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Abstract

Developing Planck scale physics requires addressing problem of time, quantum reduction, determinism
and continuum limit. In this article on the already known foundations of quantum mechanics, a set of
proposals of dynamics is built on fully constrained discrete models: 1) Self- Evolution - Flow of time in
the phase space in a single point system, 2) Local Measurement by Local Reduction through quantum
diffusion theory, quantum diffusion equation is rederived with different assumptions, 3) Evolution of a
multipoint discrete manifold of Systems through a foliation chosen dynamically, and 4) Continuum limit,
and determinism are enforced by adding terms and averaging to the action. The proposals are applied to
the various physical scenarios such as: 1) Minisuperspace reduced cosmology of isotropic and homogenous
universe with scalar field, 2) Expanding universe with perturbation, and 3) Newtonian Universe. Ways
to experimentally test the theory is discussed.

*Updates regrading this research will be made available at twitter.com/qstaf. The official website for this research is
www.qstaf.org. and the author can be contacted through the website.



Contents

Contents

1

Overview
1.1 The problem . . . . . . . .
1.2 Outline of the paper and Assumptions . . . . . . . . . . .. ... L

A Framework of Proposals

2.1 Self Evolution in a single point universe . . . . . . . .. .. .. L oL o
2.1.1 The Theory . . . . . . . . o e e e e e e
2.1.2  Recovering the usual Classical motion . . . . . . ... ... ... ... ... ......
2.1.3 Algorithm for evolution . . . . . . . . . ... L
2.1.4 Application to Physics . . . . . . . ...

2.2 Quantum Reduction for single point system . . . . . ... ... oL o oL

2.3 Quantum Evolution and Reduction for Multipoint Universe . . . . . . . ... ... ... ...
2.3.1 Imterpretation . . . . . . . . L L
2.3.2  Algorithm for evolution . . . . . . . . . . . . ...

2.4 Deterministic, Continuum Limit and Scale invariance . . . . . . . . . ... . ... ... ....

Applications

3.1 Cosmological Reduced Model . . . . . . . . . . ... ...
3.2 Cosmology with Fluctuations . . . . . . . . . . ... ...
3.3 Newtonian Space . . . . . . . . . . e

Experimental Test
Discussion
Conclusion

Acknowledgements

Appendices

Q =2 # U Q w »

Derivation Self-Evolution Hamiltonian

An Application of Self-Evolution Equations

A Derivation of Quantum Diffusion Equations
Bidirectional Time Evolution
Transverse-Longitudinal split of metric
Linearised Constraints

WKB Approximation and momentum time

References

21
21
23
24

25

27

28

28

28

28

31

31

34

34

36

37

39



1 Overview

1.1 The problem

The purpose of this paper is to address problems related to combining quantum mechanics and general
relativity. They are as follows:

1. Problem of time: Physics is used to make predictions. Knowing the past, physics helps predict the
future. Without time subject of physics is useless. In classical gravity time-evolution clearly is present. The
Wheeler-Dewitt equation, which is the fundamental equation for quantum gravity, contains time evolution
internally, and we need a way to extract time evolution from it in a quantum general relativistic context.

2. Since general relativity is a description of the macroscopic universe, quantum general relativity requires
addressing the quantum reduction problem. So developing a theory of quantum gravity requires including
quantum reduction theory. Usually the difficulty maintaining superposition closely relates to the mass of
the quantum system. Higher the energy of a particle or photon more it acts with particle nature. For
example a proton, which is massive, is a smaller wave-packet than an electron, even though they have equal
charge. This suggests strength of gravitational field may be related to the size of a wave-packet. And so the
gravitational field associated need to be linked to appearance of decoherence. For example, Roger Penrose [3]
have already promoting gravity as a quantum reduction. A systematic theory for quantum reduction using
gravity is not yet available and it needs to be developed.

3. Quantum States are not covariant objects, and they depend on the space-time foliation. So quantum
reduction depends on foliation. We need a way to objectively describe the quantum reductive evolution and
the issue of foliation on the manifold on which the process depends.

4. Because of non-perturbative nature of quantum gravity one may need to approach it like lattice gauge
theory. This leads to discretizing space-time and fields. Also quantum reduction leads to randomness. These
leads to problems in recovering back the continuum physics. So we need way to recover back continuum
classical physics addressing the issues of smoothness and determinism.

The goal of this article is to outline a framework of proposals for Planck scale physics, such that it 1)
has time (dynamics), quantum reduction and continuum limit as integral parts of the basic foundations, 2)
is simple and intuitive, 3) has proper physical motivation, 4) is based on simple scientifically established
notions and concepts, and 5) makes minimal assumptions.

Revision info: This paper is a modified version of the Quantum Gravity Framework1.0 [24]. This paper
is somewhat conceptually different from that of the previous version. It is more advanced overall with more
calculations, and sample applications of the basic principles.

1.2 QOutline of the paper and Assumptions

In section 2, I elaborately discuss the proposals for dynamics, which are conceptual in nature. The proposals
discussed there apply to the discrete models that are constrained by the Hamiltonian constraint only. This
means, we assume, we have already solved the gauge constraints and diffeomorphism constraints, by re-
stricting the kinematical Hilbert space. First a proposal for quantum evolution of a single point system with
quantum variables is discussed. Then I discuss the inclusion of quantum reduction to the single point universe
through Bloch (Lindblad) equations and quantum diffusion theory. Then I discuss multipoint universe such
as physics on a manifold. Quantum reduction using quantum diffusion or Bloch equation requires a preferred
foliation. So a proposal is introduced to obtain a preferred foliation through minimizing a functional (chosen
experimentally) which depend on the dynamical variables of gravitational fields. Various possible choices for
the functional is given. Finally, a proposal is introduced to enforce smoothness and determinism by adding
an extra term and averaging to the action. Various possible choices for the extra term is given.

In section 3, I discuss how to put together all the four proposals. In section 4, I apply the proposals
to various physical scenarios such as: 1) Minisuperspace reduced cosmology of Isotropic and homogenous
universe with scalar field, 2) Expanding universe with perturbation, 3) Newtonian Universe. In section 5,
ways to experimentally test the theory is discussed.

This article aims to develop a framework of proposals, which are more of guidelines, to develop Planck
scale physics with time and reduction. It is precisely not quantum general relativity, because some aspects
of the conceptual proposals of quantum mechanics and general relativity are not subsumed, such as unitarity
and foliation independence. Primarily this article was intended to address the issues of time and reduction,



by developing a theory of Planck scale process. But since the framework is built on discrete models, a fourth
proposal is added to impose continuum limit. But the framework aims to reproduce general relativity and
quantum mechanics consistent with the experiments at the appropriate scales. Not all the elements of the
framework is new, but some are already well known, such as Bloch and quantum diffusion equations. But I
want to embed them in a proper framework so that they can be used to develop Planck scale physics.

I assume that the metric in the internal configuration space is positive definite unless specified. We follow
the following conventions in this article: 1) It is assumed that i = ¢ = G = 1, unless specified 2) Einstein’s
summation convention is assumed over indices of internal spaces.

2 A Framework of Proposals

2.1 Self Evolution in a single point universe
2.1.1 The Theory

Consider a single point universe, with one simple quantum system living on it. Assume that simple quantum
system is described by a Hamiltonian constraint only. Let the internal configuration space of the quantum
system is of dimension d, and is made of canonical variables p, and ¢*. Let mqg, a function of ¢“, is the
metric in the internal configuration space. Hereafter I will use m,ps and its inverse m®” (assuming it exists),
to raise and lower indices. Let me define a scalar product using the metric:

<a,b>= aabﬂmaﬁ.

I will assume m®? is positive definite for now. The Langrangian as usual is

L(Pa,q*, N) =paq® — NH(pg,q").

Let me assume that a typical Hamiltonian is as follows (without the Lapse):

(0 < ? > (0} (03
Hparg®) = 555+ V(g*) = m™paps + V(a") M
= B4V (2)

In this case the classical dynamic equations are

g o o OH
- = N{H,q }—N—apa, (3a)
dpe ar oH
o = N =-Ng - (3b)

The propagator is

G(q,q'*; At) =

l)d /eXP(ipaAqa)(S(H(qa,pa))dpD

(27

We see here that the At term is absent in the right hand side. So the propagator is a function of the
configurational variables only:

a o _L exn(i a « D
G(¢*,q) = (%)d/ P(ipaAg®)0(H(q, pa))dp™ . (4)
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This form of the propagator is what is to be expected. This is because t is a coordinate variable, it can be
changed by an arbitrary (smooth) rescaling of the lapse (temporal diffeomorphism). So the physical evolution
should not depend on it. Practically we read time by reading observables, for example the position of a clock’s
needles. The ¢’s are the most basic observables and so the physical time may have to be extracted from
them, for example, assuming that one of them acts as an internal time variable. But, this way of choosing
the time variable is arbitrary and subjective. We need a more objective way to choose the time variable.

We need to define a set of concepts so that we understand time evolution in a fully constrained system.
Consider the configuration space. We need to use the understanding of classical physics to describe the
flow of time in the Hamiltonian constrained system. Various solutions to the problem of time was reviewed
by Isham [15]. In the schemes described there, our approach will be to identify time after quantization.
Usually in the semi-classical approach using the Wheeler-Dewitt equation, WKB wave-function is assumed
to exist. Then using the Hamilton-Jacobi equation derived from it, the phase of the wave-function is related
to time (for example [16], [17]). Our proposal is closely related this. But assumptions of validity of WKB
approximation is too strict a requirement. Here we will make no such assumptions, and try to develop time
evolution by linking the classical trajectory given by equations (3a) and quantum path integral in equation
(4), only assuming that both of them exist.

