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Abstract: In recent years an increasing number of papers have attempted to mimic or supplant quan-
tum field theory in discussions of issues related to gravity by the tools and through the perspective of
quantum information theory, often in the context of alternative quantum theories. In this article, we
point out three common problems in such treatments. First, we show that the notion of interactions
mediated by an information channel is not, in general, equivalent to the treatment of interactions
by quantum field theory. When used to describe gravity, this notion may lead to inconsistencies
with general relativity. Second, we point out that in general one cannot replace a quantum field
by a classical stochastic field, or mock up the effects of quantum fluctuations by that of classical
stochastic sources (noises), because in so doing important quantum features such as coherence and
entanglement will be left out. Third, we explain how under specific conditions semi-classical and
stochastic theories indeed can be formulated from their quantum origins and play a role at certain

regimes of interest.

Keywords: quantum information; quantum gravity; quantum fluctuations; alternative quantum
theories; semi-classical theories

1. Preamble

The rapid growth of quantum information science has led to the application of Quan-
tum Information Theory (QIT) concepts to different branches of physics, from condensed
matter to cosmology and quantum gravity. In particular, QIT concepts are used to formu-
late models for new physics, such as alternative quantum theories (AQT) or gravitational
interactions. The key point we make in this paper is that these models must be structurally
compared with our current best theories for the phenomena they purport to describe,
namely, Quantum Field Theory (QFT) and General Relativity (GR). Even if these models
have good motivations and their own logic, they must pass the scrutiny of these two well-
tested theories or be embedded in a framework that relies on these proven theories. Failure
to do so renders such models physically inconsistent and, hence, a priori implausible.

In this paper, we focus on three particular problems that commonly appear in such
models. First, we show that the QIT notion of an information channel does not, in general,
capture the idea of mediating fields in QFT. It is therefore misleading to use it as a basis for
describing, for example, the gravitational interaction. Second, we argue that we cannot in
general substitute quantum fluctuations in an unknown theory with classical stochastic
noises. Third, we explain the proper way to derive the stochastic and semi-classical theories
from their quantum origins.
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2. Problem 1: Quantum Fields Misconstrued as Information Channels
2.1. Quantum Channels

A quantum channel is a map C that takes quantum states g, on a Hilbert space H 4
(emitter) to quantum states C[p.] on a Hilbert space Hp (receiver). The map is completely
positive and trace preserving.

Two types of quantum transmission are directly relevant: direct interaction channels
and channels with a mediator.

¢ Inadirect interaction channel, the emitter and receiver interact through a unitary map
U onH, ® Hp. Then

Clpe) = Tra, (Upe 2 po)0), M

where py is the initial state of the receiver. Usually U is generated by a Hamiltonian
A4 + Ay + H;, where the interaction term Hj is switched on for a finite time interval.

e In a mediated interaction channel, there exists a mediating system described by the
Hilbert space H . Both emitter and receiver interact through the mediator, but not
directly with each other. Then, the Hamiltonian is H=HA4+Hg+ Ay + Hap + Heu,
where H 4y describes the interaction of the emitter with the mediator and Hpp
describes the interaction of the receiver with the mediator. These interactions are
usually viewed as permanent, i.e., that they cannot be switched on or off.

If U is the unitary evolution generated by this Hamiltonian, then

Cloe] = Trag,omy (U(ﬁe ® o ® ﬁM)H+), )

where now Py is the initial state of the mediator, typically taken as the ground state of the
mediator’s self-Hamiltonian Hy.

The emitter and receiver are often spatially localized and separated by a finite distance
L, in which case the issue of signal propagation arises. Direct interactions lead to faster
than light-signal, while it is expected that mediated transmission through local interactions
respects causality.

2.2. Problems with Treating QFT as Quantum Channel

Quantum communication protocols with photons often employ the electromagnetic
(EM) field as a transmission channel. For example, telecommunications from radios to
mobile phones treat the classical EM field as a channel for the transmission of information.
In these cases the classical EM field configurations are identified with specific states of
the quantum EM field. Therefore it is tempting to view quantum fields that mediate an
interaction as defining informational channels. However, the language of channels does
not capture the full physics of interacting quantum field theories (QFT). The reasons are
the following.

* A consistent theory of interactions exists only if receiver and emitter are also treated
by QFT. However, then, the Hamiltonian of the system cannot be defined on a tensor
product Hilbert space H 4 ® Hp ® H,eq, as in a mediated interaction channel. This
statement follows from classic theorems by Haag [1] and Hall and Wightman [2]. This
means that the degrees of freedom of the field are intertwined with those of the emitter and
the receiver, in a way that it is impossible to disentangle. The root of this problem
is phenomena such as vacuum polarization—it is impossible to describe the field
vacuum as a factorized state or even an entangled state in a factorized single state.

This implies that we must use dressed states for the emitter and the receiver, i.e., the
mediator degrees of freedom affect the available states of receiver and emitter. The sharp
separation is possible only if we work to lowest order in perturbation theory, thus avoiding
all Feynman diagrams with loops that mix the degrees of freedom of the emitter/receiver
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with those of the mediating field. The treatment of the field as an information channel does
not make sense beyond this regime.

*  The notion of a quantum channel originates from Quantum Information Theory
(QIT), which has mainly been developed in the context of non-relativistic quantum
mechanics, a small corner of full QFT. Current QIT is problematic when basic relativistic
principles—both special and general—such as causality and covariance, need be accounted for.
A relativistic QIT that expresses all informational notions in terms of quantum fields
is currently missing, largely because of difficulties in formulating a comprehensive
QFT theory of measurement [3].

Here, we point out one particular problem, namely, the fact that the notion of a
localized quantum system in QFT leads to conflicts with causality. This is important for the
consistent definition of localized receivers and emitters in QFT. This result is evidenced by a
number of theorems, for example, by Malament [4], Schlieder [5] and Hegerfeldt [6]. These
works show that the natural definitions of localized observables together with Poincaré
covariance and energy positivity conflict the requirement of relativistic causality.

The most well known set-up where localization appears to contradict causality is
Fermi’s two-atom problem. In the first analysis of a quantum field as a mediated interaction
channel, Fermi analyzed the interaction of two remote atoms through the quantum EM
field [7]. He assumed that at time t = 0, atom A (emitter) is in an excited state and atom
B (receiver) in the ground state. He asked when B will notice a signal from A and leave
the ground state. In accordance with Einstein locality, he found that this happens only
at time greater than r. It took about thirty years for Shirokov to point out that Fermi’s
result is an artifact of an approximation [8]. Several studies followed with conclusions
depending on the approximations used. Eventually, Hegerfeldt showed that non-causality
is generic [9,10], as it depends solely on energy positivity and on the treatment of atoms as
localized in disjoint spatial regions.

*  The naive idea of a field as an object that mediates interaction is insufficient to describe the
actual theories of mediating interactions, namely, gauge field theories. The reason is
that it does not take into account the presence of constraints, which are a consequence
of the gauge symmetry. The same issue appears in the treatment of gravity.

In classical field theory, a constraint means that some degrees of freedom that appear
in the Lagrangian formulation are either slaved to other degrees of freedom, or pure gauge
in the sense that they do not affect the properties of the system. In other words, they are
not true degrees of freedom that propagate through the equations of motion, and they do
not represent physical observables.

When quantizing a constrained field theory, probabilities must be expressed solely
in terms of true degrees of freedom. All major approaches to quantization end up with a
Hilbert space H s, where true degrees of freedom live. The state of the field is given by
vectors / density matrices on Hpyys.

