag, & and creation &L,
&,Tc operators act on an extended Hilbert space H(*) @ H(~) (known as the Hilbert-Krein space)’

and satisfy the following commutation relations:

and rather than the traditional Ak = Qy, In order to ensure a time-

where f, =

[ak, al,] = 2mo(k — k') (3)
where the remaining commutators are trivial. Notice that [flk, Al] = 276(k — k'). The vacuum
state in the inertial reference frame, |0,,), is defined as:

dk|0M> :éék|O]V[> =0, VkeR. 5)

The inner product on the Hilbert-Krein space H(*) @ H(~)
(¢, ¢) = Wlile) (= 0), ©)

is defined with the aid of the metric-operator 7, which can be represented as:
dk ta

0= (1) e )

Then we can ensure a positive norm for an arbitrary multiparticle Fock state with n; a-particles of
momenta k; and m; a-particles of momenta [; - specifically:

~ n>\ T )n,i

Inakynikicmadyomgls ) = [T a\’“ﬁ\/_ 10a1) | ®)

A} {x}

'Extension to Hilbert-Krein space has been proposed also in [7] to maintain a de Sitter covariant quantization.

2
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where {\} and {k} are the occupied states for the a and -particles respectively. Thus a consistent
probabilistic quantum mechanical description can be maintained in the theory. Despite this the
negative energy states are still present and such states typically pose serious problems. We will
discuss a possible resolution of such problems in Section 4.

The particle number operator is usually defined through the conserved charge (the Klein-Gordon
product):

(B :/d:cjo—i/dx (F*Ouh — (Buf*)h) | ©)

where f and h are solutions of the Klein-Gordon equation. Physically, the particle number oper-
ator is required to have positive eigenvalues, and therefore positive ¢* and negative ¢~ frequency
contributions to the particle number operator enter with opposite signs:

.1 “ L
N:§(<¢+7¢+>_<¢ 7¢ >> ) (10)
where : ... :is for normal ordering. For the traditional quantization I [ dk fray, b =
[ dk fial and we obtain:
- 1 dk . dk 1.+ .
NMZE./% (i + aaf] :/% lafa] . (11)

which is the usual result. Note in particular that normal ordering was necessary in order to prevent a

divergent contribution ~ 5 (0) appearing in the result. Proceeding instead with the time-symmetric
field o™ = [ dkfr Ay, 6~ = [ dkf; AL, we find:

NM = /Zk (ATA,C—i—AkAT) = /Zi (a,tak%—alakjtaka k—l—ak&T k) L, (12)
where the absence of divergent contributions in the final result is due to a cancellation brought about
by the opposite sign in the & commutator (4). Accordingly in this theory there is no need for normal
ordering. Nevertheless this number operator has some unusual properties: (i) Ny is not positive
definite, that is, ]\A/: m has negative expectation values evaluated for states containing a-particles,
for example, <l1|NMﬁ|l2> = <OM|OAZZINM7?OQZ[2|OM> = —70 (ll — lg) <0M‘OM> = —7 (ll — lg),
and (i1) the number operator is not diagonal in the oscillator basis introduced above, for instance
(0ps|Nagik, 1) = —(0n| Nagalal10as) = 78(k + 1) # 0. The Hamiltonian of the system is ex-
pressed through the same combination of operators,

. dk |k / T
H_/27T2 (AAk+AkA) (13)

and thus shares the same unusual properties as Ny In particular, the states (8) are not eigenstates
of the Hamiltonian (13). Again, note there is no need for normal ordering, (0|Hn|0) = 0 auto-
matically. In the free field case the vacuum energy is the only divergent quantity, therefore free
time-symmetric field theory is a finite theory (in any dimensions).
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It is easy to confirm by direct calculation that the propagator for this theory is not the causal
Feynman propagator A, but rather a sum of half causal and half anti-causal [Ar = A%] Feynman
propagators: Ay p(w, k) = sAp(w, k) + 3Ap(w, k) . Accordingly the on-shell part is absent, i.e.,

