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We discuss two classes of semimicroscopic theoretical models of stochastic spacetime foam in quantum
gravity and the associated effects on entangled states of neutral mesons, signalling an intrinsic breakdown
of CPT invariance. One class of models deals with a specific model of foam, initially constructed in the
context of noncritical (Liouville) string theory, but viewed here in the more general context of effective
quantum-gravity models. The relevant Hamiltonian perturbation, describing the interaction of the meson
with the foam medium, consists of off-diagonal stochastic metric fluctuations, connecting distinct mass
eigenstates (or the appropriate generalization thereof in the case of K-mesons), and it is proportional to the
relevant momentum transfer (along the direction of motion of the meson pair). There are two kinds of
CPT-violating effects in this case, which can be experimentally disentangled: one (termed “w-effect’) is
associated with the failure of the indistinguishability between the neutral meson and its antiparticle, and
affects certain symmetry properties of the initial state of the two-meson system; the second effect is
generated by the time evolution of the system in the medium of the spacetime foam, and can result in time-
dependent contributions of the w-effect type in the time profile of the two-meson state. Estimates of both
effects are given, which show that, at least in certain models, such effects are not far from the sensitivity of
experimental facilities available currently or in the near future. The other class of quantum-gravity models
involves a medium of gravitational fluctuations which behaves like a ““thermal bath”’. In this model both

of the above-mentioned intrinsic CPT violation effects are not valid.
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I. INTRODUCTION AND MOTIVATION

There have been two strands of research in the last few
years which have only recently made contact. One is the
subject of bipartite entanglement and the other is the role of
spacetime foam for decoherence of elementary particles.
The latter was first championed by Wheeler within the
context of microscopic horizons of radius of the order of
the Planck length which may induce in spacetime a fuzzy
structure. This has been further developed in [1] where it
was suggested that topological fluctuations in the space-
time background and microscopic black holes can lead to
nonunitary evolution and a breakdown of the S-matrix
description in field theory. If this is correct then the usual
formulation of quantum mechanics has to be modified.
Arguments have been put forward for this modification
of the Liouville equation to take the form [2]

0,0 =+ L. H] + $Hp. (1.1)

Equations of this form are frequently required to describe
the time evolution of an open quantum mechanical system
where §Hp has a Lindblad form [3]. In such systems
observable degrees of freedom are coupled to unobservable
components which are effectively integrated over. Initial
pure states evolve into mixed ones and so the S-matrix §
relating initial and final density matrices does not factorize,
ie.
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where S = e/"'. In these circumstances Wald [4] has
shown that CPT is violated, at least in its strong form,

i.e. there is no unitary invertible operator ® such that

G‘).[)in = Pout (13)

This result is due to the entanglement of the gravitational
fluctuations with the matter system. Such entanglement is
not generally a perturbative effect.

It was pointed out in [5], that if the CPT operator is not
well defined this has implications for the symmetry struc-
ture of the initial entangled state of two neutral mesons in
meson factories. Indeed, if CPT can be defined as a quan-
tum mechanical operator, then the decay of a (generic)
meson with quantum numbers J7¢ = 17~ [6], leads to a
pair state of neutral mesons |i) having the form of the
entangled state

li) = i(IIV_Io(k)>|Mo(—k)> — [Mo(kDIMo(=K))).  (1.4)
V2
This state has the Bose symmetry associated with particle-
antiparticle indistinguishability CP = +, where C is the
charge conjugation and P is the permutation operation. If,
however, CPT is not a good symmetry (i.e. ill-defined due
to spacetime foam), then M,, and M, may not be identified
and the requirement of CP = + is relaxed [5]. Con-
sequently, in a perturbative framework, the state of the
meson pair can be parametrized to have the following
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form:
liy = %(lMO(E»lMO(_Ig» — | Mo ()| Mo(—k)))
+ = (1Mo ()| Mo(— ) + [Mo() [ Mo(—K)))

NGl

where w = |w|e’® is a complex CPT violating (CPTV)
parameter. For definiteness in what follows we shall term
this quantum-gravity effect in the initial state as the
“w-effect” [5].

Given the possible breakdown of conventional unitary
quantum mechanics and noninvariance of CPT as a con-
sequence of spacetime foam, it is interesting to see what, if
any, type of foam can generate this type of effect from a
fundamental and nonphenomenological stance. This is a
somewhat delicate matter since evolution using the popular
Lindblad approaches [3,7,8], generate effects, which, how-
ever, have essential differences in both form and interpre-
tation from the w-effect”, and thus can be experimentally
disentangled from it [8]. However the Lindblad-type ap-
proach to quantum gravity is primarily based on mathe-
matical considerations of quantum dynamical semigroups
(required for irreversibility) and Markov processes and
does not claim any other physical motivation. It is certainly
not a microscopic theory of quantum gravity. There is need
for a more detailed microscopic and model dependent
approach in order to arrive at reasonable estimates for the
w-(initial state) and its evolution. In this work we shall
study and estimate such effects in the context of specific
models of spacetime foam which are motivated by under-
lying theoretical considerations.

spacetime foam is a generic term that covers quite dis-
tinct points of view. One of the most plausible reasons for
considering quantum decoherence models of quantum
gravity, comes from recent astrophysical evidence for the
acceleration of our Universe during the current-era.
Observations of distant supernovae [9], as well as WMAP
data [10] on thermal fluctuations in the cosmic microwave
background (CMB), indicate that our Universe is at present
accelerating, and that 74% of its energy-density budget
consists of an unknown entity, termed Dark Energy.
Best-fit models of such data include Einstein-Friedman-
Robertson-Walker Universes with a nonzero cosmological
constant. However, the data are currently compatible also
with (cosmic) time-dependent vacuum-energy-density
components, relaxing asymptotically to zero [11]. Such
relaxation mechanisms may be due to extra scalar quintes-
sence fields [12], which in the case of some models in-
spired by noncritical string theory might be the dilaton
itself [13]. Identification of the dark-energy component
of the Universe with the central charge surplus of the
supercritical o-models describing the (recoil) string exci-
tations of colliding brane-worlds leads to a nonequilibrium
energy density of the (observable) brane world [14,15] and
a relaxation scenario for the dark energy. The associated
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dilaton field during the present era of the Universe may
even be constant, in which case the relaxation of the dark-
energy-density component is a purely stringy feature of the
logarithmic conformal field theory [16] describing the
D-brane recoil [17] in a (perturbative) o-model frame-
work. This is compatible with a de Sitter space, with scale
factor a(t) = exp(4/€)y/3t), which implies an asymptotic
Hubble horizon

