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1 Introduction
The discoveries of quantum mechanics and general relativity have caused two of

the greatest revolutions in twentieth-century physics, and their reconciliation re-
mains one of its most important pieces of unfinished business. One could expect
that this reconciliation would entail a modification of one or both of these very suc-
cessful theories, and hope that it would cast light on the transition between classical
and quantum physics. Indeed, the only candidate for a consistent quantum theory of
gravity is string theory [1], which is essentially non-local and hence modifies general
relativity at short distances. It has also been suggested that the usual formula-
tion of quantum mechanics and quantum field theory might require modifications
in a consistent quantum theory of gravity. Specifically, studies of field theory in
topologically non-trivial space-times such as black hole backgrounds have indicated
that information loss across an event horizon requires the introduction of mixed
quantum-mechanical states, and the possibility, forbidden by conventional quantum
mechanics or 5-matrix theory, that pure states may evolve into mixed states.

It has been proposed by Hawking [2] that a full quantum theory of gravity might
be formulated only in terms of density matrices describing in general mixed states,
and that the transitions between initial and final density matrices might not be
factorizable as products of 5-matrix elements and their hermitian conjugates:

/ W = ^ n : $*S*S (1)

Evidence for this suggestion was inferred from studies of topologically non-trivial
solutions of Einstein's equations in Euclidean space-times. It had, then, be suggested
[3] that the evolution of quantum-mechanical systems over time-scales that are long
compared with the Planck time should be described by a modified Liouville equation:

dlP = i[p,H}+qHp (2)

A modification of the Liouville equation of the type (2) is characteristic of open
quantum-mechanical systems [4], and represents in our interpretation the intrinsic
coupling of a microscopic system to space-time foam.

We derived upper bounds of the order of lGeV/MpiaiKt on the magnitude of ma-
trix elements of the QH term in hadrons from the consistency with conventional
quantum mechanics of measurements of the K0 — K system [3, 5] and long-baseline
neutron interferometry [3]. Subsequently, the authors of ref. [6] demonstrated that
the non-quantum-mechanical effects of the QH would be enhanced in macroscopic
systems such as SQUIDs, and could lead to the collapse of the wave function of a
macroscopic object. An operationally similar modification of the Liouville equation
was proposed independently on completely phenomenological grounds by Ghirardi,
Rimini and Weber [7], and the required values of their model parameters were en-
tirely consistent with our upper bounds and order-of-magnitude estimates.
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The study of topologically non-trivial space-times, event horizons and singularities
in string theory was opened up by Witten's realization that suitable Wick rotations
of a cosmological string theory could be interpreted as black holes in Minkowski or
Euclidean space. We then embarked on a series of studies of quantum coherence
in such stringy black hole backgrounds, with the explicit motivation of checking
the conjectured breakdowns (1) and (2) of conventional quantum field theory and
quantum mechanics. We found that quantum coherence was maintained in the
scattering of light particles on a black hole background by an infinite set of local
Wi+«,-symmetries [8, 9], which link light asymptotic states to massive string states,
and whose associated conserved W-charges could encode all initial-state information.
We believe that quantum coherence can be maintained in this situation only in an
intrinsically non-local theory such as string with its infinite set of gauge symmetries,
and that local field theories are doomed to failure in this respect because they only
have a finite set of hair. We have shown that the infinite set of stringy W-hair
is sufficient to label all the black hole states, and thereby quench all the entropy
S — M2 of a spherically-symmetric black hole in four dimensions [10]. We have
also argued [11] that black hole decay is a purely quantum-mechanical higher-genus
effect that does not require a thermal description in terms of Hawking radiation,
and that all the W-charges are in principle measurable via scattering experiments or
Aharonov-Bohm phases for massive string states [12]. We have also given a stringy
description of space-time foam in terms of a plasma of defects on the world-sheet,
which is intimately related to a Hall conductor [13].