In classical analysis doing the constrained system analysis is straight forward. It is a trajectory (¢*(7), pa (7))
in the phase space given by equations (3a). The configuration space is just enough to formulate the propos-
als. Given ¢*(0), ¢*(0), we usually have the curve ¢*(7) as a solution satisfying the initial conditions. The
tangent to each point is ¢*(7).

Consider a smooth trajectory Q@*(7). Consider a D — 1 dimensional one parameter family of flat hyper-
plane S, in the configuration space going through a point Q*(7) and the normal be v*(7) = Q®(7). Let
me denote this hyperplane by S(v®(7), Q%(7)) or in short S(7). Let ¢® = (,ql),where t is the coordinate
along the normal v¥(7), and ¢! are D — 1 coordinates on the hyperplane orthogonal to it. We can use these
coordinates to study physics on these hyperplanes S(v®(7), Q%(7)) in the neighborhood of the region near
the point. Let ¢ (¢l) be a wavefunction on this hyperplane. Then we can derive a propagator for evolving
this wavefunction with respect to the one parameter family of hyperplane as I will discuss next.

If ¢* € S(7), from the equation for the hyperplane we have,

v (1) (¢" = Q%(7)) = 0.

Let €2 be the global unit vectors, where i varies from 0 to D — 1, with e§v, (1) > 0. Let ¢, be the inverse
of ef. Let E{ are the unit vectors on the surface S = S(7) where I varies from 1 to D — 1. The metric
on the hyperplane is 0o3 = (mag — U30,). We can get EY by projecting e? to S, E% = agef. Let Q*(7)
be the origin on S, then the hyperplane coordinate of point in the e’? basis is ¢¢ = Q*(7) — ¢%, implying
q%vs = 0.In the E¢ basis the hyperplane coordinates are ¢! = ELq% where Eé = Jgel

o
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Let us associate a normalized wavefunction 1 (q!,7) to the surface S(7). If ¢ € S’ = S(7 + dr), the
propagator between S to S’ is given by,

~ 1 . o o
Gla™ 35,8 = sz | explipala” )5 ()" (50)
7T) Vs, ap*<0

I have used the condition vs op® < 0 to define a casual propagator, such that the time evolution along v.
Let me assume the width of the wavefunction Ag,(7), defined by

< ql(r)>= / gl l(g?,)[2dgP T, (6a)
Ag(r)? = / (q1(T) = < g1 (r) >)(@o1 ()= < qus(r) >’ 7)*dgP (6b)

remains much smaller than the radius of curvature of Q(7). Then ¢! are good coordinates to study the
evolution of the ¢ (ql, 7).

G(S,S") be the operator form of G(q,¢'";S,5") in the ¢/, ¢ coordinates. The propagator needs to be
normalized as follows:

G(S,8) = lim G(S,8)G(S,8 )" (7)

5"—>8
This renormalization removes factors of integration from 6(H ), so that limg __ ¢ G(¢",¢'"; S, 5") = 6(¢" —¢').

Proposal 1: Self-Evolution: The temporal flow of time in a quantum Hamiltonian constrained system is
described by 1) Wavefunction 1, (ql) on the one parameter family of hyperplanes S(1) = ST(QO‘(T),Q“(T)),
for a given Q*(7), 2) The propagator between the wavefunctions on the hyperplane given by equation (7), 3)
The path Q°(7) considered as a C* smooth function of . 4) Given an arbitrary path Q(7), one can evolve
the wavefunction . (ql) normal to the hyperplane S(Q (1), Q%(7)).at each instant 7.The physical value of
Q% (1) is such that < . |pLpsr + GLdsr|ab, > is a minimum for all possible of ¢% (7).

The S(7) = S-(Q*(7),Q*(7)) represents the classical information contained, which can be derived from
the Euler-Langrange Equations or Hamilton equations, while 1_(q!) represents the quantum information.

I This principle is different from that of the first proposal in Quantum Gravity Framework [24]. There the quantum state
of system is defined on the configuration space. Time is defined as extra parameter associated with the state. Time evolution
happens as the quantum state amplitudes simultaneously change at each point of the configuration space. But in version 2.0
time is considered as an internal coordinate. The evolution happens on a one parameter sequence of cross-sections of the
configuration space, similar to conventional relativistic quantum mechanics. It is not clear which version is correct regarding
the quantum state. Comments are welcome as www.gstaf.org/skm-article2.



Then «y is very large, the Q*(7) evolve close to its classical expected value given by Hamilton equations.
Because of this €2 becomes close to zero. Now this is just a generalization of what a person experiences in
relativistic quantum mechanics. He observes the physics around himself as it happens on the hyperplane
orthonormal to the direction along which he travels, with he being the center.

Given an arbitrary path Q®(7),one can evolve the wavefunction along 1.(q!) along the hyperplane
S,:(Q*(7), Q*(7)).The physical value of Q(7) is such that € is a minimum for all possible Q®(7).But there
could be more than one solution for this. Also if Ag,(7) is two high compared to norm of < ¢s(7) > (equation
(6a)) then it is not sensible to think Q%(7) as the unique classical information associated with the quantum
evolution. Proposal 2 that we will discuss in the next section will improve this situation.

Using this proposal 1 as a guideline, let me derive the Hamiltonian associated to the continuous evolution
of the wavefunction on a parameter family of hyperplanes S;. Let me calculate the Hamiltonian for the self-
evolution, from surface S = S(7) to S’ = S(7 + dr). The details of the calculation is given in appendix A.
The propagator for the evolution of the wave function from S(7) to S = S(7 + dr) is,

Glqt, gL, AT) =/ exp(i(pjdq! — Hy(p3, ¢k, Q%(1))Ar))dq!, (8)
Pav<0
where
s I o s JiI IdE‘(Tl—
H, (5, a1, Q*()) = pialh — po(lo] + ! L), ®)
jof = 1927,
T lar v
and
_ dE“
h] — EI J.
“ dr

Assuming m®? = §*?. Using

po =\ —plpi —2V(Q(7) + ¢l EY),

we can calculate the effective classical equation of motion for the Hamiltonian H

op dE%
-1 JpI v K K =
qé Q,s J ?(|U| qb v ) ( )
O jE_a dE_a
.S sy 1 Pv K K — J -
= + + + — . 11
Py pIhJ aq;](lvl qs / 'Ua) pv( / Uoc) ( )

Examples of application of these equations is given in Appendix A.

2.1.2 Recovering the usual Classical motion

Let me show that we can recover the classical Hamilton motion from the equations (10) and (11) with the
condition of minimality of Q. Let 0®® = §*°. Let initially gl =0 and p; =0.



po =/ ~plp} —2V(Qx(r) + L Ep),

Opy 7 pg
o pe
Opy 1 OV (Q™(7) + ¢iEY)
ol dq] '

Using the initial conditions ¢! = 0 and p§ = 0, we need to solve for ¢!
of motion for Q*(7). Using these,

po = V/2V(Q(7)),
. dp
I — — (jw)) =0,
i )
- pg =0.
p% = 0 implies,
Opy dES _
o (v +pu GLE) = 0.
1 oV(Q*(1) + 42 EY) By
P dq] (o)) +po(Z"0) =0,
1 aV(Q™(T) +aiEF) \ 1o Fo Way
pj g7 (Jv]%) p’U(EJﬁ) = 0.
Using initially E§ = 05 for a # 0,
R VY | #Qu
(pu)?  0Q~ dr? 77

= 0 and p% = 0 to get the equations

Since 7 is a arbitrary parameter v is defined upto an arbitrary scale. So by setting |v| = p,, we get,

d?Qa
dr?

__ov(@)
oQ~

a #0.

Evolution of Qg is determined by the condition |v| = p,, which is equivalent to the Hamiltonian constraint.

This and the above equation both are equivalent to equations (3a).

2.1.3 Algorithm for evolution

Let me write out the algorithm for evolving the wavefunction using proposal 1:

1. First a wavefunction (g, 7) is given on initial hyperplane S(7) with normal vector v(7). Let the
expectation value of the wavefunction be Q*(7) in the global coordinates. Let Q%(7) be the origin of
the coordinates ¢! in S(7). Let < p§ > be p, in global coordinates. Let me assume that the norm of

Pa is small compared that of v%(7).

2. Evolve the wavefunction 1(g!, 7) along v%(7) to a new hyperplane S(7+dr) with normal v® (7 +dr) =
m®Pp,, going through point Q(7)+drv® (). Set Q*(r+dr) = Q(7)+drv*(7) as origin of coordinates



on the new hyperplane. The Propagator and Hamiltonian for evolution was given in equation (8) and
equation (9). Using equation (9), the modified Schrodinger equation is

dy(q;,7) = iHy(p}, 4z, Q% (7))dr. (12)
3. Repeat steps 1 and 2.

The above evolution ensures minimization of < ¥._|p.pss + GLdsr|1, > at each step.