1
w2 — k27

Awp(w, k) =P (14)
where P denotes Cauchy principle value. The on-shell part is cancelled out between positive
and negative energy contributions. Note that a similar propagator appears also in the action-at-
a-distance formulation of classical electrodynamics by Wheeler and Feynman [8]. It would be
interesting to see if there is a relation between the time-symmetric quantization formalism and a
theory of non-local fields. Despite the fact that (14) is not a causal Feynman propagator, we do not
expect a violation of causality since the microcausality condition holds in our theory. Indeed, since
the operators flk and AL satisfy the standard commutation relation, one can obtain the standard
result for the commutator of field operators:

$(t,2), bt 2')] = —i / sin ([K|(t — ) — k(z — 7)) . (15)

27 |k|

This vanishes for spacelike separated events |t — /| < |z — /.

3 Absence of Unruh radiation in an accelerated frame

In this section we demonstrate the absence of thermal radiation for an observer in Rindler space-
time - the simplest spacetime with a horizon. The Rindler coordinate system describes a uniformly
accelerating observer in (1+1)-dimensional flat Minkowski spacetime. The conformal Rindler co-
ordinates (7,x) can be written in terms of Cartesian coordinates (t,z), which parametrize flat
Minkowski spacetime, as follows:

1 T+t 1
| I (a2le? — 2 |
T 2an($ t),x—Qan(a[:p —t]), (16)

where a > 0 is the modulus of a constant acceleration. Accordingly the Rindler coordinates cover
only the = > |t| quadrant of the full Minkowski spacetime. The field quantization in this frame is
formally similar to the one described in Section 2. The mode expansion reads:

~

) = [ o (FuBy + FBY) | a7)

— 1 —i(|plT—pXx)
where F, = e and
p 27/ 2|p|

B, =

(o)

= (ép)q . (18)

=N =

-
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However, an important difference is that { /},} form complete set only in the region |z| > t. Again
the operator b, (b;) is interpreted as the annihilation (creation) operator for positive energy particles

with momentum p while the operator Bp (B;) is the annihilation (creation) operators for negative
energy particles with the same momentum. Non-trivial commutators read:

[ép, bL] =2m6(p —p') (19)

1By, 8] = —2motp -9, (20)

and [B,, B;,] = 27d(p — p’). The vacuum state |0g) in the accelerated reference frame is defined
as:

bp0R) = B,|0R) =0, VpeR. (21)

We again see that Hilbert-Krein space must be equipped with an indefinite metric: é =(-1)" S 528YBs
The particle number operator has a form analogous to (12):

¢ dp (atp A At
Np = / - (Bpo+Bpo> . (22)

Let us demonstrate now the absence of thermal radiation in the accelerated reference frame
within the time-symmetric quantization. Because the operators Ay and Bp satisfy the standard
commutation relations, we can simply borrow the usual Bogoliubov transformations which relates
operators in inertial and accelerated reference frames [5]. Actually, we only need a generic form of
these transformations:

B, = / ks (i + 8y0AL) (23)
The expectation value of the particle number operator (22) in the Minkowski vacuum then is:

dpdldk
47

(Onr| Ng|Onr) = / (vt + Opi0pk) (Onrldaly + awaf|on) =0, (24)
where in the second equality we have kept only terms that do not annihilate the vacuum and in
the third we have made use of the commutation relations in (3) and (4). The negative and positive
frequency contributions cancel out in (24) and thus an accelerated observer sees a non-thermal,
particle-free Minkowski vacuum, which is identical to what is seen by the inertial observer. In
this sense the vacuum state is invariant under Bogoliubov transformations, as has been pointed out
earlier in [9]. This is to be contrasted with the result obtained via the standard quantization, where
an accelerated Rindler observer sees the Minkowski vacuum as a thermal spectrum of particles.
A similar analysis can be performed in Schwarzschild spacetime to show the absence of Hawking
radiation within the framework of time-symmetric quantization.
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4 Negative energy states and the reinterpretation postulate

The negative energy states introduced in the time-symmetric quantization lead to an apparent sta-
bility problem since the energy is not bounded from below. For example, the vacuum state is ap-
parently unstable since it may spontaneously decay into negative and positive energy states. Here,
following earlier work on quantized tachyonic fields [10], we suggest a reinterpretation principle
that resolves the issue with negative energy states.