The maintenance of quantum coherence in the scattering of light particles off a
stringy black hole does not, however, mean that conventional quantum mechanics
and quantum field theory are sacrosanct. The essential problem is that although
all the W-charges are in principle measurable, this would entail observations of the
massive string states that are linked to the light states by the W-syinmetries, and
such observations are not in practice possible in realistic laboratory experiments.
We argued in ref. [14] that a modification of the Liouville equation of the type
(2) is indeed essential for observable systems containing only light particles. Its
origin is exactly the W-linkage between the light and heavy string states, which
means that the former must be regarded as an open system coupled to the unob-
served heavy degrees of freedom. A modification of the form (2) would be forbidden
for any exactly marginal deformation of the underlying string theory. However, it
is known from explicit examples that in non — trivial space — time backgrounds
such exactly marginal deformations involve massive string states. Therefore, any
deformation of the effective theory of light particles in which the massive modes are
unobserved will necessarily not be exactly marginal, and will hence be associated
with a contribution to JfH (2). The unitarity of the effective field theory of the light
degrees of freedom and Zamolodchikov's c-theorem [15], as proved by the speaker
and Miramontes [16, 17], guarantee that any contribution to QH can only increase
the entropy of the light-particle system. Topologically non-trivial space-time back-
grounds appear intrinsically in the stringy realization of space-time foam, so we
conclude that a (JH term is inevitable in string theory. We argued, moreover, that
the dominant such modifications are just those associated with the known 5-wave
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deformations of spherically-symmetric black holes. A primitive order-of-magnitude
estimate indicates that their contribution to I)H might be suppressed by just one in-
verse power of Mfianck, and hence be close to the present expérimental upper limits
[3, 5], and in the ball-park needed to explain the collapse of the wave function for a
classical system.

The structure of this talk will be the following: in sec. 2 I will review the
basic properties of the effective quantum mechanics induced by string theory in
topologically-non-trivial space-times, where (target) Time is viewed as a Renormal-
ization Group scale. In sec. 3 I will discuss some phenomenological consequences
of this formalism, associated with an effective CPT violation that might be observ-
able experimentally in the immediate future. Finally in sec. 4 I will present the
conclusions and some speculations about directions for future research.

2 Renormalization Group Flow as Quantum Fric-
tion

Let us consider a general dynamical system whose state is described by a den-
sity matrix p{q',pt}, where the q' are generalized coordinates, and the p, are their
associated conjugate momenta. In conventional quantum mechanics, the q' include
conventional space-time coordinates, which in string theory become parameters of
background target spaces corresponding to cr-models on the world-sheet. Thus the
q' can be regarded as couplings in a space of possible <r-models. We consider the
evolution of p with respect to a renormalization group flow variable t = In A, where
A is some covariant (length) cutoff. In our framework [14] we shall identify —t
with the target t ime 1 . On dimensional grounds, the target t ime is then measured
in units of Planck length. This in turn implies that even marginal changes in the
renormalisation group scale produce appreciable time-variations in target-space.

t This definition of t ime, flowing in a direction opposite to the renormalization
T group flow, requires some explanation. To clarify things we shall restrict ourselves
- . to the case of Wess-Zumino conformai theories that admit a target-space interpre-

tation as two-dimensional (or spherically-symmetric four-dimensional) stringy black
holes [19]. It has been observed in [20] that exactly marginal deformations of the
black hole Wess-Zumino model that generate light string matter, include an infinity

> of massive string modes. This is a necessary consequence of the coherence-preserving
Vk target-space W00 symmetry structures that mix the string levels [ 8 , 9 , 1 2 , 2 1 ] . Hence,

I any truncation to the light (observable) sector of a string propagating in a space-
time foam background will lead to an 'open' system. It will be a non-critical string
model in a renormalization-group sense, and the theory will flow according to the
Zarnolodchikov c-theorem [15]. A renormalization-group scale is then necessarily

• R

'At this stage we should point out that a formed similarity of the time evolution of certain stiing
backgrounds with a renormaliiation group flow has been noted in passing in ref. [18], but it was
considered merely as an amusing coincidence.
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introduced. Following Shore [22] one can use a local (on the world-sheet) renormal-
ization scale /i(z, z) as an 'evolution' parameter for the light-string-mode subsystem.
Notice that because the theory is non-critical, but becomes so only if massive string
modes are included, there is no need in general to identify /i with the Liouville
mode, and thus fi can always be assumed to have a temporal signature in space-
time [14]. However, such an identification is possible in the particular case of the
Wess-Zumino type models of the space-time foam. Indeed, to identify the Liouville
mode with a temporal target space coordinate, requires the world-sheet theory to
be supercritical, i.e. its central charge to be larger than 26 (for bosonic models)
[23]. For the physically interesting 2D black hole case, there are non-perturbative
effects on the world-sheet (instantons) which are parts of the foamy backgrounds
under consideration, and lead to the desired effect [24]. Once a supercritical string
theory is obtained (as a result of the foam), then the introduction of light matter
deformations will cause a flow of the system, necessitating the introduction of a
renormalization-group scale. The latter can then be identified with a Liouvlle-type
cut-off scale, whose direction of flow can be found by analytically continuing corrre-
lation functions for matter deformations, in the way discussed in ref. [25, 26]. The
basic result is that in Liouville theory such correlators are proportional to [27]