2.1.4 Application to Physics

Let me apply discuss the application of the theory to general relativity coupled to electromagnetic field
and scalar field. The canonical coordinates are (hqp, 7) for gravity, (4., E%) of Electromagnetic field, and
(¢, x) for the scalar field. Since we are studying a single point system, without the interaction terms, the
Hamiltonian constraint is

Hnon—int = +% (X2 + m2h¢)2) + %(EZ) - l( 2 7"-abﬂ-ab)v
Cg
where ¢, is the gravitational coupling constant. Now our basis is made of tensors and scalars. Our basis ef*
is actually made of collection different tensor bases: dz®®dxz?, dz® and 1, where 1 is the basis for scalar field.
They belong to different spaces. But it does physically make sense in unified theories such as in Kaluza-
Klein theory, where tensor, vector and scalar fields becomes components of higher dimensional tensor, and
in string theory the fields are just various string components. Nevertheless to apply the method discussed
in this section, we need to name the 10 pairs of conjugate variables, as ¢® and p®. For example:

qO = ¢7q2:A1aq3:A2aq4:A3a
hi1,q% = has,q" = hs3,q® = h12,¢° = ha3,q¢"° = hso.

Po = ¢7p2:E17p3:E27p4:E37
ps = mlpe =712 pr =7 pg = 7% pg = 7% pro = 7%

Some of these terms are redundant because the diffeomorphism constraint, and gauge constraints need to
be imposed, which is another separate problem. In section four, I solve these constraints explicitly assumming
small curvature approximation.

The Hamiltonian constraint can be rewritten in terms of the p and ¢ variables and the theory we developed
in this section can be applied. The kinetic term in term of p’s and ¢'s would be too complicated for display,
unless we use some unified theory of fields. So I don’t explicitly show it here. Computer simulation to analyze
the behavior of such a system, where all the relevant variables can be directly entered into the program.



2.2 Quantum Reduction for single point system

Consider the single point system discussed in the last subsection. The modified Schrodinger equation (12)
derived describes the evolution of the system in the direction v®. The equation results in the system evolving
into a macroscopic superposition state. To prevent this we need continuous reduction of the system which
removes the macroscopic superposition. The general form of continuous reduction of a quantum system
is given by the Bloch equations in the Lindblad form [21] governing evolution of density matrix (reviewed
in [22]):

p=ilp, H)+ > (2LupLt = Ly Linp — pL L), (13)

where p is the density matrix and L,, are the operators representing observables to be continuously measured.
This equation has been extensively studied and has been useful in various experimental situations [23]. It
describes an ensemble of identical quantum systems and does not tell how each individual system evolves.
It is not the most natural and explicit form to use to describe an individual quantum system. So, we need
to consider the equivalent equation, given by Percival, Gisin and Diosi [6], which describes the stochastic
motion of the quantum system state |¢) > of a quantum system:

dly > =—iHdrlp >+ (Lm— < Ly )¢ > dz"Vdr (14)
+3 72 < L > Ly — LfLyn— < L, >< Ly >)|¢ > dr,

where dr is the time interval of evolution in the non-relativistic quantum mechanics. The dz,, are complex
numbers representing Gaussian distributed independent random variables. More explicitly, the real and
imaginary parts of dz" are Gaussian random variables such that the statistical expectation values are given
by,

M(dz™) =0, M(dz™dz") =0, M(dz"dz*")=25"", (15)

where M refers to the statistical mean.

Let me clarify how the third term works a little bit. Consider that [¢) > is expanded as a superposition
of the eigenstates of L. As |t > evolves, the third term tends to reduce the amplitude of an eigenstate in
the sum to the extent to which its eigenvalue is far away from the expectation value of < Ly, >. Because
of this |1 > evolve such that the amplitudes of the components are peaked close to < L,, >, a semiclassical
state. In equation (14) the second terms randomizes the system, third term classicalizes the system. These
are natural components of macroscopic quantum reduction.

Percival applies this to quantum field theory and indicates that the resultant theory is non-unitary [7].
But, in case of quantum gravity the universe cannot be described by unitary evolution alone because that
would lead to superposition of macroscopic states. Clearly, experimentally, whenever the quantum state of
a system evolves into a superposition of macroscopic quantum states it probabilistically evolves to one of
the macroscopic states. So, for a macroscopic universe, the quantum evolution must be described by an
equation that has three components: a deterministic unitary component, a stochastic component, and a
component that prevents macroscopic superposition. The modified Schrodinger equation (14) is the most
natural form of it and the three terms in the right hand side of the equation give the necessary components
in the respective order.

In general the stochastic evolution can defined upto a norm of [¢),. >. The norm of |[¢), > is not physically
relevant. The physical interpretation of the theory comes through its relation to density matrix which doesn’t
depend on the norm of |¢_ >

(e )
<Yl >

10



which evolves by the Lindblad equation. The M is the statistical mean with respect to the random variables
z. The eigenstates and eigenvalues of p gives the possible physical states |1, > of the quantum system and
probabilities for observing them respectively.

In the appendix C a general stochastic evolution equation motivated by equation (14) is derived. The
derivation is based on [8], but different in details. Let me briefly summarize the derivation in the appendix
C. A general stochastic evolution equation is

dyp >= alyp > dt + B,,[¢ > 2™V dt,

where « and [ are operators on |¢ >, and z™obeys equation (15). Summation over repeated indices is
assumed.

Let me solve d(< ¥|¢ >) = 0, assuming that dt and z™ are free variables, and, @ and § are independent
of dt and z™. As shown in the appendix C, the constraints are too strong that they will eliminate the
quantum diffusion equation (14) itself.

We need to take a different route. First let me solve Md(< ¥|¢ >) = 0, assuming « and 3 are independent
of dt and z™.The general solution for « is

o = ZH+’Y_ <7> _6jr_zﬁma (16)

assuming « and (3 are independent of dt and 2. Here H is a Hermitian operator, and - is an arbitrary
operator.

Now let me for solve d(< 9[ip >) = 0 assuming, dt are the free variables, «, are independent of dt.
Further a solution for « can be obtained by adding a real number to equation (16) to keep the norm constant.
To summarize we have the final form of the dynamics equations are

i, >= al > di + 8, b > 2™V, (17)
where
a = Z.H_’Y_ﬁizﬁmd‘_cv (18&)
Bm = Lyp— <Ly >, (18b)
1 + m—n mn + m
¢ = =5 <BpBu> (2" —20"")+ <y > - <20YB, >Vt (18c)

The ¢ is a c—number and is a random function of z. The ¢ is also dependent on v/dt. I will assume that
dt can be neglected hereafter, unless specified otherwise.

We can derive the evolution equation for p = M (|) >< 9|), from equation (18a) (without neglecting v/dt

term). The evolution equation of p is

zm

dp - ~
T p(&") + (@)p + BnpBi; (19)
& = iH+y—<vy>-B6,.

Here the v/dt term does not show up.
To get the quantum diffusion equation and the Lindblad equation we need to set [8],

By = Lm— <Ly >,
¥ = <Lp>L) L, <L >.

In this case, using the evolution equation (19) it easy see that the system in long term approaches the
expected probability distribution for Copenhagen interpretation.

11



Let me state the second proposal of dynamics.

Proposal 2: Local Quantum Reduction - Given a path Q“(7), the quantum state of a single point
quantum system along with the self-evolution also undergoes continuos reduction with respect to observables
L; through semiclassicalization and randomization given by equation below.

A, > =iHJp, >dr+ > Bult, > dzm\/|QY|AT + (v = BB, > Q| AT, (20)

¥ = —0+<Lp>L} —L, <L >.

with Hyg is from equation (9), B, = L;— < L; >, with o is Hermitian operator to subject the evolution to
further reduction.

Physical relevance of o will be evident in the fourth proposal. Since the ¢ term is ignored, |1, > is not
assumed to be normalized. So

<,¢)T|Li|¢‘l’ >
<Pl >

The ¢H|1), > term is self-time Hamiltonian derived from proposal 1 in equation (12). The At is the time
measure from the first proposal of dynamics, and the operators L, are simple functions of the conjugate
variables pj and ¢! to undergo continuous reduction.

Usually for the applications of the Bloch equation (13) to study the evolution of the density matrix
of a quantum system, the L,,’s are to be determined by what are to be measured in the experimental
context. But, here in the second proposal of dynamics we assume that the L,,’s are fundamental quantities
in quantum gravity to be determined experimentally. The natural and simplest choice for the L,,’s are
given by p$ and ¢!, or some simple functions of them. These observables need to be gauge invariant and
diffeomorphism invariant as expected by the theory studied. Introducing diffeomorphism invariance requires
studying multipoint system, which will be discussed in the next to subsections.

The fermionic fields have zero expectation values. So these cannot contribute to the L,,’s. The fermionic
particles can be measured by measuring the bosonic fields they generate. For example, superposition of a
particle wavefunction at different points, results in superposition of fields generated by it such as gravitational
and electromagetic fields. Continous reduction of these fields with L,,’s, reduces fermionic fields.

The combined quantum system forms a complete reality by itself and there is no outside observer to
make reduction. The system needs to be understood as undergoing continuous reduction by itself instead of
being considered as undergoing measurement.