5y ~ f d(ct)a1 (') < oo (1.5)
Ty
One suggestion for the quantization of such systems is
through analogies with open systems in quantum mechan-
ics. For some simple cases, such as conformally coupled
scalar fields [18] in de Sitter spaces it has been shown
explicitly that the system modes decohere for wavelengths
longer than a critical value, which is of the order of the
Hubble horizon. From the theorem by Wald [4], the CPT
operator is ill-defined in such decoherent field theories.
Noncritical (Liouville) string [19] provides a rather unified
formalism for dealing not only with cosmological constant
Universes in string theory, but also in general with deco-
herent quantum spacetime-foam backgrounds, that include
microscopic quantum-fluctuating black holes [20]. Within
this framework a particularly simple and tractable back-
ground is given by D-particles. Low energy matter is
represented as open or closed strings and moves ina D +
1 dimensional target space. The string states collide with
massive D-particle defects embedded in target space. The
recoil fluctuations of the D-particle induce a spacetime
distortion given by the metric tensor
8ij = 5ijr 8o = — L,

(1.6)
goi = eley; + u;1)0 (1),

i=1...,D

where the suffix 0 denotes temporal (Liouville) compo-
nents and

0 dq

0,() = ——

. — e, up = (ky = ky);,
27 J-wq — i€

(1.7)

with k; (k,) the momentum of the propagating closed-string
state before (after) the recoil; y; are the spatial collective
coordinates of the D particle and &2 is identified with the
target Minkowski time 7 for ¢ >> 0 after the collision [17].
These relations have been calculated for nonrelativistic
branes where u; is small. Now for large ¢, to leading order,
“i Ap;

goi =i =
i i e Mp

(1.8)

where A p; is the momentum transfer during a collision and
M p is the Planck mass (actually, to be more precise Mp =
M,/g,, where g, <1 is the (weak) string coupling, and M
is a string mass scale); so g, is constant in spacetime but
depends on the energy content of the low energy particle
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[21]. Such a feature does not arise in conventional ap-
proaches to spacetime foam and will be important in our
formulation of one of the microscopic models that we will
consider.

The above model of spacetime foam refers to a specific
string-inspired construction. However the form of the in-
duced back reaction (1.8) onto the spacetime has some
generic features, and can be understood more generally in
the context of effective theories of such models, which
allows one to go beyond a specific noncritical (Liouville)
model. Indeed, the D-particle defect can be viewed as an
idealization of some (virtual, quantum) black hole defect
of the ground state of quantum gravity, viewed as a mem-
brane wrapped around some small extra dimensions of
the (stringy) space time, and thus appearing to a four-
dimensional observer as an ‘“‘effectively” pointlike defect.
The back reaction on spacetime due to the interaction of a
pair of neutral mesons, such as those produced in a meson
factory, with such defects can be studied generically as
follows: consider the nonrelativistic recoil motion of the
heavy defect, whose coordinates in spacetime, in the labo-
ratory frame, are y' = yj + u't, with u' the (small) recoil
velocity. One can then perform a (infinitesimal) general
coordinate transformation y* — x* + £” so as to go to the
rest (or comoving) frame of the defect after the scattering.
From a passive point of view, for one of the mesons, this
corresponds to an induced change in metric of spacetime of
the form (in the usual notation, where the parenthesis in
indices denote symmetrization) 8g,,, = d(,¢,), which in
the specific case of nonrelativistic defect motion yields the
off-diagonal metric elements (1.8). Such transformations
cannot be performed simultaneously for both mesons, and
moreover in a full theory of quantum gravity the recoil
velocities fluctuate randomly, as we shall discuss later on.
This means that the effects of the recoil of the spacetime
defect are observable. The mesons will feel such effects in
the form of induced fluctuating metrics (1.8). It is crucial to
note that the interaction of the matter particle (meson)
with the foam defect may also result in a “flavour” change
of the particle (e.g. the change of a neutral meson to its
antiparticle). This feature can be understood in a D-particle
Liouville model by noting that the scattering of the matter
probe off the defect involves first a splitting of a closed
string representing matter into two open ones, but with
their ends attached to the D-particle, and then a joining of
the string ends in order to re-emit a closed-string matter
state. The re-emitted (scattered) state may in general be
characterized by phase, flavour and other quantum charges
which may not be required to be conserved during black
hole evaporation and disparate spacetime-foam processes.
In our application we shall restrict ourselves only to effects
that lead to flavour changes. The modified form of the
metric fluctuations (1.8), which characterize our specific
model of Liouville decoherence is given in the next
section.
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The second model to be considered by us shares a
concern with the effect of horizons and the consequent
absence of unitarity but the formulation is not supported by
a formal theory like string theory. A different effective
theory of spacetime foam has been proposed by Garay
[22]. The fuzziness of spacetime at the Planck scale is
described by a nonfluctuating background which is supple-
mented by nonlocal interactions. The latter reflects the fact
that at Planck scales spacetime points lose their meaning
and so these fluctuations present themselves in the non-
fluctuating coarse grained background as nonlocal inter-
actions. These nonlocal interactions are then rephrased as a
quantum thermal bath with a Planckian temperature. The
quantum entanglement of the gravitational bath and the
two-meson (entangled) state is explicit in this model. Con-
sequently issues of back reaction can be readily examined.
Since the evolution resulting from the standard Lindblad
formulation does not lead to the w effect, this manifesta-
tion of CPTV is not the result of some arbitrary nonunitary
evolution. Hence it is interesting to study the above two
quite distinct models (one motivated by string theory and
the other by field theory) for clues concerning the appear-
ance of (and an estimate for the order of magnitude) of w.