I(s)=f
Jo

(3)

where A is a world-sheet area variable, and a is a 'kinematical' factor depending
on the energies of the matter particles. The analytic continuation procedure is
a consequence of the necessity for a regularization of these correlation functions,
which are infinite for certain values of the incoming matter momenta for which s
is a positive integer. This is precisely the case of scattering of light particles off
black-hole backgrounds, which involves an exchange of massive string modes as a
result of the excitation of the black hole by the light particle [28]. This type of
regularization involves evaluation of the integral (3) in a complex A-plane, along
the contour depicted in fig. 1, and leads to imaginary parts for the correlation
functions, that express the well-known renormalization-group instability of the non-
critical string theory. The result of analytic continuation is then a flow of the system
which starts from the infrared fixed point (large world-sheet surfaces A —» oo), goes
over to the ultraviolet one (small world-sheet surfaces A —* 0 ), and then back to the
infrared fixed point. In this way, the latter is viewed as a 'bounce' point of the flow
towards the ultraviolet fixed point[25, 26]. The well known logic then of 'bounces'
in ordinary field theory [29] may be applied, leading to energetics arguments that
favor the aforementioned direction of time opposite to the renormalization group
flow2.

I We are now equipped well enough to develop the generic formalism of target time
X as a (world-sheet) renormalization group flow variable in a stringy <r-model. It is

2 Notice that it is only in the Liouville theory framework that integrals of the form (3) admit a
geometrical interprétation in terms of world-sheet areas. In any other approach, where the time t
is identified with a local renormalization group scale distinct from the Liouville mode, the flow of
time opposite to the ordinary renormalization group flow has to be imposed rather ad hoc so as
to lead to an increase in the entropy, according to the Zamolodchikov c-theorem [IS] for unitary
systems.
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Figure 1: Contour of integration in the complex A-plane for the evaluation cf the
(regularized) integral (3).

clear that renormalisability of the system implies

where (.!.) denotes dt(...).

(4)

It is known [30] that in the Wilson renormalization scheme the renormalization
flow of the coordinates (a-model couplings) q' is given in the neighbourhood of a
fixed point S0 by the gradient of Zamolodchikov's c-function $(<?', S0):

(5)

(6)

Qqi - - . M - u / f • r- -

where (?,_, is the metric in the space of coupling constants:

Gij = 2\z\* < Oi(z,z)Oj(0,0) >

with < ... > denoting an average with respect to the deformed c-model action
/* + / #zq%0i, where /* is the fixed-point conformai field theory action, and the O,
are a complete set of (renormalised) vertex operators.

In view of equation (5), we can regard $ as a Lagrange function, to which we can
associate a Hamiltonian in the usual way:

* = fdt[q'p,-H(q\p,))

Again in the usual way, it follows that

dpi

(7)

(8)
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and

The second term in equation (9) is a friction term characteristic of open dynamical
systems [4], which will be at the root of our subsequent modification of quantum
mechanics 3 . Substituting the expressions (8),(9) into the time derivative equation
(4), we find the following equation

p=-{p,H} + G,jF^ (10)

for the classical evolution of the density matrix 4. When proposing any such modi-
fication of the traditional evolution equation for the density matrix, it is important
to check that the total probability P = fdpidq'trp(pi,qt) is conserved. In our case
(10), it is easy to check that

O1P = J dptdq'tr^GMPWpfaq)) (11)

which vanishes if there are no contributions from the boundary of phase space, as
would occur if it has no boundaries, or if p vanishes there.