For example, in the Hamiltonian treatment of the electromagnetic field, the EM po-
tential can be split in four components: the scalar part Ay, the longitudinal component A*
and the transverse component A!. The conjugate of A vanishes, while the conjugate E of
Al is slaved to the matter charge density p through the Gauss constraint V - E = p. Then,
Ag and Al are pure gauge variables, and the true degrees of freedom consist of AT and
their conjugate momenta E!. The Hamiltonian for charged matter interacting with the EM
field is

1 /
H = Huat + Hen + 5 / Prxd’x’ p|(:)_"i’,‘|) + / &xj- AT, ®)
where H,,;; is the self-Hamiltonian for matter, Hg,; the self-Hamiltonian of the EM field,
and j is the current density. The last term, the Coulomb interaction, follows from the Gauss
law constraint. It is non-local, and it depends solely on the matter degrees of freedom
through the charge density p. Note that the transverse component AT of the EM potential
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is a non-local functional of the full potential, so the corresponding term in the Hamiltonian
is also non-local.

When quantizing all variables in Equation (3) are promoted to operators. In a perturba-
tive treatment of the EM interaction, we employ the Hilbert space Hat ® Hep, where Hoat
describes the matter degrees of freedom and Hgjs describes the field degrees of freedom.
On this Hilbert space a Hamiltonian that includes all terms in Equation (3) but the last is in
principle well defined. The last term describes the interaction of photons with matter, and
it can be implemented perturbatively. It is important to emphasize that the Coulomb term
is defined as an operator of 4, since it depends only on the charge density operator p(x).
The latter is well defined modulo proper regularization.

Hence, when splitting the matter Hilbert space Har as H4 ® Hp in terms of the
emitter A and the receiver B, we obtain

A A /
H= HA + HB + HEM —|—/d3fo AT + /d3xf3 AT + /d%d%"W. 4)
This means that the Hamiltonian contains an interaction of the two subsystems by the
two terms: the Coulomb term that causes direct non-local interaction between the two
subsystems, and the interaction that is mediated by photons. It may be tempting to identify
the former with a direct channel and the latter with a mediated channel, except for the
fact that the former term cannot be switched off. The Coulomb interaction between the
subsystems is always present; its expectation is non-zero even in the absence of photons.
The Coulomb term affects the preparation of the system, and it may not allow for the
preparation of an initial state that is uncorrelated. The presence of the Coulomb term is a
consequence of the gauge symmetry of EM: it leads to constraints that define instantaneous
laws in contrast to the causal dynamical laws of time evolution of the true degrees of
freedom of the system.

For the reasons above, we believe that the treatment of relativistic interactions in the
language of information channels is justified only as an approximation for specific tasks.
Otherwise, it should be taken as a simile with a restricted domain of validity, and certainly
not as an expression of fundamental physics.

2.3. Implications for Gravity

The analysis for the EM field given previously can also be carried out for gravity
in the weak coupling limit, where we treat the gravitational field as small perturbations
around some background geometry, the simplest being the Minkowski spacetime. The
Hamiltonian in the Arnowitt-Deser—Misner gauge is a sum of three terms [11,12]

Hapm = Hmatt + Hgsi + How, ®)

where Hg is the Hamiltonian for gravitational waves, including a term for the interaction
of gravitational waves with matter, and Hg; is a non-local interaction term (“gsi” stands
for gravitational self-interaction). In the non-relativistic regime

G = —% / d%d%’w (6)

x = x|

Hy

where 1(x) is the mass density. The self-interaction term Hgg; originates from the Poisson
equation for the gravitational potential

V2p = —4my, 7)

which is obtained as a constraint in the Hamiltonian analysis of the weak-field, non-
relativistic limit of GR. The gravitational potential ¢ is a specific component of the three-
metric tensor. Equation (8) implies that ¢ is not an independent variable in the Hamiltonian
theory, rather it is slaved to the mass distribution.
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The usual quantization procedure for weak gravity is to quantize the mass degrees of
freedom separately from the gravitational degrees of freedom (gravitons), and to introduce
the coupling through perturbation theory. The resulting theory should be finite at tree
level, and work as an effective QFT for graviton physics. This procedure presupposes that
quantization commutes with the weak-gravity limit. This is a plausible but highly-non
trivial assumption of perturbative quantum gravity. If the two operations do not commute,
the gravitational part of (5) should not be treated as an effective QFT with a well defined
graviton vacuum.

The key point here is that the nature of the term Hg; is not affected by quantization
hypotheses about the gravitational field, because it is a functional solely of the matter
degrees of freedom. If matter is quantized, then the matter Hamiltonian must include Hgsi,
because the latter is expressed in terms the mass density for matter. Then, Equation (8)
holds at the level of operators,

V2p = —4mp, ®)

where $(x) is an auxiliary operator constructed from the quantum mass distribution f(x).
Obviously, if we purport to view the Newtonian interaction between two remote masses
given by Hg; as a channel, this channel will be direct.

Many authors have tried to view Newtonian gravity as a fundamentally classical chan-
nel. This is only possible if Equation (8) fails to hold for a quantum mass distribution 7i(x).
Then, ¢ is a classical variable that is only partially correlated with the mass density. For
example, in the alternative quantum theories based on the Newton-Schrédinger equation,
the Poisson equation takes the form V2¢ = —47(j1), where the expectation value is taken
with respect to the quantum state. Then, the interaction Hamiltonian of the system is

g [P D), o

H
x = x|

&

i.e., it depends on the quantum state. This leads to a non-linear equation for a wave
function, similar to Hartree’s equation governing a large number of particles, which is often
invoked in atomic and nuclear physics. (Strictly speaking, the Hartree wavefunction is not
a quantum state of the N-particle system, but a variational parameter in the mean-field
approximation—see, for example, Ref. [13]). The pitfall is to assert that this evolution
equation holds even for single or a few individual particles, as many proponents of the
Newton-Schrodinger equation do [14,15].

In this approach, Newtonian gravity is not a direct interaction channel. The potential
is essentially a stochastic variable correlated with the mass density y4 of one subsystem;
this potential generates a classical stochastic force for the other subsystem. This idea is
made explicit by the Kafri-Taylor-Milburn (KTM) model [16] and its significant upgrade
by Diosi and Tilloy (DT) [17], where gravity is modeled by a classical noisy channel.
Effectively, this model amounts to the continuous measurement of the mass density
of one subsystem [18], and a classical stochastic measurement record J; that acts as a
classical control force on the other mass. Again, ¢ in Equation (8) is treated as a stochastic
classical variable that is correlated with (but not slaved to) the mass density (which is
fully quantum). Note that the original KTM model involves a continuous measurement of
particle positions, and mainly focuses on deviations from an equilibrium configuration. The
TD model considers the measurement of the mass density, and as such it provides a broader
generalization of KTM’s main concept. However, they are distinct models, as the restriction
of the TD model to the regime where the KTM model applies gives different results.

It is important to emphasize that there is no fundamental justification for the treatment
of the gravitational potential ¢ as a stochastic variable, except for the plain desire to define
a classical channel for the gravitational interaction. The idea that Newtonian gravity can be
described by a classical /stochastic interaction channel contradicts important facts about
the gravitational field. In particular, it contradicts our understanding that in weak gravity,
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save for gravitational waves which are the true dynamical degrees of freedom, gravity is
completely slaved to the distribution of matter. Any theory that violates this property must
explain the physical origin of this violation. After all, Newtonian gravity is embedded in
General Relativity, so any modification of the former implies invariably a modification
in the later. In particular, the slaving of the potential to matter via Poisson equation is a
constraint of General Relativity, which expresses the invariance of the theory under time
reparameterizations, a fundamental symmetry of GR.

Note that the KTM model and some of its variations are incompatible with atomic
fountain data [19]. However, our critique about incompatibility with GR applies to all
possible implementations of classical channels for Newtonian gravity.

The motivation for proposals by KIM and TD is the idea that gravity, i.e., spacetime
geometry, is fundamentally classical, and that it should not be quantized. Along this way
of thinking, quantum matter coupled to classical gravity invariably involve stochastic
behavior for the gravitational dynamical variables. However, if one agrees that classical
gravity is governed by GR, then at the weak gravity level, the only dynamical variables are
gravitational waves; the Newtonian force is certainly not. The assumption of a quantum-
classical coupling of matter with Newtonian gravity, which involves no true degrees of
freedom for the gravitational field, is inexplicable from the perspective of GR.