The structure of this article is as follows: In the next
section we will construct the model incorporating ideas
from Liouville string theory that were mentioned earlier. It
will be referred to as the Liouville stochastic metric (LSM)
model. It will be demonstrated that this model leads to the
appearance of w-type effects both in the initial state and
during evolution in the foam medium. In fact, there are
some subtleties concerning strangeness conservation (on
choosing the M meson to be the K meson for definiteness);
consequently, the precise form of the pertinent CPT
Violating terms in the decay products of a meson factory,
constitutes a sensitive probe of any nonconservation. In
models of spacetime foam such as LSM strangeness is not
always conserved, as there is no corresponding no-hair
theorem for the associated (singular) spacetime fluctua-
tions. This is a feature that is model dependent, and, in
this work, we pay particular attention to determining the
conditions under which this happens. Qualitative estimates
of the effects are given and the rdle of time dependence in
disentangling the effects is discussed. The neutral meson
system and the thermal bath, representing spacetime foam,
together form one large hamiltonian system whose evolu-
tion can be calculated exactly. This implies in principle an
exact knowledge of the dynamics of the neutral mesons.
Consequently in the third section, entanglement that is
induced in the state of the neutral meson pair by the
thermal bath, is calculated. However, as discussed there,
no w type effect is generated by the evolution in such a
type of foam. Moreover owing to the details of the entan-
glement of bath and neutral mesons the stationary states of
the system cannot be interpreted in terms of an initial @
effect. Conclusions are presented in the final section.
Technical aspects of our work are given in two appendices.
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II. LIOUVILLE INSPIRED DECOHERENCE

A. Liouville-Stochastic-Metric (LSM) fluctuations and
Meson systems: formalism

Polchinski’s realization [23] that solitonic string back-
grounds (D-branes) can be described in a conformally
invariant way in terms of world sheets with boundaries
has significantly changed the understanding of target-space
structure. Collective target-space coordinates of the soliton
have Dirichlet boundary conditions on these boundaries. A
model of spacetime foam [15] can be based on a number
(determined by target-space supersymmetry) of parallel
brane worlds with three large spatial dimensions which
move in a bulk spacetime containing a ‘“gas” of
D-particles. One of these branes is the observable Uni-
verse. For an observer on the brane the crossing D-particles
will appear as twinkling spacetime defects, i.e. micro-
scopic spacetime fluctuations. This will give the four-
dimensional brane world a “D-foamy” structure. Fol-
lowing some recent work on gravitational decoherence
[24,25] the target-space metric state, which is close to
being flat, can be represented schematically as a density
matrix

o = [ @10 INKsr)L @D
The parameters rM(,L/, =0,...,5) are stochastic with a
gaussian distribution f(r,) characterized by the averages

(ru) = 0,(ryr,) =

The fluctuations experienced by the two entangled neutral
mesons will be assumed to be independent and A,

MMV

( 2) i.e. very small. As matter moves through the space-

tlme foam in a typical ergodic picture the effect of time
averaging is assumed to be equivalent to an ensemble
average. As far as our present discussion is concerned we
will consider a semiclassical picture for the metric and so
lg(r,)) in (2.1) will be a coherent state. In the future we
will also address nonclassical fluctuations where the
Ig(rM)> could represent squeezed states of gravitons.

In order to address oscillation and MSW-like phe-
nomena [24,26,27] the fluctuations of each component of
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where 1, is the identity and o; are the Pauli matrices. The
above parametrization has been taken for simplicity and
we will also consider motion to be in the x- direction which
is natural since the meson pair moves collinearly in the
Center-of-Mass (C.M.) frame. A metric with this type of
structure is compatible with the view that the D-particle
defect is a ‘““pointlike”” approximation for a compactified
higher-dimensional brany black hole, whose no-hair theo-
rems permit nonconservation of flavour. In the case of
neutral mesons the concept of flavour refers to either
particle/antiparticle species or the two mass eigenstates,
by changing appropriately the relevant coefficients.

The Klein-Gordon equation for a spinless neutral meson

field
©=(4)

with mass matrix m = §(m; + my)1 + 1 (m; — my)o3ina
gravitational background is
(g*PD, Dy — m*)® =0 (2.3)

where D, is the covariant derivative. Since the Christoffel
symbols vanish for a; independent of space time the D,
coincide with d,. Hence

(%03 +2g°1050, + gD — m?*® = 0. 2.4
It is useful at this stage to rewrite the state |i) in terms of the
mass eigenstates. To be specific, from now on we shall
restrict ourselves to the neutral Kaon system K, — K,
which is produced by a ¢-meson at rest, i.e. K, — K, in
their C.M. frame. The CP eigenstates (on choosing a
suitable phase convention for the states |K,) and |K,))
are, in standard notation, | K. ) with

IK.) = %um - o)),

The mass eigensates |K) and |K; ) are written in terms of
|K.) as

(2.5)

1

K;)=———[|K_) + &|K 2.6
the metric tensor g*# will not be simply given by the IKL) 1+ e, (1K= + 2l K] 2.6)
simple recoil distortion (1.8), but instead will be taken to
have a 2 X 2 (“flavor’’) structure: and
00 —
g = (_1 + }"4)1 1
o Ks) = ————[IK.) + e1K)] @)
N =g"=rl +rio; + ro, + ryo; (2.2) J1+ g l?
gl = +rsl In terms of the mass eigenstates
|l> C{ (lKL(k)>|KS( k)> - |KS(k)>|KL( k)>)+ } (2.8)
o(IKs(kDIKs(—K)) — | K (k)IK, (k)

045014-4



DECOHERENCE INDUCED CPT VIOLATION AND ...