The quantum version of this classical equation is obtained by first replacing

U-k] (12)
Z

The quantum version of the second term in (10) is obtained by recalling Euler's
equation (8), whose quantum version is

from which it follows that

dF{H)
= -i[q\F{H)} (14)

dp,

for any function F of the Hamiltonian, including in particular the density matrix
p. We therefore arrive at the folowing evolution equation for the quantum density
matrix:

We will not enter here into a discussion of the appropriate quantum ordering of the
factors in the second term in equation (15), which represents the quantum friction
inherent to our open dynamical system.

3In the Wilson renormalisation scheme (5) the friction is linear , which simplifies many of the
computations. However in practice, or in certain cases where this scheme is not applicable [30],
one can work in schemes where (5) is valid but G1, = G1,(q), in ''iich case one is faced with a
non-linear friction problem. For most of our discussion we can stay in the general case.

4A similar equation has been considered by Kogan [31], but his formalism is incorrect because
he considers total time derivatives in places where one should consider partial ones.
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In [14] we have presented an analysis, based on the analogy of the string space-
time foam model to simple quantum systems with friction [32], that showed an
increase with time —t of the entropy of the system S = —kyTrplnp (&« Boltzmann's
constant):

- dtS oc p'GijP'S > O (16)

where the positivity follows from the assumed unitarity of the world-sheet theory
[15].

It has been observed [3, 33] that a modification (15) of the Liouville equation will
in general lead to the non-conservation of quantities associated with symmetries,
and this has been held against [34] such a modification of conventional quantum
mechanics. We take this opportunity to point out that energy is indeed conserved
by the modification (15), for specifically stringy reasons. It is easy to derive from
(15) the following expresion for the time-variation of the expectation value of the
light-system Hamiltonian H:

dt«H»= Tr(pH) + Tr(O1Hp) = Tr(i[g\ H]/3jGijP) + Hp) (17)

where << O >>= Tr(Op) denotes the average value of the observable O in this
non-quantum mechanical framework. Identifying -i[g',H] with the time derivative
/3* of the coupling g\ equation (3) becomes

O1 « H » = Tr(Hp - P'GijPp) =« dt(H + C) » (18)

where C is the Zamolodchikov C-function [15]. Since this can be identified with the
string effective action [17], H + C must be a constant, since

O1(C + H)cx O1(PiF) == O (19)

as a result of the fact that neither p, nor /3* has any explicit cutoff dependence,
because the world-sheet theory is renormalizable5.

However, space-time foam does lead to the apparent violation of certain global
symmetries on the world-sheet, which leads in turn to CPT violation in the effective
low-energy theory. This can be seen using the Hall fluid picture of space-time
foam discussed in ref. [13]. According to this picture, space-time foam can be
represented as a statistical population of topological defects (spikes) on the world-
sheet, which correspond to monopoles of a 2 + 1-dimensional Abelian U(I) Chern-
Simons gauge theory introduced as a homotopic extension of the underlying 1 + 1-
dimensional world-sheet theory. The black hole, in this picture, can be regarded as
a monopole-instanton in the 2 + 1-dimensional effective theory6. It is known [35]
that the charge of the monopole is not in general conserved in 2 + 1-dimensional
Chern-Simons theory, in the sense that there are tunnelling processes between states

5The result (19) is compatible with (4). Indeed representing p as [14] ezp(F - H), and using
(4) and the renormalisability of the partition function one has ̂  = O = ^ = dtH - fiGijfi,
which yields (19) after making use of Zamolodchikov's result [15] dtC - -0'GijP.

6In (2+l)-dimensions monopoles ate space-time events and therefore ate like instantons.
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with different monopole charges. Rather like the (more?) familiar instantons in 4-
dimensional gauge theory [36], the a,, monopole-instantons lead to charge-violating
effective interactions that look like

</|e-" r | t >oc / e~s<" ; Se// = J Ke-B+ta&em + h.c (20)

in the low-energy limit. Here $cm is a gauge-invariant charge- and magnetic-flux-
changing operator in the Ghern-Simons theory, q denotes the monopole charge,
which is proportional to the black-hole mass [13], B is the classical instanton action
suppression term, K is the one-loop quantum correction, and a is an arbitrary phase.
From a (l+l)-dimensional (world-sheet) point of view, such transitions among black-
hole states of different mass can be considered as the result of instantons in the
Wess-Zumino model of [19], which are thus considered as part of the foam [24].