There is also the possibility that a fundamental quantum to classical-stochastic cou-
pling of matter to geometry could lead to a different identification of degrees of freedom at
the weak coupling limit. One example is the post-quantum theory of gravity of Refs. [20,21],
in which classical gravity is coupled to quantum matter. This theory is characterized by a
symmetry of spatial diffeomorphisms (rather than spacetime diffeomorphisms, as required
by General Covariance). However, the structure of constraints in this theory, their relation
to symmetries and their physical interpretation need to be resolved clearly, as they pertain
to the identification of the true degrees of freedom at the relevant regime of weak gravity.

In the language of information channels, GR predicts unambiguously a direct inter-
action channel between two separated quantum mass distributions, obtained by adding
the quantum version of the operator Hgg; in the Hamiltonian for quantum matter. This
channel will lead to phenomena such as entanglement generation [22,23] and Rabi-type
oscillations [24]. However, since this channel is direct, the observation of such phenomena
says nothing about the nature of the true degrees of freedom of the gravitational field.
As the latter effectively decouple from the Newtonian interaction at the level of weak
gravity, one cannot make any statement about their nature, classical or quantum, from the
observation of gravity-induced entanglement generation.

The observation of gravity-induced entanglement certainly rules out models in which
Newtonian gravity corresponds to a classical/stochastic channel, or models with a classical
mediator for Newtonian gravity. However, as explained here, these models are rather
implausible from the perspective of gravity theory. A more plausible class of models in-
volves a classical/stochastic interaction mediated by the true degrees of freedom of gravity
(gravitational waves), together with the direct-channel interaction of Newtonian gravity, in
the vein of the Anastopoulos—-Blencowe-Hu model of gravitational decoherence [25,26].
These models are fully compatible with gravity-induced entanglement in the Newtonian
regime, and they provide an explicit counter-example to claims of proving the quantumness
of gravity from experiments with Newtonian gravity.

Ref. [27] presents an argument why a mass in a spatial superposition that interacts
gravitationally with a test mass leads either to faster-than-light signalling or violation
of quantum complementarity, unless one takes into account vacuum fluctuations of the
gravitational field and the emission of gravitational radiation. However, a close reading of
the argument shows that vacuum fluctuations need not be quantum, and that the restora-
tion of quantum complementarity only requires a decoherence mechanism—spontaneous
emission of discrete quanta being only one of many possible scenarios. Hence, the argu-
ments of Ref. [27] are not stringent enough to rule out theories in which the true degrees
of freedom of gravity are treated as a classical stochastic field that causes decoherence
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to quantum matter. However, these are properties that any mathematically consistent
quantum-to-classical coupling must have anyway: mathematically consistent couplings
of quantum to classical variables typically induce non-unitary evolution and decoherence
to the quantum system and noise to the classical system [28-31]. Models for quantum-to-
classical coupling without decoherence and noise typically lead to the violation of positivity,
i.e., negative probabilities.

The same point applies to the extended analysis presented in Ref. [32]. There, it is also
argued that in the thought-experiment of Ref. [27], there is no clear distinction between
entanglement mediated by the Newtonian gravitational field of a body and entanglement
mediated by on-shell gravitons emitted by the body. This may be the case for the logical
coherence of their analysis, but there is a fundamental difference between Newtonian force
and (on-shell, not virtual) graviton interactions, the former slaved to matter by constraints,
the latter carries the true dynamical degree of freedom. Thus, only in the detection of
gravitons can one ascertain the quantum nature of (perturbative) gravity. In particular, in
the proposed experiments [22,23] entanglement is caused specifically by the Newtonian
force, and not by on-shell gravitons.

Cosmology is an interesting arena to check out different ideas about the quantum
nature of gravity. Primordial density contrasts are affected by gravitational perturbations
in both the scalar and the tensor sectors. However, gravitational waves in the transverse-
traceless gauge belong to the purely tensor sector which is decoupled from these other
sectors tied to the matter [33]. The decoupled tensor sector (the ‘B modes’), if detected,
could provide evidence that perturbative gravity is quantum. This is consistent with our
assertion, namely, only the transverse-traceless modes carry the dynamical degrees of
freedom of gravity, and only through them would the quantum nature of gravity show,
not from the pure gauge tied to matter. However, notice this is only perturbative quantum
gravity centering on the existence of gravitons. Gravitons could be viewed as the quantized
collective modes of excitation (such as phonons) of spacetime if spacetime is considered as
the low energy effective theory (long wavelength hydrodynamical limit) of quantum gravity
proper. These theories, e.g., fundamental string or quantum loop theory, operative at the
Planck scale, which attempt to decipher the basic constituents (the atoms) of spacetime are
fundamentally different from perturbative gravity which can exist at today’s low energy.

2.4. Event Formalism and Closed Timelike Curves

The event formalism [34,35] is an alternative quantum theory that predicts photon
disentanglement in the presence of gravity. It is built under the assumption that the opera-
tors representing observables at different points along a particle’s geodesic are required to
commute with one another. This requirement implies a strong and rather ad hoc modifica-
tion to the properties of quantum fields. This formalism stems from the analysis of [36] in
finding possible unitary solutions to a quantum gravity information paradox. It is based
on the treatment in [37] of closed timelike curves in the context of quantum computation.

We want to make two points in relation to these models. First, the modification stems
from arguments that are based on quantum computation in terms of quantum circuits, not
on a QFT analysis. As [37] asserts, such computational circuits are universal in the sense
that they can simulate the behavior of finite quantum systems. This means that they can
simulate the behavior of a finite number of modes of the quantum field. However, the
simulation of a QFT can be highly non-local, as, for example, when simulating fermion
fields with qubits [38]. There is no guarantee that the computational degrees of freedom
are localized on spacetime, and that they are subject to the usual analysis of locality
and causality.

More importantly, the idea that closed timelike curves exist without accompanying
quantum gravity effects is highly implausible from the perspective of gravity theory. This
strongly contradicts the well-motivated chronology protection conjecture [39] which asserts
that the laws of physics, including quantum phenomena, do not allow for the appearance of
closed time-like curves. Chronology protection is valid also for semi-classical gravity [40].
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All this strongly suggests that closed timelike curves can emerge only as Planck scale quan-
tum gravity effects (like Wheeler’s spacetime foam [41]), if at all. Hence, any phenomena
stemming from closed timelike curves stretch the capabilities of current experiments more
than 20 orders of magnitude, so there is no surprise of null findings [42].

3. Problem 2: Quantum Processes/Fluctuations Cannot Be Replaced by Classical
Stochastic Processes/Noises

In this and in the next section we turn our attention to the relation of quantum
fluctuations and classical stochastic processes. Noise is often introduced and stochastic
equations invoked in many alternative quantum theories for some specific purposes, such
as in explaining why we do not see quantum effects in the macroscopic world (e.g., the
stochastic Schrodinger equation in [43,44]). We begin by showing how fluctuations, often
at the Planck scale, have been proposed as the source of gravitational decoherence, and
what goes wrong in doing so. Gravitational decoherence is a good case study as it involves
all three aspects: gravity, quantum field and quantum information.

3.1. Fluctuations as Sources of Gravitational Decoherence—What Is Missing or Misleading

In many proposed models, gravitational decoherence is a consequence of fluctuations
that are assumed to originate from Planck-scale physics. The specific mechanism varies.
Fluctuations may be induced by some fundamental imprecision in the measuring devices
(starting with clocks and rulers) [45,46], or by uncertainties in the dynamics [47,48], or by
treating time as a statistical variable [49], to give some examples.

Obviously, any model that involves Planck scale physics must make very strong
assumptions. However, we find assumptions that Planck scale uncertainties can be mod-
eled by classical stochastic processes rather implausible. The modeling of uncertainties
by classical noise may work for randomness at the macroscopic scale where quantum
properties do not play a role. In contrast, quantum uncertainties are different in nature as
they involve non-localities and correlations with no analogues in the classical theory of
stochastic processes.