A/ +e P+

where C = NATEPP) [5]. In the notation of two-level
€18 >
systems (on suppressing the k label) we write
Ky =11 |IKe) =] (2.9

The unnormalized state |i) will then be an example of an
initial state

) = 1k DV =k D@ = 1k, D] = &, D

+ €l DW= kD + &1k V] - & DD (2.10)

where |M, (K)) = |k, 1) and we have taken & to have only a
nonzero component k in the x-direction; superscripts label
the two separated detectors of the collinear meson pair, &
and £’ are complex constants and we have left the state |i)
unnormalized. The evolution of this state is governed by a
hamiltonian H

A = g% (g%)1f — (gOO)fl\/(gOI)ZkZ — gO(g1A2 + m?)
2.11)

which is the natural generalization of the standard Klein
Gordon hamiltonian in a one particle situation. Moreover
kl = k1) = *klk 1) together with the corresponding rela-
tion for | .

B. Decoherence aspects of LSM

In the case of a generic spacetime-foam model, we have
currently no rigorous way of understanding the spontane-
ous formation of microscopic black holes from the
Quantum Gravity (QG) vacuum. In fact, in some QG
models it is unclear whether there is indeed decoherence.
An important issue is the nature of the gravitationally-
dressed state which is accessible to experimental measure-
ments. If, as is the case of some local effective theories of
(quantum) gravity [28,29], the only quantum effects of
gravity are loops of virtual gravitons, then there is no
induced decoherence, since the virtual-graviton dressed
state is entirely accessible to experiment, in analogy with
virtual photon-dressed states in quantum electrodynamics
[30]. The presence of microscopic fluctuating horizons,
that might characterize the vacuum of QG, complicates
the situation, since there may be information loss, leading
to decoherence.

In the specific case of Liouville D-particle foam [15,20],
discussed in this section, where the fluctuating spacetime
defects are pointlike structures in D-brane theory [23],
there have been some concrete attempts to discuss the
formation of dynamical Planck (to be precise string-
scale)-size horizons, with “real effects’” on matter within
the Liouville string framework [31]. In these models the
role of black holes is played by pointlike defects in the bulk
spacetime, crossing the brane hypersurfaces, and interact-
ing with stringy matter propagating on the brane worlds.

Such situations can lead [20,31] to real (nonthermal)
particle creation and decoherence, as a result of the quan-
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tum instability of the relevant horizons, established
through the study of the appropriate positive energy
conditions for the associated spacetimes. Using the identi-
fication of the world-sheet Liouville zero mode with the
target-space time, it can be shown [20] that the decoher-
ence effects of the nonconformal string background
(” D-particle foam’”), representing the D-particles, which
have been scattered by matter can be quantified within a
closed-time-path formalism; appropriate influence func-
tionals can be constructed in a path integral on the world-
sheet of the string, within the framework of first quantiza-
tion. It should be stressed that decoherent particle produc-
tion is achieved only upon considering quantum fluc-
tuations of the recoil velocity of the D-particle defect.
For the interested reader we mention that, as a result of
the ““sudden” recoil of the massive D-particle, the (fluctu-
ating) distortion of spacetime has the form of a Rindler
wedge [20], and as such the decoherent particle production
is calculated within this Liouville model through the ap-
propriate computation of the Bogoliubov coefficients of
the accelerated spacetime at hand.

A rather detailed comparison of the Liouville model and
other approaches to decoherence, with emphasis on the
“real environmental effects” characterizing the former
which lead to irreversibility and decoherence, was pre-
sented in a previous publication [24] (and references
therein).

C. Gravitationally-dressed initial entangled state:
stationary perturbation theory and order of magnitude
estimates of the w-effect

The effect of spacetime foam on the initial entangled
state of two neutral mesons is conceptually difficult to
isolate, given that the meson state is itself entangled with
the bath. Nevertheless, in the context of our specific model,
which is written as a stochastic hamiltonian, one can
estimate the order of the associated w-effect of [5] by
applying nondegenerate perturbation theory to the states
|k, DD, |k, )@ i =1, 2. Although it would be more rig-
orous to consider the corresponding density matrices,
traced over the unobserved gravitational degrees of free-
dom, in order to obtain estimates it will suffice formally to
work with single-meson state vectors).

Owing to the form of the hamiltonian (2.11) the gravita-
tionally perturbed states will still be momentum eigen-
states. The dominant features of a possible w-effect can
be seen from a term H, in the single-particle interaction
hamiltonian

H, = —(rjoy + roy)k (2.12)

which is the leading order contribution in the small pa-
rameters r; (c.f. (2.2) and (2.11)) in H (i.e. \/K, are small).
This implies a modification of the mass eigenstates by the
medium of quantum gravity, in analogy with the celebrated
MSW effect of neutrino propagating in matter media [27],
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but with the important difference here that the effects of the
medium are directional.

In first order in perturbation theory the gravitational
dressing of |k, l><i) leads to a state:

K@, D9 = 1K@, DD + kO, YD o) (2.13)

where
O, kD1 H, kD, [y

) = 2.14
@ ) (2.14)

and correspondingly for [k?, 1)) the dressed state is ob-
J

|k Dol — K Dos — 1k Dosl — k Doy =

PHYSICAL REVIEW D 74, 045014 (2006)
tained from (2.14) by |]) < |1) and @ — B8 where

E, — E

B = (2.15)

Here the quantities E; = (m? + k?)'/2 denote the energy
eigenvalues, and i = 1 is associated with the up state and
i = 2 with the down state. With this in mind the totally
antisymmetric ‘“‘gravitationally-dressed’ state can be ex-
pressed in terms of the unperturbed single-particle states
as:

I, V| — & P — [k, DO = &, DO + |k, D] — &, YD (BD — @)

+ 16 DO = kDO (a® — D) + BUa@|k Y| — &, YO
— B, PV — k, P2

It should be noted that for r; o §;; the generated w-like
effect corresponds to the case ¢ = &' in (2.10) since a?) =
— B, while the w-effect of [5] (2.8) corresponds to r; o
8, (and the generation of & = —¢') since o = B, In
the density matrix these cases can be distinguished by the
off-diagonal terms.