The charge violation due to this type of tunnelling process is similar to that
expected from wormholes [37] in 4-dimensional Eulidean gravity. In our case, a
tunnelling event between states with monopoles of different masses leads locally
to apparent charge violation by the space-time foam. In the wormhole case, it is
possible to transfer charge through the wormhole from one region of space-time to
another, also with a local, but not global, violation of charge. In our case, the
charge is transferred to the black hole, i.e. to massive string modes according to the
selection rules discussed in ref. [28].

The apparent charge violation found above manifests itself as a violation of CPT
in the effective low-energy theory, as follows from the general discussion in ref. [38].
From the point of view of the world-sheet, this is spontaneous CPT violation. It
appears only associated with the non-quantum-mechanical open-system term in the
quantum evolution equation (15), and not within the context of conventional quan-
tum mechanics and Quantum Field Theory, as assumed in previous phenomeno-
logical analyses [39]. It is allowed because the conditions used to prove the CPT
theorem in Quantum Field Theory are not all met in string theory: specifically,
string theory is non-local. This deviation from locality is sufficiently weak to pre-
serve CPT in flat target space-times [38, 40]. However, the non-locality rises up to
violate CPT in a black hole background, and hence once space-time foam is taken
into account, as has been argued on general grounds in the context of quantum
gravity [41].

The next problem is to estimate the possible order of magnitude of CPT-violating
effects. The non-quantum-mechanical open-system term in equation (15) contains
an explicit coordinate factor q\ which one would naively expect to be of order mp~x,
corresponding to the scale of fluctuations in the space-time foam. Are there any
other Planckian suppression factors? This inverse linear dependence on mp mirrors
the inverse linear dependence on the scales of the "environmental" oscillators in the
Feynman-Vernon [32] formulation of open systems, to which our formalism is very
similar [14]. In our case, the key issue is the scale size of the microscopic black
hole fluctuations in the space-time foam, which is in turn related to the dominant
range of values of the pseudo-"temperature" 0~l. We recall that the world-sheet has
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both spikes and dual vortices, which are viewed [42] as statistical excitations of the
system characterized by an extra scale, the pseudo-"temperature" /?" ' , which does
not have a literal thermal interpretation, but parametrizes the phase diagram for
the two-dimensional gas of topological defects. Minkowski black holes correspond
to pseudo-"temperatures" below the Berezinskii[43]-Kosterlitz-Thouless [44] (BKT)
temperature above which the monopoles become free. The conformai dimensions of
the operators that describe deformations due to monopoles are

4 A

where the critical temperature corresponding to the BKT transition is that associ-
ated with An, = 1. For e = 1, which is energetically preferred this implies a critical
temperature Tc = 8irMp. The charge quantization condition for a monopole with
charge qm

2qm7r(3 = e = 1 (22)

then allows for black hole configurations with masses up to ~ Sy/2Mp in the space-
time foam, since Mbh <x 2y/2qm. Tunneling effects then restrict the physics of space-
time foam to the region of black-hole masses 1 < Mth/Mp < 8\/2. The correlation
functions that appear implicitly in (15) via the Zamolodchikov metric G1-, and the
renormalization group coefficients contain logarithmic dependences on the black
hole mass that could vanish for some particular MBH = O(Mp), but will be 0(1) in
general. We have not yet identified any exponential or power Planckian suppression
beyond the single factor of Mp1 already mentioned. This means that CPT violation
is genericaLly maximal : non-quantum mechanical effects should be able to violate
CPT as much as the weak interactions violate C and P.

However, we cannot rule out the possibility that there might be extra suppressions,
at least for monopole matrix elements (20) between specific final states, in the same
way as 4-dimensional Euclidean instanton effects are suppressed by extra factors
of light fermion masses mj if the external states do not correspond precisely to
zero modes of the instanton [36]. Specifically, there could be some selection rule,
which we cannot yet identify, that suppresses CPT-violating effects in neutral kaons.
However, we found it sufficiently interesting that we had identified a possible process
in string theory whereby CPT and T could be violated spontaneously at similar
rates, and possibly within reach of present and future kaon experiments, that we
went on to explore further the phenomenology [5,45] of our non-quantum-mechanical
mechanism for CPT-violation.