To explain this point, we note that the limitations posed by the Planck length are not
a priori different from those placed by the scale v/ c3e/m, in quantum electrodynamics,
where e is the electron charge and 1, is the electron mass. At this scale quantum field
effects are strong, and the fluctuations from these effects are fully quantum. Any effect
they cause at low energy is also inherently quantum. One needs to specify the conditions
(e.g., Gaussian systems) or the regime for the quantum field, and justify the means by
which they could be treated such as classical fluctuations described by a stochastic process.
In particular, the effects of the fluctuations of the electromagnetic field at low energies
(E << mc?) have been well studied. It has been shown that the ‘noise” induced by these
fluctuations is non-Markovian and does not cause significant decoherence effects in the
microscopic regime [50-52]. In other words, the coherence of the electromagnetic field
vacuum does not allow for the a priori generation of classical (i.e., decohering) fluctuations
in the quantum motion of the particle. The assumption that the gravitational field exhibits
a different behavior is completely ad hoc, with no justification unless one postulates that
gravity is fundamentally classical.

3.2. Classical Stochastic Processes or Noises Miss Out Important Information in Quantum Theories

When encountering the effects of quantum fluctuations, a common practice of authors
who know enough about classical stochastic processes is to assert or assume that they can
be replaced by classical stochastic processes. Without a rigorous proof, this substitution
is unwarranted. Making this jump could also be dangerous, if one does not even know
what has been left out or what can be messed up in this substitution. Important quantum
features are ignored which bear on basic quantum information issues such as entanglement
and coherence.



Entropy 2022, 24, 490

9o0f 16

In some cases, quantum fluctuations of an observable may be replaced by a classical
stochastic process after coarse-graining. This is possible if the coarse-grained observable
satisfies specific consistency conditions [53,54]. Then, it can be rigorously shown that the
measurement outcomes for this observable can be modeled by a stochastic process [55].
To this end, it is necessary that all specific quantum properties of the fluctuations are
suppressed by coarse-graining.

Hence, except for specific limiting regimes, quantum processes cannot be replaced
by classical stochastic processes. We shall show that even in cases of the closest proximity,
namely, for Gaussian systems, where the Wigner function remains positive definite and
has the same form as a classical distribution function, there are subtle and important
differences: a quantum theory contains more information than the corresponding classical
stochastic ones.

The statistical properties of a classical stochastic field can be described by a classical
distribution functional of the field variable and its conjugate momentum over an infinite-
dimensional phase space spanned by the canonical pair. The distribution function of the
classical stochastic field is often misconstrued as the equivalent of the quantum Wigner
function. Even for Gaussian systems it is not completely true that its quantum behavior
is identical to the classical: Wigner functions carry more information than what is in
the corresponding classical probability distributions. This is no surprise because Wigner
function carries the full equivalent information contained in the density matrix.

Can a classical stochastic field act as a functional surrogate of a quantum field? This
old issue is revisited in a recent paper by Hsiang and Hu (HH) [56], where a conduit
for Gaussian systems is built connecting a full quantum field-theoretic treatment and
those using the probability distribution of classical stochastic fields. Since the bridging
protocol is the source of a great deal of confusion, HH examine the conditions for the
two theories to be connected, while paying special attention to the ability of the latter to
preserve essential quantum properties. They conclude that the information contained in
classical stochastic field theory is far from complete, e.g., it still needs inputs from the two-point
functions of the quantum field to yield the stochastic counterparts. Even though from
certain angles both look formally identical, the theoretical frameworks they are based on
are fundamentally different.

We list the key points from their findings, beginning with the obvious question:
(A) How is quantum non-commutativity represented? In quantum theory, the Wigner
function corresponds to a fully symmetrized ordering. HH demonstrate that for those physical
quantities of interest which can be expressed in terms of the covariance matrix elements,
which are the expectation values of the canonical operators in symmetrized ordering, the
stochastic field approach seems to work. However, this is unlikely for other ordering
choices. In the classical stochastic field approach, different distribution functions may be
needed to account for different operator orderings in quantum theory. (B) The Wigner
functions for the more general non-Gaussian configurations are not positive-definite and the
correspondence with classical distribution functions breaks down. Crucial for quantum
information issues, (C) classical field theory and its stochastic renditions cannot account for
quantum entanglement, in which the nature of quantum state plays a pivotal role.

We can see a glimpse of this from (D) the differences between the classical Shannon
entropy and the quantum von Neumann entropy. The Shannon entropy associated with
classical distributions has the property of monotonicity. That is, given the combined
systems A and B, we have S;[A + B] > max{S;s[A], Ss[B]} for the Shannon entropy, where
S;s[A] denotes the Shannon entropy of the subsystem A. On the other hand, for the von
Neumann entropy S, the closest property to the classical monotonicity is the theorem of
Araki-Lieb triangle inequality:

IS[A] - S[B]| < S[A + B] < S|A] + S|B]. (10)

The second group of inequalities is known as the subadditivity inequality for von Neumann
entropy, and holds with equality if and only if systems A and B are uncorrelated, that is,
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048 = 04 ® 0B. HH has shown (in the case of particle creation, where subsystems A, B

represents the £k modes of the pair) that S[A, B] = 0 but S[A] = S[B] > 0. The entropy
of a subsystem is larger than the entropy of the combined system. These properties are
broadly known, often invoked in the discussions of entanglement entropy.

The message we wish to convey is, as a matter of principle, one should seek a quantum
field description where the effects of quantum fluctuations are fully incorporated. Further-
more, if or when a classical stochastic process may provide an adequate description of the
quantum field, specify the conditions and spell out the limitations.

4. Problem 3: How Are Semiclassical and Stochastic Theories Related to Their
Quantum Origins? How Does Noise Enter?

The second question raised here is easier to answer. If one permits noise to be added
by hand, there is always a stochastic counterpart to any theory. This practice has turned
into an unquestioned habit in many situations, likely attributable to the way how we first
encounter a stochastic equation, such as the Langevin equation: “just add a noise term
as source driving the Newton equation”. Voila! Only later did we learn that in doing so
a closed system where the dynamics is unitary is changed to an open system following
nonunitary dynamics. We need to identify an environment which our system interacts
with and find out the coarse-graining measures which produce the noise chosen, which
drives the system. Furthermore, we need to make sure the system’s dissipative dynamics
and the environmental noise observe a self-consistency requirement, such as governed
by a fluctuation-dissipation relation. Many proposers of alternative quantum theories
like to introduce a noise source, turning, say, a Schrodinger equation into a stochastic
Schrodinger equation, which serves their specific purposes. Regrettably, rarely do these
authors explain where their noises come from, their physical meanings, and whether
turning a unitary equation into a stochastic equation generates any mathematical conflicts
with, or compromises the theoretical foundation of, the established theories.

There is one situation we know of and have worked on, where a classical stochastic
source (or noise) can be derived as a full representation of quantum field fluctuations, for
systems and environments being all Gaussian. We shall explain this in the next subsection.

Let us now turn to the first question: How are semiclassical and stochastic theories
related to their progenitor quantum theories? For this discussion, it is useful to keep in
mind the four distinct levels of theoretical structures: quantum, stochastic, semiclassical
and classical, in the order of decreasing information contents. Every lower level theory is a
limiting case of the higher level theories, with the quantum theory as their source. Note in
particular the stochastic level here is different from theories obtained by putting a noise in
by hand. Instead, stochastic follows quantum only because it is a genuine derivative of the
quantum theory under specific conditions. It is useful to review this four-level structure so
that as one sees some stochastic source entering one can identify it in the right place and
decide whether it can be derived or just introduced in an ad hoc manner, a big difference.