There is no necessity that one needs the quantum diffusion theory. It might be simple to just use the
Bloch equations (13). A detailed study of the model might help whether one can just restrict to the density
matrix formalism of the theory. Also since the reference frame with respect to which the quantum diffusion
occurs keeps changing according to proposal one. This might interfere with the reduction process and make
quantum diffusion theory problematic for reduction process. But if the reduction occurs faster than the
curving of Q*(7), which determines the reference frame, then the theory will remain sensible.

The new modified Hamiltonian can be directly included in the algorithm discussed in the last section.
This can randomize the evolution of Q(7) and quantum state. This randomness can reduced and smooth
evolution can be reproduced by introducing many-body interaction and continuity conditions in the next
two proposals.

< L; >=
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2.3 Quantum Evolution and Reduction for Multipoint Universe

The first proposal of dynamics focused on a quantum system at a single point that evolved according
to a single time parameter. In quantum gravity we want to evolve the quantum states from one spatial
hypersurface to another spatial hypersurface. In a spatial hypersurface there is infinite number of points,
with a quantum system at each point. So let me discuss how to understand time evolution in a many-point
quantum system. If there are many interacting fully constrained quantum systems, then for each point z,
there are one set of conjugate variables p, o, ¢ (D dimensional space internal space). To each point we
can apply theory discussed in proposal one, then there will one classical curve Q¢ (7;) for each point, one
hyperplance S%(Q%(7,), Q%(7,), and one free (dummy) parameter 7, for each point.

Let me assume that space is discretized and is made of countable number of points. Let B be the number
of points, and for simplicity let us assume B is finite. Assume that the quantum system at each point x
is described by an identical Hamiltonian constraint H, only, and it has an interaction term that involves
adjacent quantum systems. Each step of the evolution depends on how Q.(7.) varies with A7r,. Now
consider the propagator defined by proposal 1 in equation (7). For each system at x, we have one curve
Q%(7) assigned. Then the combined one step propagator is

N 1 . o 1o

G({aS a0 43 Su, ShVa};) = W/ [[{exp(ipa.= (a5 — ¢;))6(H,)dp? '}, (21)
U”;L-pa,:t<0avw x

G({Ss, S, Vz})

G({S:, S, Vz}) = im = :
Sy —>8. Ve G({ S, S¥,Vz})

The repeated application of the one-step propagator for infinitesimal A7, smoothly evolves all the sys-
tems. The sequence of the quantum states, defines the states of the system at various consecutive instants.
As the combined system evolves the classical expectation value of the momentum and the configuration
variables p, , and ¢¢ also evolve. Let me apply it for F' steps. From equation (21) we have:

F
G{a 0 @) o, Va}) = / [TIGE s a5 15 S (r), Sa(Tr1), V2 })] (22)
k=1

F-1
(H H dqgc,k)'

x k=I+1

Here Q%(7;) is a free variable at each point of the discretized spacial surface. Apply the principal 1
extremal proposal yields a curve Q% (7. ) for each point. But since 7, is a dummy variable we can fix the
arbitrariness. This done by using the condition |Q§f (T2)| = Dv,», where p, 5 is the classical momentum along
Q%(7,). Then Ar, physically represents the proper time.

Now let me apply this to physics with gravity, scalar field and vector field. The Hamiltonian constraint
with interaction term is

Hp = —|—% (hh™ 0,00y + X* + m2h¢2) + %(E2 + B?) — (cghR + Cl(%ﬂ'2 - 7rab7rab)> .
g

As discussed in section 2.1.2 variables can be rewritten in terms of p, and ¢®. The ultimate expression
for the above Hamiltonian constraint will be cumbersome. Important thing to note here is that there will
one time parameter 7, for each point. Assume that above Hamiltonian constraint is discretized in a cubic
lattice made of B cubes. Then we can apply the above theory.

Each step of the evolution depends on the values of A7,. Let 7 be a continuous time parameter, which
varies from 7 = 0 to 7 = T. Let me define A7, = n,(7) A7, where the n,(7) are continuous functions of
7, one of them for each point x. The repeated application of the one-step propagator for infinitesimal A7
evolves the quantum state. The n,(7) functions defines the various ways to foliate the discrete geometry,
whose topology is B point ® 1D, described by the above Hamiltonian constraints. n,(7) is essentially is the
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lapse.

Now if we want to include the reduction at each point discussed in proposal 2, it depends on the foliation,
as it is not covariant. Given a foliation described by certain choice of n,(7),we generalize proposal one
and two, given a path qu(r) for each point, the combined quantum state of all points of the manifold can
made to undergo continuos reduction with respect to fundamental field variables L; ,, at each point, through
semiclassicalization and randomization given by equation below:

d|¢’r >= iHS,CE|wT > nI(T)dT—'_ZBm,xlw‘r > d’zm@ \/ ‘Q?‘{n‘f AT+ Zﬂ m m,xr W} > nl’( )|Q5|AT

m,xr m,x

(23)

where H, , is from equation (9),7, = —0z+ < Lmz > L, — Lo < L, , >, and 3, , = Li»— < Li» >,
the suffix = indicates the point to which the quantities corresponds.

Now we need to pick a foliation that is be relevant to do the reduction process. Now there are three
questions to be addressed: 1) whether the reduction process occurs along a preferred foliation, 2) what is the
choice of the foliation along which the reduction occurs, and 3) whether this can be addressed as experimental
questions. If reduction happens along a preferred foliation, this process will correlate information along the
hypersurfaces of this foliation. This correlation is a physically measurable effect.

If the answer to the first question is yes, we can try to guess what could be the most natural foliation
along which the reduction might occur. For this, consider the set up used for studying canonical general
relativity. Consider a space time with metric g,s and one parameter spacial foliation &;, where S; is the
spacial hypersurface for a given t. This can foliation can be specified by function #(x), x is a point on space
time, with ¢ = constant describes the surface S;. We can choose ¢ to be the time coordinate. Consider the
vector field, TV = (3%)7. T7 generates a one parameter family of space-time diffeomorphism, such that a
given initial surface S;1 is mapped to a different surface S;2 of the foliation. So specifying T is another way
to define the foliation. The universe is described by combination of ideal space times such as 1) Homogenous
and Isotropic: Robertsen-Walker metric, 2)Static: Schwarzschild metric, 3) Stationary type: Kerr-Metric,
and Reisnesser-Nordstrom metric, listed below:

ds* = a(t)*( dt* — da? + dy? + dz?), (24)
ds* = N(r) dt* — R(r)dr? — r?dSQ, (25)
ds®> = N(r,0,¢)dt*> — h(r,0, ¢)apdz’da’® — 2N dz"dt. (26)
Space-Time Type-> || Homogenous and Isotropic | Static type Stationary type

Metric equation(24) equation(25) equation(26)

Most Natural Foliation t = constant t = constant t = constant

% conformal killing conformal killing | conformal killing

ap 0 0 0

4t 'tab

R 0 0 #0

7ob 0 0 #0

The most natural foliation for each case is given in the table above.

Consider the static case - Schwarzschild space time. The physical information is contained in the distri-
bution of matter and the gravitational field around it. All this information is transferred unchanged along
the foliation in which it is static. Our quantum measurement experiments are usually done along the time
parameter along the time-like killing vector (%)7. Any motion of the measurement instruments or earth
itself is too non-relativistic to alter the direction of flow compared to (%)7. Also consider the linear gravity.
To first order the gravity is described by gravitational potential. On the Schwarzschild case the gradients
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are parallel to the hypersurfaces of the static foliation ¢ =constant. To first order these static surfaces are
the directions along which gravitational forces act. So these hypersurfaces are unique in this way.

In case of the Robertson Walker metric, similar to Schwarzschild metric, most calculations quantum or
semiclassical is done along the foliation given by scale factor as cosmological time. Long distance correlation
in Cosmic Microwave background (CMB) has been derived using quantum correlations during inflation using
scale factor as time. Until now all the observations of Cosmic microwave background is consistent with such
a theoretical analysis.

From the above two case we can seen that the foliation defined by the conformal killing vector (%)7 is
appears to a good candidate. Let me define tensor C,g defined as a function of space-time metric g,,,, by

1
Caﬁ(g;w’Tn) = £T(gaﬁ) - i(gvédET(g'y&))gaﬁv

where £ is the lie derivative along T“.For a vector T to be conformal killing , C,3 is to be zero.
One can see from the table that there are many ways to identify the natural foliations. This are listed
below:

1. Trace free momentum 7 is zero,

2. The scalar curvature of the hypersurfaces R is zero,

3. Trace free transverse component of hyp or 7y is zero,

4. Hypersurface volume V = [ < Vh > dz? is maximum (not mentioned in the table),
5. If hap = h™ 5 hap, with i = det(hgp),then hab — 0 and

6. Cap(guv,TT) is zero.

The first four are clearly true for spherical static case and cosmological case. The last two are also
true for these two space times and also for stationary types such as rotating and/or charged case. The real
physical space-time, is a combination of many types of metric and the six conditions hold only approximately.
So we need to consider a physical choice of foliation such that it fits very closely to the natural time-like
hypersurfaces associated to them. Instead of considering the tensors to be zero, we need specify a norm like
functional on these tensors, to measure how small they are. Let me consider them on by one:

L T(r) = [ Zarr g,
2. Y(ha) = [ RVhda3.
3. Y(r) = [ %dﬁ, TT stands for trace free transverse component.