A transition amplitude of an initial state |V (¢;,)) into a final state |V (¢;)) is defined by the evo-
lution operator: (U (t;)[A|¥(t;,)) = (U|e " HAH| W) = e~iF¥At where Ey is the expectation value
of the Hamiltonian operator H for the state ¥ (in the Heisenberg picture) and At = t; — t;,. Itis
well known that transition amplitudes exhibit a crossing symmetry; that is exchanging the initial
and final states (¢;, <> t¢) and taking Fy — — Ey leaves the transition amplitudes unchanged. We
can use this crossing symmetry to reinterpret negative energy states. In particular, a negative energy
particle in an initial (final) state can be interpreted as a positive energy antiparticle in a final (initial)
state [10]. This way we only deal with positive energy initial and final states. For example, the
vacuum decay process discussed above becomes reinterpreted as the vacuum polarization process.
We would like to stress, however, that crossing symmetry is a symmetry of transition amplitudes
and not the quantum theory itself. Therefore it can not be used to completely remove negative
energy states within the time-symmetric quantization. The situation here is different from the stan-
dard quantization scheme of systems with gauge invariance. The gauge symmetry is a fundamental
symmetry of a theory and thus negative energy or norm states are redundant, unphysical states that
can be completely removed by fixing the gauge.

Despite the somewhat ad hoc and non-dynamical nature of the reinterpretation postulate, it
is clear that it does the job “phenomenologically” by removing apparent pathologies associated
with the negative energy states in a generic interacting theory. This follows from the fact that
the Hamiltonian in the above-discussion is not restricted to be a free-Hamiltonian. In fact, what
one needs for the consistency of the theory is to avoid asymptotic in and out negative states and
that is exactly established by the reinterpretation postulate. Therefore, together with the automatic
causality condition (15), the reinterpretation postulate implies that the time-symmetric quantization
formalism may be considered as a valid alternative to the standard quantization scheme.

5 Discussion and conclusion

It is widely believed that Hawking radiation provides a consistent thermodynamic interpretation of
Bekenstein’s black hole entropy [11]. From this point of view the absence of such thermal radiation
in the time-symmetric quantization may seem like a major deficiency. We would like to point out
that, while the relation between the Hawking radiation and black hole entropy is suggestive, there is
no rigorous physical proof of such a relation. Moreover, the physical origin of the two phenomena
are completely different: Bekenstein entropy is based on entirely classical solutions to the Einstein
equations, while the thermal radiation can be seen as a purely kinematic quantum mechanical effect,
as discussed in Section 1. In truth, the thermodynamic interpretation of gravity may ultimately
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require understanding at a deeper level; the result of our paper is simply intended to elucidate the
origins of the associated black hole information paradox.

In conclusion, we have argued that thermal radiation does not appear when the fields are quan-
tized in spacetimes with horizons within the time-symmetric quantization formalism. The thermal
effects are simply cancelled out between the positive and negative energy contributions. We have
also shown that the time-symmetric quantization is causal and deals only with positive norm states.
Finally we have argued for the reinterpretation postulate in order to have a sensible quantum theory
with negative energy states. Accordingly the time-symmetric formalism in the free field limit is
a consistent theory in which the black hole information paradox does not arise, implying that a
time-asymmetric quantization is indeed a necessary condition for its existence.

Acknowledgements. We are grateful to Ray Volkas for reading the manuscript and making com-
ments. The work was partially supported by the ARC.
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