4.1. Semiclassical Theory as Large N Limit of Quantum Theory

The relation between semiclassical and quantum theory is a well-studied subject
ever since quantum theory was established, and there is almost a semiclassical theory for
every quantum theory which came into being, constructed from the corresponding longer
existing and more familiar classical theory: quantum theory of radiation, quantum chaos,
etc. There are also cases where the quantum theory is well established but a lesser theory is
introduced with the help of experimental input in order to bypass the difficult calculations,
Lifshitz’s stochastic electromagnetic theory is a good example, with monographs devoted
to it [57,58]. Semiclassical theory plays a special role for gravity because of the lack of a bona
fide quantum theory of (nonperturbative) gravity. There, gravity is kept classical, described
by Einstein’s theory of general relativity (GR), while matter is described by quantum field
theory (QFT), both theories have been tested to the utmost degree, the best we have for the
description of spacetime and matter.
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Currently we see some increased interest in semiclassical gravity theory among re-
searchers of gravity, quantum fields and quantum information, and with it, also misconceiv-
ing or misconstruing what a correct SCG theory should be. Let us start with the popular
Newton-Schrodinger Equation (NSE). On surface it looks like the weak field limit of general
relativity and the nonrelativistic limit of the Klein-Gordon or Dirac equation. However, it
is not. Single or few particle NSE cannot be derived from GR + QFT—see [14] for details
or [59] for a summary.

Semiclassical theory makes sense as the large N limit of the progenitor quantum
tAheory. The semiclassical Einstein equations, the Einstein tensor G, = 87TG<TW), where
T,y is the stress energy tensor of quantum matter field, are only meaningful for N-particle
quantum states with N >> 1, where the relative strength of fluctuations is suppressed
by a factor of N~1/2. Theories using the Newton-Schrodinger equation and theories
that treat the Einstein—Klein-Gordon, Einstein—Dirac equations or the Moller-Rosenfeld
Equation [60,61] in a prima face, abridged or altered way, are not compatible with GR +
QFT. The crucial point is in the coupling between classical gravity and quantum fields, such
as stated in the Wald axioms [62,63], and the requirement of self-consistency. The large N
limit of (perturbative) quantum gravity has been shown [64] to be a pathology-free and
self-consistent semiclassical gravity theory based on the relativistic semiclassical Einstein
equations. (Please refer to the four levels, from 0 to 3, of “semiclassical gravity” theories
in [59]. The proper ones to use are Levels 2 and 3 (p. 7), what are referred to as ‘relativistic
semiclassical gravity” and ‘stochastic semiclassical gravity’).

In the next subsection, after we have introduced the stochastic semiclassical gravity
theory [65,66] based on the Einstein-Langevin Equation [67], we shall see that the relativistic
semiclassical gravity theory is obtained after performing a stochastic average over the
noise which describes the quantum fluctuations of matter field. In this sense relativistic
semiclassical gravity is a relativistic “mean field” theory.

4.2. Stochastic Semiclassical Theory: Noise Can Be Defined for Quantum Fluctuations in
Gaussian Systems

In the beginning of this section we mentioned that noise in a stochastic equation is
often put in by hand. However, one can define noise of a Gaussian quantum environment in
a mathematically rigorous manner, namely, by way of the Feynman-Vernon [68] Gaussian
functional identity. Because of the way how this noise is derived, it is best to keep in
mind its quantum origin, namely, that it is only a stochastic classical source representation
of quantum fluctuations, its true nature being fully quantum mechanical. In this way
one can distinguish from ad hoc noises attached to a quantum equation such as in the
stochastic Schrodinger equation, or put in by hand to some lower (classical or semiclassical)
level equations.

Let us examine stochastic semiclassical gravity in the large N vein. When the quantum
gravity sector is coupled to a large number N of matter (free) fields, the lowest-order
contribution in a 1/N expansion produces the semiclassical Einstein equations. When
using large N the cut-off scale is shifted to the rescaled length. At the lowest order the
fluctuations of the metric are suppressed but all matter loops are included. In the same
vein, stochastic gravity results from taking the next-to-leading order in the 1/ N expansion
of quantum gravity coupled to N matter fields. Whereas in semiclassical gravity the
fluctuations of the metric are suppressed, here in stochastic gravity, metric fluctuations are
of linear order, while graviton loops or internal graviton lines are sub-leading in comparison
to matter loops. Semiclassical and stochastic gravity as effective theories in the large N
context are discussed in Chapters 9 and 10 of [66].

Harking back to the issue of gravitational decoherence by stochastic processes at the
Planck scale, we remarked that models which introduce noise or invoke fluctuations which
are intrinsically classical have pathologies. The proper way to introduce stochasticity in
spacetime which respects both general relativity and quantum field theory is through the
metric fluctuations induced by the fluctuations of quantum matter fields (via the noise
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kernel which is the correlator of the stress energy tensor of quantum matter field, see,
e.g., [69,70]) by seeking solutions to the Einstein—Langevin Equation (ELE) [67,71-74]. This
has been carried out successfully for the Minkowski metric in [75,76], and for inflationary
cosmology in [77]. In stochastic semiclassical gravity the noise is fundamentally quantum;
the backreaction of a quantum matter field and its fluctuations on the classical geometry and
its fluctuations is obtained by solving the ELE which guarantees fully the self-consistency
between the quantum matter field and the classical geometry sectors. In fact, the magnitude
of metric fluctuations enters as the most stringent criterion of the validity of semiclassical
gravity [78-80].

Returning now to the low energy limit, where laboratory or space experiments can
provide some reality checks, upgrade to a stochastic Newton-Schrodinger equation has
been proposed [81,82] with the intention of explaining the origin of noise in some of the
alternative quantum theories. Here again, our critiques of the NSE apply. The proper way
is to take the weak field nonrelativistic limit of the Einstein-Langevin equation. This limit
of stochastic gravity is of special interest as it is the only known consistent theory which can
deal with quantum entanglement issues in a gravitational setting, such as in the physics of
gravitational cat states [24] (see also Sec. 1.3.4 of [66].)

Above all, in the consideration of gravity and quantum fields, back-reaction self-
consistency is the ultimate criterion one needs to respect. The way how these two sectors
are coupled, how noise of quantum field is derived, how the quantum expectation values
and stochastic averages are taken, how a quantum field and its fluctuations back-react
on a classical background spacetime in a self-consistent manner—they are all of crucial
importance. Improper treatments or assumptions in the consideration of any of these
factors and their related issues can lead to pathologies disallowed in general relativity and
quantum field theory.

5. Conclusions

Gravity (G) and quantum (Q) are two main old yet still vibrantly blooming branches
of physics at the foundations of modern science. In the last two decades the introduction of
ideas, practices and ways of thinking in quantum information (I) theory has stimulated new
growth in both of these old vines and their crossings, a very welcoming development. At the
same time alternative quantum and gravitation theories also begin to appear or resurface
in abundance. Because many new experimental proposals for testing these alternative
theories or the quantum nature of gravity involve atom or molecules (AM) interacting
with light (O), we see an increasing share of the perspectives of the AMO community in
discussions of the foundational theoretical issues of these three subjects Q, G, I and their
unions. These perspectives include, but are not limited to the following.

(i) Staying in the confines of nonrelativistic quantum mechanics to describe quantum
field processes and quantum information;

(ii) Using information channels to describe quantum and gravitational effects in substitu-
tion of QFT and GR;

(iii) Introducing classical stochastic sources or processes to mock up quantum field fluctu-
ations or replace quantum field processes, leading to theories with inconsistencies or
pathologies.

In this article, we have shown the problems arising from making such assumptions
and the pitfalls in such treatments. In relation to point (i), we use the Newton-Schrodinger
equation as a case study and recall the problems we pointed out in our earlier papers.

In relation to point (ii), we analyzed the notion of interactions mediated by an in-
formation channel and showed that, in general, it is not equivalent to the treatment of
interactions by QFT. We gave three reasons. First, QFT is not compatible with the tensor
product structure of interaction channels, except as an approximation. Second, the notion of
localization and its relation to causality is more nuanced in QFT than in standard QIT. Third,
the idea of quantum fields as channels that mediate interaction is insufficient to describe the
actual theories of mediating interactions, namely, gauge field theories. Then, we showed
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that the use of information channels for the description of Newtonian gravity may lead to
inconsistencies with general relativity: it ignores the fact that GR predicts that gravity is
completely slaved to matter in the Newtonian regime, and has no dynamical content.