4. Y(hap) = [ h3 v dhan [ 4y3,

5. For measuring the smallness of C,g,consider the most obvious norm:

[ CasC it = [ 4197 Cun9, T)Cos( 00, T7) Vi
The second line makes the depends on g7 and T" to be explicit. Since the metric is Lorentzian,
the measure is not positive definite. So the smallness of f Ca5075\/§d4z does not imply smallness

of components of Cyg. To surmount this, metric can be Euclideanized so that the norm is positive
definite.

Y (g, T") = / 9598 Cap(gl, T Cys(gE,, T")/gpd x

where ¢gZ is the Euclidean version of the Lorentzian metric g,,, and ¢ is the inverse of g, .
v [22] E 2
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6. Y(ha) = — | < Vh > da?, smallness of this norm measures the largeness of the volume.

7. Also one can consider using the full canonical momentum of gravitational field to define T :

T = /(ﬂ-abﬂ-ab)\/Edar:3

cgh

KabKa
= /(chb)\/deg.

8. One also need investigate a more general way to define T using the kinetic terms of the integral spin
fields, without including Dirac fields (as the field expectation value are zero):

Fobg o1

——dx3
cgh ) v

T:/(WZ-F%_EQ—F

where K,z is the full extrinsic curvature. But, in most cases away from singularities, the gravitational
term dominates because, ¢, is very large.

Now let me propose the following

Proposal 3: Global Quantum Reduction - The quantum evolution and reduction process occurs along
a spatial foliation such that the Ctsmooth functions n,(7) take smooth values, such that relative probability
weight is given by exp(—c, ), where ¢, is a fundamental constant, where Y is one of the measures in the
above list, to be discovered and verified experimentally.

One can assume Y being minimum is sufficient to determine the foliation. But minimality of T may not
necessarily give a unique foliation. That is why I have chosen a statistical form for proposal three. There
are various possible candidates for describing the foliation of the three types of geometries: The first five
choices fits with the canonical form of dynamics. The last choice is covariant.

When there are more than mixture bodies evolving in expanding universe, the minimal foliation is made
merging of various types of foliations. This is illustrated in the figure below. Close to the cosmic celestial
bodies such planets or stars, the foliation is determined by purely Schwarzschild metric, the minimal surfaces
are normal to time-like vector along with the body moves. Between the celestial these surfaces deform slowly
through intermediate foliation, whose normals are some weighted average of the velocity vectors of the planets
depending the position and the masses of the bodies. In between galaxies we have surfaces described by
constant scale factor.

Particles such as atoms or elementary particles do not disturb appreciably the gravitational field deter-
mined by large celestial bodies. So they evolve and decohere along these special foliations as I have discussed
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in proposal 3. One might think that proposal 3 is not in the spirit of General relativity as it depends on the
foliation. But this not true, because we have not chosen the foliation kinematically. The foliation is chosen
here dynamically based on values of gravitional canonical field variables.

The various alternative proposals for T need to be investigated theoretical and experimentally to look
for a precise theory. The continuous reduction of the quantum state correlates the classical and quantum
information along the hypersurfaces. Now for the Y’s suggested the correlation happens along the slightly
random hypersurfaces that are close to the physically intuitive ones. This may be physically observable
effects, as mentioned before, that may have useful consequences. So this effect needs to be studied more
theoretically and/or experimentally.

2.3.1 Interpretation

The 7 is defined as a global evolution parameter. The evolution along 7 could physically mean two different
things:

1. 3D Evolving block model: This is the Newtonian way of interpretation: 7 is a global time parameter
along which a curved 3D semi-classical universe undergoes quantum evolution. The past is semiclas-
sical. Future is non existent. The present evolves along a unique foliation of 4D metric, which is
probabilistically chosen from many possible foliations from proposal 3. Consciousness of all observers
evolve along 7.

2. 4D Block Universe Model: 7 is simply a global foliation parameter of a 4D block universe model.
Observers physical time is a proper time parameter along his world line as usually defined in relativity.
But, this interpretation does not explain why observer time flows unlike the first interpretation.

Which one of this may be right physical interpretation can only be decided by if possible by experimental
study.

2.3.2 Algorithm for evolution

Let me discuss the algorithm for evolving a piece of a Planck scale sized spatial slice of reality.

1) Discretize the region into cubes of size L3 in coordinate units. Discretize the Hamiltonian constraint.
To each cube x assign quantities discussed in algorithm 2.1.2.All the quantities have suffix z.The Hamiltonian
constraint is a function of near by points of z’s.To the effective Hamiltonian H, , add the quantum diffusion
term.

2) First wavefunction ¢ ({qg s, Vx},7) is given on the product of initial hypersurfaces S;(7) with normal
vector v%(7).Let the expectation value of the wavefunction be Q% (7) in the global coordinates. The Q%(7)
needs to the origin of the coordinates qﬂis in S;(7). Let < pfng > be p; o in global coordinates. Let me
assume the norm of < p; 4 s > is small compared that of v (7).

3) Choose values for n,(7),and evolve each the global wavefunction wavefunction ¢ ({q5 s, Vx},7).To to
this at each x evolve ¥({qg ¢, YV}, 7) from Q3 (7) along v (7) to a new hypersurface S, (7 + dr) with normal
ve(1+dr) = m&Pp,  going through point Q% (1) +n,(T)drve (7). Set Q¥ (1 +dr) = Q3 (1) +nu(7)drv(7)
as origin of coordinates on the new hypersurface. The Propagator and Hamiltonian for evolution was given
in equation (8) and equation (9).

4) Calculate Y(7),where T is defined by one proposal three, or one of the alternatives discussed before.

5) Change value of n, (7). Repeat steps 3 and 4.The probability n,(7) of values is given by exp(—c,T)
The most probable n,(7) is for which Y(7) is minimum.

6) The ¥({qy s, Vz}, 7 + dr) for which T(7) is minimum is the most probable new initial wavefunction.
Now start over from step 2.

If ¢, is large enough, then the evolution happens such that T is minimum. To study evolution of quantum
particles in Schwarzschild or Cosmological case, the most probable n,(7) can be chosen easily. These cases
will be later studied in this article.
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2.4 Deterministic, Continuum Limit and Scale invariance

Let me assume that nature is made of large number of interacting identical discrete quantum systems at
the Planck scale. The stochastic evolution in proposal three in the many body system, results in random
evolution of the system, as the classical expectation values evolve randomly. Whatever discrete quantum
model one proposes at a microscopic scale (atomic, nuclear or Planck), the model need to have a proper
relation to the macroscopic classical world. One of the important aspects of this is the continuum limit. For
this theories has to provide smoothness and deterministic evolution in the macroscopic limit.

Achieving continuum and deterministic limit for a discrete model is always a difficult problem. But
nature seems to be continuous and deterministic at macroscopic scale. One simple way to solve this problem
is given by the following proposal.

Proposal 4: FEvery subsystem has several mechanisms built into it explicitly such that the expectation values
of quantum variables of mearby or adjacent identical quantum systems are very close to each other. They
are such as 1) There are imaginary decay term in the action to keep the quantum variables adjacent to each
other, 2) Every system is a collection of large of subsystems each having quantum variables Q£,s and random
variables zpy,, yattached to it and evolving according the first three principles, and 3) The effective variables of
every system is got by weighted averaging of the random and quantum variables of the underlying subsystems;
Fundamental Commutators are smoothened as a consequence of this.

Let me discuss the three parts of the proposal 4 one by one. First let me discuss the first part: A simple
way to realize the first part of the proposal is to add an extra imaginary term to the action (20)

§ — 8 +i Y (5oula5 108 Dna(r)Ar,
x,s
such that o, are
1) smooth real functions of the variables ¢? , with a lower bound,
2) functions of quantum variables at « and 'adjacent (or nearby) quantum systems to point z, and
3) are increasing functions as |¢% — qa |— > .
Now the new single-step propagator (without the quantum diffusion and global reduction) is

G({¢,d7; Sy, SL,Vx};)

1 . a a a o
- G ) [T lipan(as — )~ S oalaf IS ne (AT, AR,
V2 yPa,e >0,V .

x

The new term with o, need to be added to Hamiltonian Hj, in the algorithm discussed in the last
section to enforce smoothness. The negative sign of o, in the evolution equation makes sure that [, >
wavefunction weights |¢% — q;“, |, Vo, for every pair of quantum systems adjacent to each other in the discrete
model.

A simple choice for o, is

ou(g) = Y, la ¥l

a,Adjacent z’

But the problem with this function is that it will suppress the differences between ¢ and q;‘,, erasing out
the physics in long term. So alternative choices for ¢ are the following functions with minimums for non-zero
(a2 —a2)*

x
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exp(B * ¢ — ¢ 1)

lgg —q% ?

1) 0.(¢) = >

a,Adjacent z’

2) 0.(¢)) = >

a,Adjacent z’

b

A
|qoé7qa |2 +B|qg_qz’|27
x z’

where A, B are real constants and positive. In this & goes towards infinity for both |¢% — qay |- > Oand
lay — q5|— > oo. So this restricts the evolution of quantum state such that |gy — ¢% | are finite. For large
< ‘q(; —q;’/ ‘>

<> are

expectation values of |¢¢| >> 0 (in quantum units), which corresponds to macroscopic case,
infinitesimal. This will help reproduce the continuum limit.