These two cases are physically very different. In the case
of ¢-factories, the former corresponds to nondefinite
strangeness in the initial state of the neutral Kaons (seen
explicitly when written in terms of K, — K;), and hence
strangeness nonconservation in the initial decay of the
¢-meson, while the latter conserves this quantum number.
We remind the reader that in a stochastic quantum-gravity
situation, strangeness, or, in that matter, the appropriate
quantum number in the case of other neutral mesons, is not
necessarily conserved, and this is reflected in the above-
described general parametrization of the interaction
Hamiltonian (2.12) in flavour space.

As we shall discuss in the next subsection, the (decoher-
ent) time evolution of these two cases causes the appear-
ance of terms with the opposite effects, as far as the
quantum numbers in question are concerned. Namely, the
strangeness-conserving initial state leads to the appearance
of CPT violating terms with a strangeness-violating form,
while an initially strangeness-violating combination gen-
erates, under evolution in the foam, a strangeness-
conserving w-effect of the form proposed in [5].

We next remark that on averaging the density matrix
over the random variables r;, we observe that only terms of
order |w|? will survive, with the order of |w|? being

lo? = (9( pp (Kl 1>>2)

(E, —

_ 0( A, k>
(E,

_ A2k2
- E2)2> (my — m2)2

(2.16)

[
for the physically interesting case in which the momenta

are of order of the rest energies.

Recalling (c.f. (1.8)) that the variance A, (and also A ) is
of the order of the square of the momentum transfer (in
units of the Planck mass scale Mp) during the scattering of
the single-particle state off a spacetime-foam defect, i.e.

= [?k?/M3%, where { is at present a phenomenological
parameter. It cannot be further determined due to the lack
of a complete theory of quantum gravity, which would in
principle determine the order of the momentum transfer.
We arrive at the following estimate of the order of w in this
model of foam:

§2 k4

lw)? ~—————
M%(”ﬁ - m2)2

.17
Consequently for neutral kaons, with momenta of the order
of the rest energies || ~ 1074|Z], while for B-mesons we
have |w| ~ 107°|Z|. For 1 > ¢ = 1072 these values for »
are not far below the sensitivity of current facilities, such
DA®NE, and { may be constrained by future data owing to
upgrades of the DADNE facility or a Super B factory. If
the universality of quantum gravity is assumed then ¢ can
also be restricted by data from other sensitive probes, such
as terrestrial and extraterrestrial neutrinos [24].

D. Time-evolution generated w-like effects

We next discuss a similar CPT violating (CPTV) effect
generated by the time evolution of the system. The evolu-
tion of the two particle state |¢) is given by

W) = expl ~iAY + A [Ny @18)
where the superscripts on the H indicate that part of the

two particle state that is being acted on by H. On using
(A20) and (A21) of Appendix A we find
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lp(r))y = =N A

where

ay(t) = f(l)(t)f(z)(t)* g(l)(t)* 5@ (1) — lflf(l)(t)g(z)(t)

— i&8W (@) A ey, (2.20)

an(n = —if Y@@ + gV (0 FP0)
+ & V00 — £80078P (0", 2:21)

ay(r) = =gV fP + if V0 8?0
= &8V %0 + &V 0" (222)

and
ay(t)=—gMng?0" — fY 0

—i& 8V0FP () — i&, fV (0 8@, (2.23)

The operators /7, 7% 3() and §?* here act on eigen-
states and so they produce c-number eigenvalues
FO, f0* o and g* respectively. A similar convention
will be used for other related operators. In the evolution
given by (2.19) we shall examine terms involving
|k, DD| — k, D@ and |k, YV] — &, 1)@ but independent of
&, and &,. Consequently these may be regarded as a
generation of the w contribution as a consequence of
entanglement with the gravitational spacetime foam rather
than as a modification of an existing term. Since the
hamiltonian generating the evolution is stochastic, the state
of the system at any time is given by (|44(2) X4(1)|),y, Where
the averaging is over the stochastic parameters in the
metric. The resulting state is a mixed density matrix.

Just as in the estimates of the order of the w-effect for
the stationary states, it is adequate to work in terms of the
wave functions. The magnitude of the w generated in
(2.19) will now be estimated. We define @ (2.21) and @’
(2.22) as

@ (1) = i(fP (g (1) — V1) (1) (2.24)
and

@/(1) = i(f V" (0g@ (1) — gV (1) fP*(0)). (2.25)
From (A22) and (A23) of Appendix A we deduce that

(2)
w(t) = [(cos(lx\(z)lt) — zs1n(|/\(2)|t)| (2)|>Sin(|/\<l)|t)

M _ 0
XM_(le)}

T (2.26)

and

ayOlk DY = & D@ + ap(0)lk, O] = kD@
+ay(Olk, DV =k DP + ay(0)lk, HO] — kD

PHYSICAL REVIEW D 74, 045014 (2006)

} (2.19)

22
@) = —i[(cos(l)\(z)lt) +isin(lACln) <2>|> sin(|A0])

AP+ i)

e —(1<—»2)} (2.27)
Clearly we have an exact relation
@' (1) = w(t)". (2.28)
Moreover
/\(1)/\(2) _ /\(2)/\(1)
— (I AD1A cn(IxD] AA3 1 A3
Re(w (1)) = sin(JAP)]1) sin(|AV]r) A
@) A
+ cos(|A'?]7) sin(] A lt)|/\(l)|
D1 (a7 A
— cos(JAV]#) sin(|A It)l/\(z)l (2.29)
and
A2\ _ y10)@
— an(IA@1 (x5 22 243 2 A3
Im(w(z)) = sin(J]AP]¢) sin(|AV|r) T
O sinflA D) AL
+ cos(|A'?]7) sin(] A lt)IA(‘)I
AD
— cos(JAD|7) sin(|] A2 7) (2.30)