In relation to point (iii) we point out that in general one cannot replace a quantum
field by a classical stochastic field, or mock up the effects of quantum fluctuations by
classical noises, because important quantum features such as coherence and entanglement
will be left out, as the nature of quantum states enter into the consideration. The distri-
bution function of a classical stochastic field is often misconstrued as the equivalent of
a quantum Wigner function because of their formal resemblance in some cases. How-
ever, even for Gaussian systems it is not true that its quantum behavior is completely
identical to the classical: Wigner functions, carrying the full information equivalent to
that of density matrices, contain more information than in the corresponding classical
probability distribution functions. The information contained in a classical stochastic field
theory is far from complete, e.g., it still needs inputs from the two-point functions of the
quantum field to yield the correct stochastic counterparts, and, how does it address the
non-commutativity and the operator-ordering issues? Turning a unitary evolutionary
equation into a stochastic equation by adding a noise as source in an ad hoc manner could
create problems because often it violates the self-consistency condition such as contained
in the fluctuation-dissipation relation.

The Feynman-Vernon functional identity for Gaussian systems provides a consistent
way of defining noise for quantum fields. This allows us to link up the semiclassical with
the stochastic in the four levels of theoretical structures, from classical to semiclassical
to stochastic to quantum. To describe how a theory at a sub-level can be obtained from
a higher level, we use semiclassical and stochastic gravity theories as illustrations. In a
theory of quantum gravity with a large number N of matter (free) fields, the lowest-order
contribution in a 1/ N expansion produces the semiclassical Einstein equations. Taking the
next-to-leading order in the 1/ N expansion of quantum gravity coupled to N matter fields
yields stochastic gravity. Whereas in semiclassical gravity the fluctuations of the metric
are suppressed, in stochastic gravity, metric fluctuations are of linear order with graviton
loops or internal graviton lines sub-leading in comparison to matter loops. The proper
way to introduce stochasticity in spacetime is through the metric fluctuations induced by
the fluctuations of quantum matter fields via the noise kernel by seeking solutions to the
Einstein—-Langevin equations.

Author Contributions: Investigation, C.A. and B.-L.H.; Writing—original draft, C.A. and B.-L.H.;
Writing—review & editing, C.A. and B.-L.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Julian Schwinger Foundation, grant number JSF-19-07-0001.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work is supported in part by a Schwinger foundation grant JSF-19-07-0001.

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

1. Haag, R. On Quantum Field Theories. Mat.-Fys. Meddelelser 1955, 29, 12.

2. Hall, D.; Wightman, A.S. A Theorem on Invariant Analytic Functions with Applications to Relativistic Quantum Field Theory.
Mat.-Fys. Meddelelser 1957, 31, 1.

3. Anastopoulos, C.; Savvidou, N. Quantum Information in Relativity: The Challenge of QFT Measurements. Entropy 2022, 24, 4.

[CrossRef] [PubMed]

4. Malament, D. In Defense of Dogma: Why There Cannot Be A Relativistic Quantum Mechanics of (Localizable) Particles. In
Perspectives on Quantum Reality; Clifton, R., Ed.; Kluwer Academic: Dordrecht, The Netherlands, 1996.


http://doi.org/10.3390/e24010004
http://www.ncbi.nlm.nih.gov/pubmed/35052030

Entropy 2022, 24, 490 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.
34.

35.
36.
37.
38.

39.

Schlieder, S. Zum Kausalen Verhalten eines Relativistischen Quantenmechanischen Systems. In Quanten und Felder, W. Heisenberg
zum 70. Geburtstag; Diirr, H.P,, Ed.; Vieweg: Decatur, IL, USA, 1971; p. 145.

Hegerfeldt, G.C. Instantaneous Spreading and Einstein Causality in Quantum Theory. Ann. Phys. 1998, 7, 716. [CrossRef]
Fermi, E. Quantum Theory of Radiation. Rev. Mod. Phys. 1932, 4, 87. [CrossRef]

Shirokov, M.I. Velocity of Electromagnetic Radiation in Quantum Electrodynamics. Yad. Fiz. 1966, 4, 1077; reprinted in Sov. J.
Nucl. Phys. 1967, 4, 774.

Hegerfeldt, G.C. Causality Problems for Fermi’s Two-Atom System. Phys. Rev. Lett. 1994, 72, 596. [CrossRef]

Hegerfeldt, G.C. Problems about Causality in Fermi’sTwo-Atom Model and Possible Resolutions. In Non-Linear, Deformed and
Irreversible Quantum Systems; Doebner, H.-D., Dobrev, V.K., Nattermann, P., Eds.; World Scientific: Singapore, 1995.

Arnowitt, R.; Deser, S.; Misner, C. The Dynamics of General Relativity. In Gravitation: An Introduction to Current Research; John
Wiley & Sons/Wiley: Hoboken, NJ, USA, 1962.

Anastopoulos, C.; Lagouvardos, M.; Savvidou, K. Gravitational Effects in Macroscopic Quantum Systems: A First-Principles
Analysis. Class. Quantum Grav. 2021, 38, 155012. [CrossRef]

Schwabl, F. Quantum Mechanics; Springer: Berlin, Germany, 2007.

Anastopoulos, C.; Hu, B.L. Problems with the Newton-Schrodinger Equations. New J. Phys. 2014, 16, 085007. [CrossRef]
Adler, S.L. Comments on proposed gravitational modifications of Schrédinger dynamics and their experimental implications. J.
Phys. A Math. Theor. 2007, 40, 755-763. [CrossRef]

Kafri, D.; Taylor, ].M.; Milburn, G.J. A Classical Channel Model for Gravitational Decoherence. New |. Phys. 2014, 16, 065020.
[CrossRef]

Tilloy, A.; Di6si, L. Sourcing Semiclassical Gravity from Spontaneously Localized Quantum Matter. Phys. Rev. D 2016, 93, 024026.
[CrossRef]

Gaona-Reyes, J.L.; Carlesso, M.; Bassi, A. Gravitational Interaction through a Feedback Mechanism. Phys. Rev. D 2021, 103, 056011.
[CrossRef]

Altamirano, N.; Corona-Ugalde, P.; Mann, R.B.; Zych, M. Gravity is not a Pairwise Local Classical Channel. Class. Quantum Grav.
2018, 35, 145005. [CrossRef]

Oppenheim, J. A post-quantum theory of classical gravity? arXiv 2018, arXiv:1811.03116.

Oppenheim, J.; Weller-Davies, Z. The constraints of post-quantum classical gravity. J. High Energy Phys. 2022, 2022, 80. [CrossRef]
Bose, S.; Mazumdar, A.; Morley, G.W.; Ulbricht, H.; Toro, M.; Paternostro, M.; Geraci, A.A.; Barker, PF.,; Kim, M.S.; Milburn, G. A
Spin Entanglement Witness for Quantum Gravity. Phys. Rev. Lett. 2017, 119, 240401. [CrossRef]

Marletto, C.; Vedral, V. Gravitationally Induced Entanglement between Two Massive Particles is Sufficient Evidence of Quantum
Effects in Gravity. Phys. Rev. Lett. 2017, 119, 240402. [CrossRef]

Anastopoulos, C.; Hu, B.L. Quantum Superposition of Two Gravitational Cat States. Class. Quant. Grav. 2020, 37, 235012.
[CrossRef]

Anastopoulos, C.; Hu, B.L. A Master Equation for Gravitational Decoherence: Probing the Textures of Spacetime. Class. Quant.
Grav. 2013, 30, 165007. [CrossRef]

Blencowe, M. Effective Field Theory Approach to Gravitationally Induced Decoherence. Phys. Rev. Lett. 2013, 111, 021302.
[CrossRef] [PubMed]

Belenchia, A.; Wald, R.M.; Giacomini, E,; Castro-Ruiz, E.; Brukner, C.; Aspelmeyer, M. Quantum Superposition of Massive Objects
and the Quantization of Gravity. Phys. Rev. D 2018, 98, 126009. [CrossRef]

Blanchard, P; Jadcyk, A. Strongly Coupled Quantum and Classical Systems and Zeno's Effect. Phys. Lett. A 1993, 175, 157.
[CrossRef]

Diosi, L.; Halliwell, ].J. Coupling Classical and Quantum Variables using Continuous Quantum Measurement Theory. Phys. Rev.
Lett. 1998, 81, 2846. [CrossRef]

Diosi, L.; Gisin, N.; Strunz, W.T. Quantum Approach to Coupling Classical and Quantum Dynamics. Phys. Rev. A 2000, 61, 022108.
[CrossRef]

Hall, M.].W.; Reginatto, M. Interacting Classical and Quantum Ensembles. Phys. Rev. A 2005, 72, 062109. [CrossRef]

Danielson, D.L.; Satishchandran, G.; Wald, R.M. Gravitationally Mediated Entanglement: Newtonian Field vs. Gravitons. arXiv
2021, arXiv:2112.10798.