Another advantage of the & operator is that it limits randomness in the fields. The quantum reduction
in the last two proposals introduces randomness, and it can build to large values. The & operator can reduce
this randomness, and help fields to be smooth in the continuum limit. An extra term can be added to keep
o terms from disturbing the norm of the wavefunction.

Let me discuss the scale invariance of dynamical equations effectively. Let me study the large number
limit of the stochastic evolution equation for a many body system in a finite neighborhood 2 made of finite
number of systems. Let me assume the €2 is considered to made many cubes of volume Awv, with n lattice
points in each orthonormal directions in three dimensions. Therefore ) is made of n® cubes. Let the total
volume AV = n3Awv.

The evolution equation for a combined state is as follows:

dip, > =) aaAVng(T)dt + Bh, 20/ AVng (T)dt) |y, >,

oy, = itHy — Yo — Oz — B:rj_ﬁfn

where z indicate different points, c is ignored, o is the operator in proposal four, and n, are set to be equal
to 1. Let me define the following averages:

& _ Zzaiﬂ B _Zxﬁil Zm_ZrZ;n

TLS ’ m n3 ’ n3 ’
H _ Zm Ha: = __ Zm ’Yw - Zz Oz
= 3 V=" 3 9= 3
n n n

For z™, we have M (Zmz*") = 2‘;7;”. So we define 2™ = z™v/n3. Then we have M (2MZ*") = 25™".
Presence of o, makes quantum amplitude < {¢%,Vx} |1, > non-zero for the values of ¢ close to each
other. Then we can approximate the quantum diffusion equation by an macroscopic averaged equation,

b, > = aAVny(r)dt + B, 2"/ AV, ()db) |, >,
a = il -7-0-Pb,

We find that the dynamical equations are scale invariant. But since the multiplying factor VAV of z™
is larger, the system undergoes semiclassicalization rapidly in terms of the averaged values, than the each
subsystem.

Let me now focus on the commutators. Consider the scalar field ¢.

3
o) = / (a(k) exp(ik.z) + a (k) exp<—”’f-x”<2w>i/]§¢a’

19



Consider the expectation value of ¢(x)? in the ground state |0 >:

31.,731./
<) >= / < Ofa(k)at (K)[0 > exp(—iz.(k - k/)figic)lgf) .

This needs to be calculated using the commutator of the field:

[a(k), a’ (k)] = 6(k — k),
which is a consequence of the fundamental commutator [¢(x), w(2’)] = §(x — 2’). The result is divergent:

< é(z)? >:/d3k = oo.

w

It is essential that < ¢(x)? > to be finite, so that there is clear semiclassical nature for the ground state.
To achieve this commutator need to be smoothened:

la(k), o' (K")] = F(k)é(k — k'),
resulting in

< é(z)? >= /F(k)dgk

w .

If F(k) sufficiently falls of as k— > 0o, < ¢(z)? > becomes finite. Now the new fundamental commutator
of the field is

[6(x), ()] = f(z — ).

where f(x) is the Fourier transform of F(k).This commutator can be achieved by considering ¢ and 7
weighted averaging of fundamental fields ¢(z), 7(x) satisfying [¢(x), 7 (2)] = d(x — 2'):

BN
&
[

/(;S n(x — &)di?, (27a)
n(z) = / (@n(z — )dz®, (27h)

where 7(x) is suitable weighting function. Now we have,

[6(x), 7(z')] = / 0w — F)n(i — o).

2
If we choose n(x) to be the Gaussian function @ W)?’ exp(—2%z), we have

(@) 7@)] = expl- T2
la(k),al (k)] = wlz?) exp[—d2k?]6(k — k'),
< G2 > :%.

Now the expectation value is made finite and the commutator [¢(z),n(z')] has been smoothened. The
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equations (27a) can be written as discrete sum over large number of subsystems, to make this analysis
combatible with the second part of the fourth proposal.

3 Applications

In this section I discuss simple applications of the four principles proposed. I will first discuss the simple
minisuperspace homogenous and isotropic expanding cosmological model in which the scalar field is coupled
to the gravitational field. Then I will discuss the extension of this model with perturbations added to these
field. Next I will discuss the model of celestial gravitational objects (small curvature) moving and perturbing
the flat space.

3.1 Cosmological Reduced Model

Consider the expanding perfectly homogenous and isotropic cosmological model with a scalar field. Let the
metric be given by,

1
ds* = N%dt? — gA(da:2 +dy? + dz?),

and the scalar field is ¢. The Langrangian and Hamiltonian is

o 609d2 3 qb
L = AV { \/ZNQ a 7

2
H = {24£V7r§— ik +Ava3U(¢)+AAvaé},
)

where A is the cosmological constant and ¢, is the gravitational coupling constant, U(¢) is scalar pontential,
AV is the volume the region universe we are studying.

Let me apply the first principle. The path corresponding the minimum of < ._|plpsr + GLgss|p, > is
described be the classical equations of motion. Let the capitalized variables describe the evolution of classical
configurational and conjugate variables of this path.

I, = AVa:U'(¢),
i, = Ty Mo 3yt - Saaval
4 18c,AVYA  AVAS 2 2 ’
('p = - H¢37

VA2
i - _Aa

3ch\/Z

Now let me discuss the quantum evolution of this model. To calculate the effective Hamiltonian in
proposal one,

[e3%

dEY _
Hy(pr, 42, Q%(7)) = prdi hY — pv|(I[VIn" + QL{TTIVa)|~

we need to calculate the following quantities.
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hidr = —E$dEl,
v = oty — 2 U(Q (7 +dr) + gL EPR),

OaB = mag—n””f/a%,

where mqp is the full metric on the internal space and mqg is the projected metric on the surfaces
S(Ve(T),Q%(7)). Let me assume efV,! is finite. We have

QY = (4,9)
Ve = (A 0).
VA 0 12AVe, 0
maB: 12AVe, ) , Mag = VA 3/2
0 AVA3Z 0 —-AVA

Let me assume A >> &. Results of calculations of various relevant quantities are

o A (9) (34 (4) (8) 34 () (8) +a(4) (3))

hi=—E - ,

o (Az (4) 12 (A)QC) <A2 (¢>)2—3(A)2c>

12¢, A2 .
V:$AV{\/%9N2 _Aé’qﬂ}.

Let p and ¢ be the free conjugate momentum and configurational variables. Now the reduced Hamiltonian
is

H,(p,q,Q%(1)) = pgh1 — pv|(|V] + qhs)|

where py = \/M~1p? + 29 U(Q*(7 + dr) + ¢EY").
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3.2 Cosmology with Fluctuations

Let me add small perturbations 7,; to the spatial metric of the last model,

1
hab = (§A6ab + ’l’]ab),
where [ n®dV = 0, with integral done over volume of finite size much greater than Planck scale
Let the conjugate momentum be
Hab _ 7_rab + Pgab
- )

where 7% is the perturbation, and J 7%dV = 0 with integral done over the same size as the corresponding
integral for the metric. Now the Hamiltonian constraint is

1 1 1
6 A2p? — g AP?’]abﬂ'ab — PQT]ab’/]ab - § A27Tab7rab =7V,

where V' = h(R + hy,), hy, is the contribution from matter terms. Let me assume that the matter field is
just the scalar field.

A
[+ PEAG S ) + s

= /PdA + w%dn,, + wdg.

In the similar way we write the potential as,

V=W+uv,

where v is the perturbation, with f vdx® = 0 as before.
We can rewrite the metric as follows:

1 1 1
(6 A% — n“bnab> pP?— 3 APn®7g — 9 A’r®r 0 — Vo — v =0.

We can solve this equation for P, which is the dominant momentum component along which the internal
time flows.

Py \/6V+ vV6 (6)%17“177]@\/‘7 Arr ,\/6 +17ab7rab
B A 2/VA 243 18VV A

The sign is decided by initial conditions. Now the effective Hamiltonian is

H =+ \/W + ’U\/é + (6)% nabnab\/v A'rrabﬂ-al)\/6 + 7/]albﬂ-ab
A 2/VA 243 18VV A

We can split the n and 7 into orthogonal components as described in appendix E.

The TT f and T'r components of 7,;, don’t change with diffeomorphism. So they are dynamical quantum
variables. But LL and the T'L components change by small diffeomorphism. They can be set to zero by
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appropriate diffeomorphism. Let me assume below conditions as gauge choice.

N = 0777%11 =0.

Now we have the action as

/ HdA 4 7%dn,, + 7dg
= /WTdenab I+ 78 dnly + nd¢ + HdA.

Using the diffeomorphism constraint in equation (41) (appendix F), we can solve for 7, and 7TT 7, using
the matter distribution, ignoring the second order transverse terms.

TLL = 7TLL(¢777§17) (28a)
W%’bL = 7TTL(¢,77ab) (28b)

We can also include EM field. Like before for the EM field, using the gauge freedom, we can set the
Longitudinal component A, to be zero. The conjugate momentum Ej, can be solved from initial conditions
using div(EL) = p, where p is the charge density. For this paper let me assume that there is no charge in
the theory. Then we can assume that,

A, = 0. (29)
E, = 0. (30)

The state of the wavefunction is

T TT
‘w >= Z /¢ nab fangg’AT7¢)‘n fanab aA ad)TrHTrLL’ﬂ-TLyAL > .
{zm}

The variables after the semi-colon are non-dynamical solved using equations (29) and (28). Now the action
is

/ HdA + n%dn,, + ErdAT + 7,,do,,

_ / wby odn T 4 7 dnTT + BrdAT + modd,, + HAA.