A final remark we would like to make before embarking into a description of the
phenomenological consequences of the above formalism on CPT violation, concerns
the induced collapse of the wave-function by gravitational effects. It has been argued
in ref. [6] that the microscopic entropy increase offered by quantum gravity effects
may cause the vanishing of off-diagonal terms in the density matrix, and hence
the collapse of macroscopic wave functions and their transition from quantum to
classical behaviour. We have shown in ref. [14] that the stringy space-time foam
picture advocated here does indeed have this effect. To show this we used the simple



Drude model for friction of Feynman and Vernon, described in [32]. In the string
case, the renormalized <7-model couplings play the rôles of coordinates q, and r is the
renormalization group scale parameter, identified with target time. It is amusing
that this simple model of quantum mechanical friction captures all the essential
features of the complicated string case, in which the light-mode effective /3-functions
are suppressed by inverse powers of Mptanck. The collapse-of-the-wave-function effect
is usually negligible for microscopic light-mode systems - except possibly for special
cases such as the K° — K discussed in refs. [3, 5] • but it is enhanced for macroscopic
systems. This was first derived in ref. [6] in the context of a wormhole model, but
the result is more general and applies here. For details we refer the interested reader
to ref. [14].

3 CPT Violation in the String Modification of
the Density Matrix Formalism

Fortified by the above arguments that CPT should indeed be violated in the effec-
tive low-energy theory derived from string, and the possibility that CPT violation
parameters might not be much smaller than the present experimental limits from
the neutral kaon system, we now review the density matrix formalism [3] for neutral
kaons, and analyze the possibility of CPT violation, within the stringy space-time
foam framework. Allowing for non-hermitian Hamiltonians, the time evolution of a
generic density matrix is determined by the equation

dtp = ~i(Hp -PH*)+ QHp (23)

where the open-system QH term is absent in conventional quantum mechanics and
H is the conventional phenomenological Hamiltonian for the neutral kaon system
which contains hermitian (mass) and antihermitian (decay) components [45]. As in
ref. [3], we define components of p and H by

P = 2Pa<Ta ' H = 2hatra ^

in a Pauli tr-matrix representation : the pa are real, but the hp are complex. The
CPT transformation is represented by

CPT\K° >= e*[K° >, CPT\T? >= e^K0 > (25)
it

for some phase <f>, and thus is a linear combination of «r,i2 in the (K0, K ) basis.

Vt Conventional quantum-mechanical evolution is represented by dtp = hagpp, where
-* in the the KU2 = ^{K° ^Tf) basis reads,

(26)
)

- r - 2ReMn - 2JmM12

-ZmI1I2 2ReMn -T O
- R e T n - 2 I m M i 2 O - T )
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The ordinary CP-vjolating parameter f. is given by [52]

\

where AAf = A/j, - Ms is positive and AF = TL — Ts is negative, and L(S) denote
quantities pertaining to long-lived (short-lived) kaons respectively.

To do a phenomenological analysis of the non-quantum mechanical effects that
represent the stringy space-time foam, we include the non-quantum-mechanical term
QH in equation (23). This can be parametrized by a 4 x 1 matrix #a# analogous
to ths matrix ha$ discussed above. We work in the K\,i basis. As discussed in
ref. [àj, we assume that the dominant violations of quantum mechanics conserve
strangeness, so that fa = 0, and hence that #0/j = 0 so as to conserve probability.
Since tya0 is a symmetric matrix, it follows that also #Q(j = 1},a\ = 0. Moreover, #„#
must be a negative matrix, so we arrive at the general parametrization

0
0

0
0

0
0

0
0

0
0

- 2 o
-2/3

0
-20
- 2 7 )

(28)

where a, 7 > 0, 07 > /32 [3J.

We recall that the CPT transformation (25), a linear combination of 0-1,2 in the
(ifu, K ) basis, becomes in the K\$ basis a linear combination of 0*3,2. It is ap-
parent that none of the non-zero terms « a, /3,7 in \j,a$ commutes with the CPT
transformation. In other words, each of the three parameters a, /?, 7 violates CPT,
leading to a much richer phenomenology than in conventional quantum mechanics.
This is because the symmetric If. matrix has three parameters in its bottom right-
hand 2 x 2 submatrix, whereas the antisymmetric h matrix has only one complex
CPT-violating parameter. This means that the experimental constraints [46] on
CPT violation have to be rethought [45].