Lifshitz, E.M. On the Gravitational Stability of the Expanding Universe. |. Phys. (USSR) 1946, 10, 116.

Ralph, T.C.; Milburn, G.J.; Downes, T. Quantum Connectivity of Spacetime and Gravitationally Induced Decorrelation of
Entanglement. Phys. Rev. A 2009, 79, 022121. [CrossRef]

Ralph, T.].; Pienar, ]. Entanglement Decoherence in a Gravitational Well According to the Event Formalism. New J. Phys. 2014,
16, 085008. [CrossRef]

Ralph, T.C. Unitary Solution to a Quantum Gravity Information Paradox. Phys. Rev. A 2007, 76, 012336. [CrossRef]

Deutsch, D. Quantum Mechanics near Closed Timelike Lines. Phys. Rev. D 1991, 44, 3197. [CrossRef] [PubMed]

Somma, R.; Ortiz, G.; Gubernatis, J.E.; Knill, E.; Laflamme, R. Simulating Physical Phenomena by Quantum Networks. Phys. Rev.
A 2002, 65, 042323. [CrossRef]

Hawking, S.W. Chronology Protection Conjecture. Phys. Rev. D 1992, 46, 603. [CrossRef]


http://dx.doi.org/10.1002/(SICI)1521-3889(199812)7:7/8<716::AID-ANDP716>3.0.CO;2-T
http://dx.doi.org/10.1103/RevModPhys.4.87
http://dx.doi.org/10.1103/PhysRevLett.72.596
http://dx.doi.org/10.1088/1361-6382/ac0bf9
http://dx.doi.org/10.1088/1367-2630/16/8/085007
http://dx.doi.org/10.1088/1751-8113/40/4/011
http://dx.doi.org/10.1088/1367-2630/16/6/065020
http://dx.doi.org/10.1103/PhysRevD.93.024026
http://dx.doi.org/10.1103/PhysRevD.103.056011
http://dx.doi.org/10.1088/1361-6382/aac72f
http://dx.doi.org/10.1007/JHEP02(2022)080
http://dx.doi.org/10.1103/PhysRevLett.119.240401
http://dx.doi.org/10.1103/PhysRevLett.119.240402
http://dx.doi.org/10.1088/1361-6382/abbe6f
http://dx.doi.org/10.1088/0264-9381/30/16/165007
http://dx.doi.org/10.1103/PhysRevLett.111.021302
http://www.ncbi.nlm.nih.gov/pubmed/23889383
http://dx.doi.org/10.1103/PhysRevD.98.126009
http://dx.doi.org/10.1016/0375-9601(93)90818-K
http://dx.doi.org/10.1103/PhysRevLett.81.2846
http://dx.doi.org/10.1103/PhysRevA.61.022108
http://dx.doi.org/10.1103/PhysRevA.72.062109
http://dx.doi.org/10.1103/PhysRevA.79.022121
http://dx.doi.org/10.1088/1367-2630/16/8/085008
http://dx.doi.org/10.1103/PhysRevA.76.012336
http://dx.doi.org/10.1103/PhysRevD.44.3197
http://www.ncbi.nlm.nih.gov/pubmed/10013776
http://dx.doi.org/10.1103/PhysRevA.65.042323
http://dx.doi.org/10.1103/PhysRevD.46.603

Entropy 2022, 24, 490 15 of 16

40.

41.
42.

43.
44.

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.
68.

69.

70.

71.

72.
73.

74.
75.
76.
77.
78.

Kay, B.S.; Radzikowski, M.].; Wald, R.M. Quantum Field Theory on Spacetimes with a Compactly Generated Cauchy Horizon.
Comm. Math. Phys. 1997, 183, 533. [CrossRef]

Wheeler, J.A. Geons. Phys. Rev. 1955, 97, 511. [CrossRef]

Xu, P; Ma, Y; Ren, ].G.; Yong, H.L,; Ralph, T.C,; Liao, S.K; Yin, Y; Liu, W.-Y,; Cai, W.-Q.; Han, X; et al. Satellite Testing of a
Gravitationally Induced Quantum Decoherence Model. Science 2019, 366, 132-135. [CrossRef]

Diosi, L. Models for Universal Reduction of Macroscopic Quantum Fluctuations. Phys. Rev. A 1989, 40, 1165. [CrossRef]
Ghirardi, G.C.; Grassi, R.; Rimini, A. Continuous-Spontaneous-Reduction Model Involving Gravity. Phys. Rev. A 1990, 42, 1057.
[CrossRef]

Gambini, R.; Porto, R.; Pullin, J. Realistic Clocks, Universal Decoherence, and the Black Hole Information Paradox. Phys. Rev. Lett.
2004, 93, 240401. [CrossRef]

Gambini, R.; Porto, R.; Pullin, J. A Relational Solution to the Problem of Time in Quantum Mechanics and Quantum Gravity: A
Fundamental Mechanism for Quantum Decoherence. New |. Phys. 2004, 6, 45. [CrossRef]

Milburn, G.J. Lorentz Invariant Intrinsic Decoherence. New J. Phys. 2006, 8, 96. [CrossRef]

Milburn, G.J. Intrinsic Decoherence in Quantum Mechanics. Phys. Rev. A 1991, 44, 5401. [CrossRef] [PubMed]

Bonifacio, R. Time as a Statistical Variable and Intrinsic Decoherence. Nuovo Cim. B 1999, 114, 473.

Barone, PM.V.B.; Caldeira, A.O. Quantum Mechanics of Radiation Damping. Phys. Rev. A 1991, 43, 57. [CrossRef]
Anastopoulos, C.; Zoupas, A. Non-equilibrium Quantum Electrodynamics. Phys. Rev. D 1998, 58, 105006 [CrossRef]

Johnson, P.R.; Hu, B.L. Stochastic Theory of Relativistic Particles Moving in a Quantum Field: Scalar Abraham-Lorentz-Dirac-
Langevin Equation, Radiation Reaction, and Vacuum Fluctuations. Phys. Rev. D 2002, 65, 065015. [CrossRef]

Gell-Mann, M.; Hartle, J.B. Classical Equations for Quantum Systems. Phys. Rev. D 1993, 47, 3345. [CrossRef]

Omnés, R. The Interpretation of Quantum Mechanics; Princeton University Press: Princeton, NJ, USA, 1994.

Anastopoulos, C. Quantum Correlation Functions and the Classical Limit. Phys. Rev. D 2001, 63, 125024. [CrossRef]

Hsiang, ].T.; Hu, B.L. Intrinsic Entropy of Squeezed Quantum Fields and Nonequilibrium Quantum Dynamics of Cosmological
Perturbations. Entropy 2021, 23, 1544. [CrossRef]

Buhmann, S.Y. Dispersion Forces I: Macroscopic Quantum Electrodynamics and Ground-State Casimir, Casimir—Polder and van der Waals
Forces; Springer: Berlin, Germany, 2012.

Buhmann, S.Y. Dispersion Forces II: Many-Body Effects, Excited Atoms, Finite Temperature and Quantum Friction; Springer: Berlin,
Germany, 2013.