Now H is the schrodinger part and we need add appropiate L,,’s in terms of nab , nab, AT and ¢,
(and possibly their conjugate momentas) to get the quantum diffusion equation (23). In the spirt of the
third principle, constant value of A gives appropriate physical hypersurfaces along which the quantum state
evolves. We need to further discretize the theory and apply fourth principle.

3.3 Newtonian Space

Consider that A and P are small or same order as the perturbations, everything else same as before. This
represents the current universe, whose expansion rate has slowed down. Let me assume the matter is lumped
in spherical shells. We can use the same simplification for longitudinals as was in the last subsection. Now
consider the phase space integral for the system,
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/ (7*Yd(hap) + ErdAT + 7,,d6,,
- / (7ordnlE + Erd AT + mdg,, + 2mpdn”)
_ /(WTTdn + BrdAT 4 7,de,,, — 2V°n0d (V" 27%))
- /(WTTdW + ErdAT + T dQ,, — 2V27l pdT)
where 7 = V274 Now from the Hamiltonian constraint (upto a factor),

2
V2T = 1%, — % + oy + By (32)

where hm is the matter and EM field Hamiltonian, h, is the second order terms of 71, from hR, and
Tab = wab + 7r T4 7r ”511 is a non-dynamical field to be solved using diffeomorphism constraint as in the
last section.

Using momentum as time variable is described in appendix (G) in the context of a single point system in
WKB approximation. The same can generalized to multipoint system described by the above action, if we
consider the gravitational degrees of freedom is semiclassical in n7, with existence of WKB approximation.
Now the wavefunction is (using appendix (G)),

1/’(77(13 ’ ATv ¢m7 T] )) = €exp |? [ (WTT (T]aB )naB + ET(AT)AT + 7-‘-m(gzl)m)(rﬁm,)] (naB ’ A ) ¢ma TTt (77Tt))7

where we can consider the i as function of m7;. The momentum functions the exponent are slow functions

of the variables. Now from equations (31), the time variable is the field 7 = V~27%%. The wavefunctions

can be rewritten as

w(naB ’ ATv d) )) = €xp [? [ (WTT(naB )naB + E (AT)AT + 71—TTL(¢ )d) )] ¢(%B ’ AT’ ¢ )

where 7 is a field and it has a different value at different point. The ) has the same physical information as
. Its evolution is described by the Hamiltonian density (upto a factor of -2),

H

2
\Y Ugb
b m
= 7 ﬂ-ab_?'i'hm_"hg

The discrete version of this in combination with principles second, third and fourth principle can give our
evolving model. The quantum diffusion equation (23) has H, from the above equation. Each point has an
unique n, and L,,’s derived from n; TT AT and ¢,, (and possibly their conjugate momentas). Appropriate
T need to be determined experimentally, to evolve the system.

4 Experimental Test

For the proposals to be experimentally tested we need to apply them to specific experimental situation. For
this to happen the applications of the proposals needs to be further developed. Nevertheless, let me discuss
some simple ideas how to test the ideas.

Consider the application of the first proposal to the expanding universe during big bang expansion as
discussed in section 3.1: the time parameter is a combination of the scale parameter and the scalar field.
This must have an impact on perturbation in the cosmic matter and radiation fields. We need to find the
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aboms

d h
i = t=constant

X direction of moticn
of earth

signature of this in the CMB and galactic matter perturbations. Also using CMB perturbations one may
try to test the third principle as following: One need to look for correlations between CMB perturbations
at different wavelength. Each wavelength was freed from matter at different cosmological scale parameter
value. If there are more correlations within the same wavelength than any other wavelengths, the third
principle may be confirmed. The wavelengths need be to as small as possible so that the perturbations has
small components directly related to quantum reduction process, and not due to classical collision processes
between particles. This may be difficult analysis to perform.

The reduction process of the fields need to be observed to study the second proposal. But it depends on the
time scale of the process. For example, if the reduction time is in the order of Planck time (5.39056 x 10~445s),
it is difficult to be observed in the lab. But if it is not, if there is hope of observing the reduction process. One
possibility is the study of the magnetic field of the spin of atoms. Consider the magnetic field due to trapped
ions that are popularly utilized in quantum computers. If we have sufficient number of ions sufficiently close
two each other, their magnetic fields due to their spin may add up to measurable level. Let me assume
this is experimentally realizable. Assume the system is put in the macroscopic superposition of their spins
(example: all up + all down). Assume they slowly decohere as the magnetic field is measured spontaneously
as proposed in the second principle. Then if the time scale is within our experimental capabilities we can
observe the process. This will give various we ways to study and test one or more of the more principles.

Let me discuss a test of the third proposal. Consider the following apparatus which has 1) two group
of atoms distant from each other, 2) instruments for measuring the magnetic fields of these two groups.
According the third proposal time flows along the temporal killing field of Earth, i.e. the frame in which
earth is at rest is the unique reference frame along which continuos quantum reduction occurs. Assume we
make the apparatus move along the direction in which the earth moves. Let me assume that earth move
along the = axis and ¢ is the time in its rest frame. The apparatus move with velocity 8 along the direction
the earth (¢ = 1). Let the primed coordinates denote the apparatus coordinates.

x = (' +Bt),
t y(t' + Bx').

According to proposal three the measuring process occurs along ¢t = constant hypersurfaces. Thus in the
rest frame of the apparatus, two measuring instruments will see asymmetrical measurement output, with one
group decohering before the other one. Assume we switch on the instruments for measuring the magnetic
field simultaneously in the rest frame of the apparatus. One group of atoms will decohere spontaneously
before other one, ultimately collapsing the other one. As a consequence, measuring the magnetic field of
first group of atom will show slow continuos evolution starting from the time at the measurement apparatus
is switched on. The measurement in the second measuring apparatus will show a magnetic field which has
already decohered due to entanglement of the second group with the first group. If this discrepancy between
the measurement of the two magnetic field can be seen, this will demonstrate proposal 3. By modifying this
experiment many aspects of the four proposals can be studied.

The fourth principle is essential for restoring continuum and deterministic limit. Applications of the ideas
to experimental context need to be developed, to test the various parts of the principle.
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5 Discussion

The set of four basic proposals discussed in section 2 only lays down a conceptual framework instead of a full
concrete proposal. The first proposal of dynamics of picks a self evolution direction in the configuration space
of the quantum system at each point;, the second proposal of dynamics introduces spontaneous local quantum
reduction for the quantum system at each point, the third proposal of dynamics deals with global evolution
by determining the relative rate of time evolution for different points on space by global quantum reduction,
and the fourth proposal enforces continuum limit. These proposals embody conceptual foundations but leaves
open the concrete implementation to be determined by further theoretical and experimental investigation.
Let me list the various possibilities:

1.

This framework is highly abstract and it can be applied to the usual quantum field theory with general
relativity using Dirac’s method of quantization, or any unified field theory such as the string theory,
Kaluza-Klein theory, etc. One needs to find out the best theory that works with the framework that
could reproduce physics.

One needs to find ways to impose the diffeomorphism and gauge constraints on the kinematical Hilbert
space.

The framework is based on discrete model. There are many possible ways to discretize quantum general
relativistic physics. The right way to discretize, so that we could extract low energy continuum physics
needs to be found.

The first proposal depends on the configuration space. Now there are various possibilities for choosing
the configuration variables, for example using the Kaluza-Klein theory [20], string theory or loop
quantum gravity, or some other theory where these fields are unified as discussed in section 3.3. The
proper choice needs to found out.

In the second proposal of dynamics we have the lALm@’s to be determined. The natural choices are gauge
invariant and diffeomorphism invariant quantities, such as scalar curvature, square of the extrinsic
curvature, that are related to the gravitational field, etc.

In third proposal of dynamics various possible candidate for the Y function has been suggested. If
possible right one need to be found.

The o function in the fourth proposal that specifies continuum functional needs to be determined.

Now o, T functionals and Lo, require three new physical constants to determine their scale. The search
of 0, Y, L,, and the scales may point out to a new fundamental theory.
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So the proposals presented in this article have a huge choice. The various possible theories relating to
the different implementations of the proposals have to be studied theoretically and experimentally to come
up with the precise details to achieve successful model for Planck scale description of nature, or some or all
of them be falsified in the verification process?.

6 Conclusion

In this article, I have outlined a conceptual framework and have briefly discussed how to apply this to study
physics. Because of highly stochastic nature of the theory we need to use computer simulation, and statistical
analysis to get any useful physics out of the theory, and verify whether it reproduces quantum mechanics
and general relativity consistent with experiments in the low energy limit. Application of the framework
to simple models is straight forward. But the complication is, even for simulating simple models, extensive
computing power is required. Currently the application of the conceptual framework to some simple models
is being studied by the author. The results and algorithm will be published in the follow-up reports. The
computer code for simulation will be made available publicly. The framework discussed is quite general and
there are wide variety of variations and sceneries. To come up with a specific model that best explains the
physics of the entire universe requires exploring as many interesting models as possible.
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Appendices

A Derivation Self-Evolution Hamiltonian

Here let me calculate the Hamiltonian for the self-evolution described in proposal 1, from surface S = S(7)
to S = S(r 4 dr). In terms of the propagator, the evolution of the wavefunction is:

W(qt,T) = / (¢, (gl 7).
Pa V<0

Let me split the global coordinates ¢® and ¢’* corresponding to the surface coordinates ¢& and ¢/ into
two parts along the normal and tangential directions.