A@]
To lowest order (in the strength of the metric fluctuations)

APAY = APAP = =21 kxs (2.31)

and x; = %(\/kz + m? — \/kz + m3) (which is small for
(ml - m2) < k) and

A m oy 2
_ 1
i (l)| cos(|]AW]#) sin(|AP|£) o]

(2.32)

cos(|A@|#) sin(| AW |r) —2—

k
~ —sin(2(|AD] + = 2

Hence for r, # 0 Re(w(z)) > Im(w(t)) and w(r) = @'(1).
By contrast when r, = Oand r; # 0Im(w()) > Re(w (7))
and so @w(?)* ~ —w(r) which is the permutation symmetry
necessary for the w-effect [5]. This leads to the simplifi-
cation

A(l) )l(12)
|,\(l)| |,\(2)|

and so the leading contribution to |i(z)) of the CPT
violating type is

w(t) ~ icos(|A?]r) sm(lx\(l)lt)[ } (2.33)

045014-7



J. BERNABEU, NICK E. MAVROMATOS, AND SARBEN SARKAR

(1)) ~ e~ A" A g (1) {1k, D] — &, 1)@

= Ik, D] =k, 1)@} (2.34)

From (233) O(w)= W

XD~ (1 + AV 3 + A2 (A3)~(A5) of
Appendix A we observe that, to leading order, y; ~ (k* +

~2(1 + Al/z)l)\(l)| and

From

m)2 — (k2 + m3)"/? and so
2012k

O(w) = ! cos(|A|¢
(@) @) — (@1 ) (1A0]r)

X sin(|AM]7)

= @, sin(2|A\V]z). (2.35)
1/2
with @, = Ak

(k2+m%)1/2*(k2+m%)1/2 .

Although A, is a parameter, our model has its origins in
models of D-particle foam; as previously discussed the
estimate for A that arises in such models is given in terms
of the momentum transfer during the scattering of the
matter state with the spacetime defect

AV~

Mp

This yields an |@y| of the same order as |w| in (2.17).
The time dependence of this effect allows its experimen-

tal disentanglement from the w-effect appearing in the

initial state of the two neutral mesons. The situation should

be compared with the analogous one within the context of a

Lindblad approach to the foam, considered in [8], where

again the evolution effects can be disentangled from the

initial-state symmetry CPTV w-effects.

ITII. THE THERMAL MASTER EQUATION

Master equations with a thermal bath have been argued
to be relevant to decoherence with space time foam [22]. A
thermal field represents a bath about which there is mini-
mal information since only the mean energy of the bath is
known, a situation valid also for space time foam. In
applications of quantum information it has been shown
that a system of two qubits (or two-level systems) initially
in a separable state (and interacting with a thermal bath)
can actually be entangled by such a single mode bath [32].
As the system evolves the degree of entanglement is sen-
sitive to the initial state. The close analogy between two-
level systems and neutral meson systems, together with the
modelling by a phenomenological thermal bath of space
time foam, makes the study of thermal master equations a
rather intriguing one for the generation of w. The hamil-
tonian JH representing the interaction of two such two-
level systems with a single mode thermal field is

PHYSICAL REVIEW D 74, 045014 (2006)

1 1
H = hvata + EhQa'gl) + Ehﬂagz)

2
+ hy Z(ao'(i) + ato®)
=1

(3.1)

where a is the annihilation operator for the mode of the
thermal field and the o’s are the standard Pauli matrices for
the 2 level systems. The operators a and a' satisfy

[a,at]=1, [af,at]=[a, a] = 0.

The superscripts label the particle. This hamiltonian is the
Jaynes-Cummings hamiltonian [33] and explicitly incor-
porates the back reaction or entanglement between system
and bath. This is in contrast with the Lindlblad model and
the Liouville stochastic metric model. In common with the
Lindblad model it is nongeometric. In the former the
entanglement with the bath has been in principle integrated
over while in the latter it is represented by a stochastic
effect. It is useful to go to the interaction picture in which
operators are labeled by a subscript I; in terms of the
Schrodinger picture the interaction picture operators are
given by

(3.2)

ai(t) = exp(—ivt)a a3(t) = o3

3.3)
o4(t) = exp(iQt)o .

Moreover the interaction part of the hamiltonian V =

hyY2 1(aa(’) + at o) transforms to

Vi =hy Z(exp(—i&t)ao'(i) + exp(iét)ato®) (3.4

where § = v — (). The initial density matrix p(0) is taken
as

p(0) = py ® pp. (3.5)
Here
pu = [ANAL (3.6)
120 = IDWIHD = [HDIND + & HWIHP
+ &IDWINE, (3.7)
and
Z o )nﬂ |n)(nl. (3.8)
Hence
p(0) = Z = )nﬂ 190 ) (1. 3.9)
From Bose-Einstein statistics
_ 1
n= T T (3.10)
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where T is the temperature of the heat bath. The stationary
states of the total matter-bath system are nonseparable as
noted in Appendix B. Consequently the effect of the bath
cannot be found by means of an effective hamiltonian (for
the matter system on its own) perturbed from the hamilto-
nian in the absence of the bath. The dynamics of the matter
system on its own is described by a non-Markovian master
equation. However we will describe the evolution of the
J

D, (1)) = X" 2 ()& IDVDPn

—+ { (X )