The equations of motion for the components of p in the Kta basis are [3, 5]

n - -(T + ReTn)Pu - -y(pu - p22) - 21mMl2Repi2 - (ImT12

1
n = -(T - 2iReMn)pn - 2iolmpi2 + (ImMi2 - -ZiImTx* - if})pn

! 2

- (ImM12 + -UmTi2 - i
fa

dtp22 = -(T - ReTX2)p22 + 7(pn — P22) + 2ImM\2Rep\2

- (ImT12 - 2(3)Impi2 (29)

It is easy to check that, for large t, p decays exponentially to
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j>
Af i i

where the C P impurity parameter e is given by equation (27) as usual. The density
matrix (30) derbribes a mixed state corresponding to a mixture of conventional KL

and Ks states, and not a pure state. Conversely, if we look in the short-time limit
for a solution of the equations (29) with p \ \ « pu « Pm we again find a mixed
state:

( • I 2 . -r -WmMuVLM/An+tP iff \

1 1 T3fFT . ^ ^ , ^ I K I ) (31)to be contrasted with the conventional pure Ks state.

The framework for treating experimental observables in our density matrix for-
malism for neutral K decays was introduced in ref. [3] and reviewed in ref. [5, 45].
The experimental value of any observable O is given by the expectation value

« O »= TrOp (32)

where O is represented by a suitable hermitian 2 x 2 matrix. We express the matrices
O,j in the Ku2 basis introduced earlier. The most commonly measured observables
are the K —* 2ir decay rate O-i*:

J)( : J ) (33)

and the semileptonic K decay rates:

<W.= (Î \) (34)

and

(35)

out of which the semileptonic decay asymmetry observable S can be constructed

V ! Another variable which we discuss in this framework [45] is the K —> 3ir° decay rate

O3. = (0.22) (\ °.) (37)

where the prefactor is determined by the measured [46] branching ratio for KL -*
3TTU. (Strictly speaking, there should be a corresponding prefactor of 0.998 in the
formula (33) for the O2* observable.)

12
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It is a simple matter to combine the above formulae for K decay observables
with the asymptotic solutions (30),(31) to the non-quantum-mechanical equations
of motion for the density matrix to obtain parametrizations of the values of the
observables B%K =« O2n >>/,, 6L,S, and R$w = « O3* » s /0.22 :

-v AB 402

Bi. = H' + ̂  ^ ^

where <pt is the phase of the CP-violati" j, pa*<uneter e in (27).

A preliminary comparison of these results with the experimental data available to
date [47, 48] is given in [45]. To be complete, such a comparison should also include
a fit to intermediate time measurements, which started becoming available recently
[47, 48, 49]. This is currently under investigation [50].

4 Speculations

We presented above a formalism that defines target time as a renormalization
scale parameter in non-critical string theory, as a result of the coupling of light string
modes to unobserved massive string states in the presence of black-hole backgrounds.

> This coupling appears as a consequence of stringy gauge symmetries ( W-symmetries)
which link massive to light string states and are responsible for the maintenance of
quantum coherence in string black holes [8, 9]. At this point we refer the reader
to the literature for some related work [51], where duality symmetries in string
theory are used as an alternative way of mapping singular space-time backgrounds
to non-singular ones. Although this approach seems different from the W-symmetry
picture advocated above, however the possibility of a connection between the two
types of stringy gauge symmetries cannot be excluded. It would be interesting, for
instance, to examine the rôle of duality symmetries in our picture of target time as a

1
Theory.

• •* renormalization-group scale. Certainly these issues open up ways for future research
that may lead to interesting results concerning the structure of space-time in String

We have also argued that in this formalism there is a possibility of violation of
discrete symmetries like CPT, whose order of magnitude might not be far from
the present experimental accuracy [47, 48]. We are familiar with the historical fact
that more discrete symmetries are violated as one makes more precise microscopic

13



measurements: first C and P violation in the weak interactions, then CP viola-
tion, and next ...? We cannot make, as yet, precise, quantitative estimates of the
possible magnitude of CPT-violating effects in string theory. However, they stand
out as a possible distinctive phenomenological signature of strings. Certainly much
more effort is required before one is able to give a definite answer to these ques-
tions. However these investigations have shown that the gravity sector of string
theory still offers many prospects for future research, and it might open a window
to String Physics at energy scales that are not far from the range of present [47, 48]
or immediate future [52] experiments.
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