Hu, B.L. Gravitational Decoherence, Alternative Quantum Theories and Semiclassical Gravity. J. Phys. Conf. Ser. 2014, 504, 012021.
[CrossRef]

Moller, C. Les Theories Relativistes de la Gravitation, Colloques Internationaux CNRX 91; Lichnerowicz, A., Tonnelat, M.-A., Eds.;
CNRS: Paris, France, 1962.

Rosenfeld, L. On Quantization of Fields. Nucl. Phys. 1963, 40, 353. [CrossRef]

Wald, R.M. The Backreaction Effect in Particle Creation in Curved Spacetime. Comm. Math. Phys. 1977, 54, 1. [CrossRef]

Wald, R.M. Trace Anomaly of a Conformally Invariant Quantum Field in Curved Spacetime. Phys. Rev. D 1978, 17, 1477.
[CrossRef]

Hartle, J.B.; Horowitz, G.T. Ground State expectation Value of the Metric in the 1/N or Semiclassical Approximation to Quantum
Gravity. Phys. Rev. D 1981, 24, 257. [CrossRef]

Hu, B.L.; Verdaguer, E. Stochastic gravity: Theory and Applications. Living Rev. Relativ. 2008, 11, 3. [CrossRef]

Hu, B.L.; Verdaguer, E. Semiclassical and Stochastic Gravity—Quantum Field Effects on Curved Spacetimes; Cambridge University
Press: Cambridge, UK, 2020.

Calzetta, E.A; Hu, B.L. Noise and Fluctuations in Semiclassical Gravity. Phys. Rev. D 1994, 49, 6636. [CrossRef]

Feynman, R.P; Vernon, FL. The Theory of a General Quantum System Interacting with a Linear Dissipative System. Ann. Phys.
1963, 24, 118. [CrossRef]

Phillips, N.G.; Hu, B.L. Noise Kernel in Stochastic Gravity and Stress Energy Bi-Tensor of Quantum Fields in Curved Spacetimes.
Phys. Rev. D 2001, 63, 104001. [CrossRef]

Osborn, H.; Shore, G.M. Correlation Functions of the Energy-Momentum Tensor on Spaces of Constant Curvature. Nucl. Phys. B
2000, 571, 287. [CrossRef]

Hu, B.L.; Matacz, A. Back Reaction in Semiclassical Cosmology: the Einstein-Langevin Equation. Phys. Rev. D 1995, 51, 1577
[CrossRef] [PubMed]

Calzetta, E.A.; Campos, A.; Verdaguer, E. Stochastic Semiclassical Cosmological Models. Phys. Rev. D 1997, 56, 2163. [CrossRef]
Lombardo, F.C.; Mazzitelli, E.D. Einstein—-Langevin Equations from Running Coupling Constants. Phys. Rev. D 1997, 55, 3889.
[CrossRef]

Martin, R.; Verdaguer, E. On the semiclassical Einstein-Langevin Equation. Phys. Lett. B 1999, 465, 113. [CrossRef]

Martin, R.; Verdaguer, E. Stochastic Semiclassical Gravity. Phys. Rev. D 1999, 60, 084008. [CrossRef]

Martin, R.; Verdaguer, E. Stochastic Semiclassical Fluctuations in Minkowski Spacetime. Phys. Rev. D 2000, 61, 1. [CrossRef]
Roura, A.; Verdaguer, E. Cosmological Perturbations from Stochastic Gravity. Phys. Rev. D 2008, 78, 064010. [CrossRef]
Flanagan, E.E.; Wald, R.M. Does Back Reaction Enforce the Averaged Null energy Condition in Semiclassical Gravity? Phys. Rev.
D 1996, 54, 6233. [CrossRef]


http://dx.doi.org/10.1007/s002200050042
http://dx.doi.org/10.1103/PhysRev.97.511
http://dx.doi.org/10.1126/science.aay5820
http://dx.doi.org/10.1103/PhysRevA.40.1165
http://dx.doi.org/10.1103/PhysRevA.42.1057
http://dx.doi.org/10.1103/PhysRevLett.93.240401
http://dx.doi.org/10.1088/1367-2630/6/1/045
http://dx.doi.org/10.1088/1367-2630/8/6/096
http://dx.doi.org/10.1103/PhysRevA.44.5401
http://www.ncbi.nlm.nih.gov/pubmed/9906599
http://dx.doi.org/10.1103/PhysRevA.43.57
http://dx.doi.org/10.1103/PhysRevD.58.105006
http://dx.doi.org/10.1103/PhysRevD.65.065015
http://dx.doi.org/10.1103/PhysRevD.47.3345
http://dx.doi.org/10.1103/PhysRevD.63.125024
http://dx.doi.org/10.3390/e23111544
http://dx.doi.org/10.1088/1742-6596/504/1/012021
http://dx.doi.org/10.1016/0029-5582(63)90279-7
http://dx.doi.org/10.1007/BF01609833
http://dx.doi.org/10.1103/PhysRevD.17.1477
http://dx.doi.org/10.1103/PhysRevD.24.257
http://dx.doi.org/10.12942/lrr-2008-3
http://dx.doi.org/10.1103/PhysRevD.49.6636
http://dx.doi.org/10.1016/0003-4916(63)90068-X
http://dx.doi.org/10.1103/PhysRevD.63.104001
http://dx.doi.org/10.1016/S0550-3213(99)00775-0
http://dx.doi.org/10.1103/PhysRevD.51.1577
http://www.ncbi.nlm.nih.gov/pubmed/10018625
http://dx.doi.org/10.1103/PhysRevD.56.2163
http://dx.doi.org/10.1103/PhysRevD.55.3889
http://dx.doi.org/10.1016/S0370-2693(99)01068-0
http://dx.doi.org/10.1103/PhysRevD.60.084008
http://dx.doi.org/10.1103/PhysRevD.61.124024
http://dx.doi.org/10.1103/PhysRevD.78.064010
http://dx.doi.org/10.1103/PhysRevD.54.6233

Entropy 2022, 24, 490 16 of 16

79.

80.

81.

82.

Hu, B.L.; Roura, A.; Verdaguer, E. Induced Quantum Metric Fluctuations and the Validity of Semiclassical Gravity. Phys. Rev. D
2004, 70, 1. [CrossRef]

Hu, B.L.; Roura, A.; Verdaguer, E. Stability of Semiclassical Gravity Solutions with Respect to Quantum Metric Fluctuations. Int. J.
Theor. Phys. 2004, 43, 749. [CrossRef]

Bera, S.; Mohan, R.; Singh, T.P. Stochastic Modification of the Schrodinger-Newton Equation. Phys. Rev. D 2015, 92, 025054.
[CrossRef]

Bera, S.; Giri, P; Singh, T.P. Spacetime Fluctuations and a Stochastic Schrodinger—-Newton Equation. Found. Phys. 2017, 47, 897.
[CrossRef]


http://dx.doi.org/10.1103/PhysRevD.70.044002
http://dx.doi.org/10.1023/B:IJTP.0000048173.09964.d2
http://dx.doi.org/10.1103/PhysRevD.92.025054
http://dx.doi.org/10.1007/s10701-017-0092-5

	Preamble
	Problem 1: Quantum Fields Misconstrued as Information Channels
	Quantum Channels
	Problems with Treating QFT as Quantum Channel
	Implications for Gravity
	Event Formalism and Closed Timelike Curves

	Problem 2: Quantum Processes/Fluctuations Cannot Be Replaced by Classical Stochastic Processes/Noises
	Fluctuations as Sources of Gravitational Decoherence—What Is Missing or Misleading
	Classical Stochastic Processes or Noises Miss Out Important Information in Quantum Theories

	Problem 3: How Are Semiclassical and Stochastic Theories Related to Their Quantum Origins? How Does Noise Enter?
	Semiclassical Theory as Large N Limit of Quantum Theory
	Stochastic Semiclassical Theory: Noise Can Be Defined for Quantum Fluctuations in Gaussian Systems

	Conclusions
	References