XV OIMHOIND + x2() —
+(xy 20 -
XV OINDIDD + £ XD (0 HO )@
[ (20 = X IOIne

— XU OIND + £x58 2 () 10| [H@

PHYSICAL REVIEW D 74, 045014 (2006)

matter directly by considering the hamiltonian evolution of
the combined matter-bath system and then by tracing over
the bath degrees of freedom. As described in Appendix B
the combined evolution takes place in four-dimensional
subspaces S,,. Hence even though the full Hilbert space is
infinite dimensional the dynamical evolution can be ob-
tained as the direct sum of the evolved vectors in each S,,.
|20)|n) evolves to | P, (¢)) where

XPTINOIDD + LX)

Consequently at time ¢ the density matrix for the matter by itself is

pu(t) = Z Z
1=0 n=0

),,H (NP, (DX, (D)]1).

ln — 1)
+EXTT (0 HOIH
X5 )In®Ine ]
|n
+ 1)+ EXIV OO0 + 2). G.11)
d (3.12)

We are interested primarily in the terms in py(¢) which involve [)V[1)@ and |[)(V|])®. If we denote these terms by p

then it is straightforward to show that

pi(0) = Z )n+1 X2 -

X @RI

* Z e X0 = X @RI PO

+16P Z T ),,H X729 ()R IHO @@ 0|

+|§1|QZ

)nﬂ XD OPIOIPO 0

1€ PV O RIDDINROAIOA] + 1€, 21X > (020 1O Y@@ | 0] |

i Z N n)"+1

+& &P OF XD PN IR0

+EEIX OF XTIV IO

In p(¢) only the terms p '(z)

o1 = Z(H ),,+1| X0 = X ORI DDA

Z N )n+1 X(n*l,Z)(t) _ Xz(‘nf1,3)(t)|2|l>(1)|l>(2)(2)<1|(1)<l|

are generated during the evolution from the CPT symmetric part of |%I> In Appendix B we noted that a!
X (=13 (), by the same reasoning X4 1) =

i=1...,3andso X(” 12)(p) =

(3.13)

(n—1,2) _ (n 13)

X(" L3)(p). Consequently py'(0) = O and

so the thermal bath model does not generate the entanglement implied by CPTV
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IV. CONCLUSIONS

In this work we have discussed two classes of spacetime-
foam models, which, conceivably, may characterize real-
istic situations of the (still elusive) theory of quantum
gravity. In one of the models (LSM), inspired by non-
critical string theory models of foam, but placed here in
the more general context of semimicroscopic effective
theories of quantum gravity, there is an appropriate metric
distortion caused by the recoil of the spacetime defect
(microscopic black hole) during the scattering with the
matter probe. The distortion is such that it connects the
different mass eigenstates of neutral mesons, and is pro-
portional to the momentum transfer of the matter probe
during its scattering with the spacetime defect. The latter is
assumed to fluctuate randomly, with a dispersion which at
present is viewed as a phenomenological parameter to be
constrained by data.

This causes a CPTV w-likeeffect in the initial entangled
state of two neutral mesons in a meson factory, of the type
conjectured in [5]. Using stationary (nondegenerate) per-
turbation theory it was possible to give an order of magni-
tude estimate of the effect: the latter is momentum
dependent, and of an order which may not be far from
the sensitivity of experimental facilities in the near future,
such as a possible upgrade of the DA®NE facility or a
Super B factory. A similar effect, but with a sinusoidal time
dependence, and hence experimentally distinguishable
from the initial-state effect, is also generated in this model
of foam by the evolution of the system. The situation needs
to be compared with Lindblad-type phenomenological
models of quantum-gravity foam, where again evolution-
generated CPT Violating effects can be disentangled from
the w-effect characterizing the initial state.

As we have discussed, there are two physically very
different cases for the initial state in a quantum-gravity
situation of an LSM-like model. One involves an initial
state of two mesons with definite “‘strangeness” (i.e. the
appropriate quantum number for the meson factory in
question), which the spacetime foam evolves into an in-
definite strangeness combination (i.e. strangeness viola-
tion). The other case corresponds to an indefinite
strangeness initial state, whose (decoherent) time evolution
yields time-dependent w-effect terms with definite
strangeness of the type considered in [5]. These two cases
are produced by the different terms in the initial perturba-
tion Hamiltonian (2.12).

A second model of spacetime foam, that of a thermal
bath of gravitational degrees of freedom, is also considered
in our work, which, however, does not lead to the genera-
tion of an w-like effect.

It is interesting to continue the search for more realistic
models of quantum gravity, either in the context of string
theory or in other approaches, such as the canonical ap-
proach or the loop quantum gravity, in order to search for
intrinsic CPT violating effects in sensitive matter probes.

PHYSICAL REVIEW D 74, 045014 (2006)

Detailed analyses of global data, including very sensitive
probes such as high energy neutrinos, is the only way
forward in order to obtain some clues on the elusive theory
of quantum gravity. Decoherence, induced by quantum
gravity, far from being ruled out at present, may indeed
provide the link between theory and experiment in this
intriguing area of physics.
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APPENDIX A: DETAILS OF LSM EVOLUTION

In order to simplify A (2.11) we note the decomposition

3
\/(Al +Bosy + Coy + Day) = yol + Z)A(jaj (AD)
=i

where
lor A
fo=5lA+ VB* + C* + D)2
+ (A —VB*+ & + DY)/,

N

0=—= CA —[(A+ VB> + C* + D)/
WB + C* + D?

B+ C* + D%

(A2)

(A3)

A

D . e -
= [(A+ VB> + C* + D?)'/2

WB+ C* + D?
—(A—-VB*+ C*+ DY)

(A4)

B NN o
=——————[(A+ VB> + C* + D)2
2WB* + C* + D?

B+ ¢+ DY)

(A5)

Using (A1) we can write the single-particle hamiltonian as

H=(1+ r4){—(r01 +rio + o, + r3a'3)1€

3
=1

J

(A6)

for
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A= /22[(;»(2) + 72+ +R)+ (0= r)+r)]

+— (1 — }’4)(m1 + m2) (A7)
N 1
B = 2k“ror; + E(m' —m3)(1 —ry) (A8)
C = 2%ryry. (A9)
and
D = 2iPryr,. (A10)

The operators A, B, C and D will always act on eigenstates
p) (where £ |p) = i

p|p)). The evolution operator e in
turn has the decomposition
it = g=idorg I At (All)
where
Ap=0+r)X,—r, b, w=0..3 (Al2)

Now

w

¢ 20N = cos(IAln) — i Z a;(|AD) " sin(|Al?)

(A13)

where |A] =4/>72_, A? and again it is assumed that the

—iN73? Ao . A~
operator e 2547 aets on an eigenstate |p) of k.
Consequently

A1) =(p) + Bp) + Bp)Ip)  (Al4)
with
Ailpy = X(p)Ip) (AI5)
for j=1,...,3. Now
3
> Aol =4 +id)lk D+ Llk D, (Al6)
j=1
3 A~ A~ A~ A~
Ajoilk 1) = (A = id)lk D) = A3l D), (A17)
Jj=1
AV )V = (1 + r)(%; — rib)lk @)V, (A18)

and
AP =k a)® = (1 + r)(f; + k)] =k )@ (A19)

where a =1, .

PHYSICAL REVIEW D 74, 045014 (2006)

Consequently

e YO = e K FO Ik DI — gV (0] H1)
(A20)

and

e_“q(l)’lk, DO = e—i/if)”z(f(l)*(t)m N — l'g,(l)(t)lk, 1)

(A21)
where for j = 1, 2
F9) = cos(|AV]1) — i sin(|AV DAV 1A (A22)
and
200 = AV + iAMAV Tsin((AD]).  (A23)

FO*(1) (89*(r)) and FO(r) (8Y)(¢)) share the same ei-
genvectors but with complex conjugate eigenvalues. The
formulae (A20) and (A21) hold for states also with superfix
2 when k — —k.

APPENDIX B: DETAILS OF THERMAL BATH
EVOLUTION

In the analysis of the eigenstates of the Jaynes-
Cummings hamiltonian JH it is clear that certain subspa-
ces S, of the Hilbert space H for the states of the system
and bath are invariant under the action of . Moreover
U,S,, = H. S, is characterized by states of the form

W) = X701 n) + X5OI1 L n+ 1)
+ X5 n+ 1)+ X0, L n+2). (B1)

We shall work in the interaction picture but eschew the
cumbersome subscript I. The evolution of the X} is gov-
erned by

iX1(t) = yv/n + Lexp(—idt)(X4(r) + X3(1)),

iX4(1) = y(exp(—idt)Vn + 2X%(t) + exp(id1)

X N+ 1X2(1),

B2
iX2(1) = y(exp(—idt)Vn + 2X2(t) + exp(i81) (52
X v+ 1XM1)),
iX1(t) = yexp(idt)vn + 2(X5(1) + X2(1)).
On writing
ya() = X5(0) + X5 yi(0) = Vn + 1X7(0) B3)

yi() = ~n + 2X}(1)
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we have from (B2)
iy (1) = y(n + 1) exp(—id1)y5(2),
iyy (1) = y(n + 2) exp(i61)y5(2),
iy2(r) = 2y(exp(—id1)y;(r) + exp(i81)y}(1)).

(B4)

Any solution of these equations satisfies

(1) + i(82 + (4n + 6)y?)ya(1) + 28y%yi(1) = 0. (BS)

Hence y§ o ™"t where A = A™ is a solution of
— (8% + (4n + 6)y>)A + 28vy* = 0. (B6)
If we denote the three solutions by )\E")(i =1,...,3) then
the system of equations of (B2) has a solution
(n) A =8) () ,iA = &)
X{(1) = —yvn + < + =2 (e) :
) A =8
ag") Py =)
AW—5>
X2(1) = _bz + = (a(n) X 4 a(n) X 4 a(n) 1/\<")t)
Xgl(t) _ _b2 + _(a(ln)ei)\l'1 ry a(zn)ei/\(zn)t + C[gn)ei/\(;)t)

X;() = —yvn + <() i+ o)
Y+ 5

(n) (n)

M i +e) as'

ei()\;")JrS)t) (B7)
AP+ 8 AP+ 8

The constants a(") and b, are determined by initial con-

ditions. A set of mdependent initial conditions is given by
X1(0) = 8, (k = 1,...,4); the set of associated solutions

is denoted by a"", b\ and X" (1). Also for consistency
we define fork=1,...,4

X(]*Z,k)

Xgﬂ,k) _ _ ngz,k)

=x{"*=0. (BY)
The /\E") are related to the energy eigenvalues of stationary
states of the combined system and bath. Owing to the

entanglement between the bath and the matter it is not
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useful to consider the bath as leading to a small perturba-
tion of the matter state.
From (B2) and (B7) we have for k = 1

(n 1) (n,l) agn,l)
I=-yvn+ ( O %) >
5 -5 V-5
0= a(ln’l) + a(z"’l) + ag"’l),
1 1 1
_ a(ln : a(Zn : ag’l : b(l) =0.
A5 AP +s A+ ?
Similarly for k = 2
(n 2) . a(zn,l) N agn,l)
AW § AP-s AP-s
1= a(ln’2) + a(zn‘z) + ag”’z),
,2 n2 2
- a(ln ) 0(21 : agn : b(22) -0
AV +s A +s AP +6
For k=3
(n 3) (n,3) (n,3)
a; as
AW s A—s AM-5s
1= a(1n,3) + a(zn,S) + agn,3)’
.3 .3 .3
_a™ ay"? a§"y p® — 1
I A (O I (P ?
For k =4
_ a(ln,4) N a(zn,4) N agn,4)
AV =5 A -8 Ay -6
0= a(l”4) + a(2"4) + a("4),
(n,4) a(zn,4) a(3n,4)
I=—yvn+ <w 0 W )
A +s AP+ AT +5
b§ = 0.
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