¢ = Q%(r)+qET,
J* = Q“(r+dr)+dlEF,
= Q“(1) +1"Ats + ¢ EY.

The components are calculated as follows:

dQ*(7) = Q(r+d7)-Q"(7),
dQ*(T) + ¢ Ef)oa = Aty
dQ(m) +¢h EEL = 4.

Now let me calculate Ag“:

2Revion Info: As I have discussed before, version 2.0 has been published. It has some improvements, slightly different
concepts (particularly proposal 1), and more applications. Further revisions are in progress.
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A¢® = AL, + AglES,
Ag¢t = ¢ -4l

Ag! can be further analyzed as
Agi = (dQ™(T)Ey + ¢ EFEy) — a;.
Let me define: E'*EL = H = ¢% + hldr. Then we have

Agl = (dQ*(n)EL+dq/H)) —d!
(dQ*(1)EL + ¢i/h}) + ¢if — ol

Defining g7 = ¢/ — ¢! and using dQ*(7)EL = 0,

Agg = (g5 hy)dr + 8qs,

Aty = (dQ*(1)+ ¢l Ef)v,

_ o dQ(r) g dEf
- ( dT Vo +qs dT Uoz)dT

The propagator from S = S(7) to 8" = S(7 4 dr) in terms of the surface coordinates is

G(q2,q2)
— G(q/(lC , q(l)

- / exp(i[prAq) + pav® At))3(H)dp" .
PaU*<0

Now H can be split using into parallel and normal components to the Surface .S, assuming the
signature is + along normal direction.

1
H = ipapaJrV(q’a)

1

1
= Q(m)2 + Qplpf +V(d),

where p, = p,v®. Therefore

H = 0=>
P = i\/fp’psz(qm)

= £/ plpr 2V (Qx(r +d7) + g1 EP).

Now the propagator is
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G(d* ¢*) = /exp(i[pzAQ§ — puAL*])dp” T,

p1Aql — p,At*
dE®
= progl + prdi/ W AT — py(jv] + ¢ dTI Ua)AT.

The effective Hamiltonian Hy(ps, ¢'f, Q®(7)) in terms of the surface coordinates and A7 as time parameter
is
prAgl — pyAt?
= pidql + Ha(pr, g, Q(7))Ar.

From the previous calculation,

) AB
Hy(pr, ¢, Q%(7)) = pralnh — po(Jv] + ¢t =L,

dr v
where
ol = 122,
Cldr "
and
hhdr = Hj -4}
= EfE, -0,
= ELdES,
implying
_ . dEY
Wy =EL,—.
* dr
Using

po =\ ~plpr — 20(Q(r) + g ),

we can calculate the effective classical equation of motion for the Hamiltonian H

8pv K dE}a( _

-7 Jpl

- o)s 33

qs qs Ny apl(|v|+qs dr v ) ( )
ap dES dES

Y v KZ7K 5 o (—2L5,). 34

DJ DI J+aq;](|v|+qs dT”)"'p(dTv) (34)
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B An Application of Self-Evolution Equations

Let U = qa% —m? and m®? = §*°
Let me set Q!(7) = r(cos7,sin7). Then v(7) = (—sin7,cos7) and E(7) = (cosT,sinT).
Also have hi = EZ dfﬁ =0, and %T;a =1.
The the evolution equations are

Opy
— r + R

q oy (r+q)

Opy
p = +3q;,(7"+q)+pu

P = V=PEt2m®—(r+qp>

oy _ _p
ap[ Dv ’
apv _ _(T + Q)
dq? po

Let initially ¢ = 0 and p = 0, then,

._ D
g=—(r+q) =0,
5 r+a)

v

r+q) + py

2m?2 — 272
P

2

For p = 0 we need to have m? = r2. This is just circular motion around the origin.

C A Derivation of Quantum Diffusion Equations
Let me derive a general stochastic evolution equation motivated by equation (14). Our analysis is based
on [8], but different in details. A general stochastic evolution equation is

|dy >= alyp > dt+ B,,[¢ > 2"V,

where « and /3 are operators on |¢) > .A summation over repeated indices is assumed. Let M denote the
averaging over all 2™, and let me assume the following definitions:

Mzmz") = 26™",
ME™) = 0,
Hr(a) = (a+a®)/2,
Ara) = (a—a*)/2,
E(a) < Plajy > .

Then we have,
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Al < Yl >)=<Pldyp >+ < d|y >+ < do|dy >
= 2Hr <o >dit+ < B8, > 2™z dt + 2Hr < B8, > 2"Vdt + 2Hr < o 3,, > z"™dtV/dt.

Let me solve d(< ¥|¢ >) = 0, assuming that dt and 2™ are free variables, and, @ and § are independent
of dt and z™. Then we have the following conditions.

Hr < a>=0,
< BB, >=0,
< B, >=0,
< atB,, >=0.

These constraints are too strong that, these will eliminate the quantum diffusion equation (14) itself zzz
check.

Let me take a different route. First let me solve Md(< 1|y >) = 0, assuming « and 3 are independent
of dt and 2.

Md(< Y|y >) =2Hr < a>dt +2 < B} 3,, > dt.
Then Md(< 9|y >) = 0 implies
Hr <a>+<B}8, >=0.

The general solution for this equation is

a=iH +y— <y > -8B, (35)

assuming « and § are independent of dt and 2. Here H is a Hermitian operator, and v is an arbitrary
operator.

Now let me solve d(< |t >) = 0, assuming, d¢ as the independent free parameters, «, 5 are independent
of dt, and « (or ) may depend on second order terms of z™. The we have following conditions:

1
Hr < a>+§<6;6n>zmz”:07

< B, >=0,
< atp,, >=0.

A solution for the first equation can be obtained by adding a real number to equation (35)

1 ,
a=iH+y—<y>-B) B, — 3 < BB, > (22" — 20", (36)
The general solution for the second equation is
By = Lin— < Lp, > .

The third equation can ignored in d(< [y >) = 0, as dt\/dt is too small. But if we don’t want to neglect
the 2Hr < at,, > 2™dt\/dt term in d(< 1| >) = 0 then we can modify « to
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1
a=iH +~y—<vy>-B8,, — 3 < BB, > (M2 ™ —20M")— < 2073, > 2"V dt, (37)
which makes a dependent on v/dt also. I will assume that z™+/dt can be neglected hereafter, unless specified
otherwise.
To summarize we have the final form the dynamics equations

|, >= altp > dt + B,,|¢ > 2™V, (38)
where
a = iH—vy—8}B,,+c
B = Lpm— <Lp >,
c = —%<6;Bn>(zm2"—26m")+<7>.

The c is suggested is c—number and is a random function of z. We can derive the evolution equation for
p=M(l¢ >< )

d(p) = Mldy >< |+ M| >< dip| + M|dy >< dy|,
M|dyp ><1p| = pM(a)dt,
M|dip >< dip| = B,,pBdt + 2He{B,,pM (o 2™) }dtV/dt.
From equation (37) (without neglecting v/dt term),
M(e) = iH+vy—<7> =8]8,

M(at2™) = 0.

So the evolution equation of p is

d - -
?f = p(@®) 4+ (@)p + BrpB;
& = iH+y—<vy>-B} B,

It is easy to see that v/dt term does not show up.
To get the quantum diffusion equation and the Lindblad equation we need to set,

6m = Lm_<Lm>7
¥ = <Ln>L}~L,<L!>.
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D Bidirectional Time Evolution

The time evolution defined in proposals 1 and 2 are actually unidirectional in time. We can generalize this
to both the opposite directions along v®. Consider the momentum operator E = Da0* (assuming 7 is a
unit vector in the metric discussed). Let [¢p > = |[¢b, > +[¢p_ >, where |1, > and |[¢, > are made of
the positive and negative eigenvalued eigenvectors of E correspondingly. Then we have a more generalized
dynamic equation as follows:

V

dy
=2 (6a= < a >y > 10 Ina(r)dr (39)

= —iﬁs,v|w+77 > |vlng(T7)AT + iﬁs,v|¢7,7 > |qy sIna(T)AT

+> 2 < Li>Lp—LiLi— < L >< Ly >)[¢, > 43 ,na(7)A7,
k
R . Oy o
3 Ml < L), > de/Telna (AT = 2, > [i8fna(r)dr. (40)
k

The two terms involving H, evolves the state in the positive and negative direction along v,. But because
of the third summation term in the first equation one of ¢, > and [¢) | > will be fully attenuated eventually.
So we only have a unidirectional motion eventually.

E Transverse-Longitudinal split of metric

Consider that a tensor field Q4p. Let me fourier transform it to the momentum space k. Assume )y does
not have k = 0 fourier term. Let the R{ be the transverse projector and P is the longitudinal.

o o KR
Ry = 6, — k2
o kekb
R* = 2

P =

Let tilde on indices indicates transverse projected component, bar on index indicates longitudinal projected,
for example

v® = Rgvb + Pf’vb =v® 40

We can split ) into various components:

Qab = Qz; + Qap + Qa7 + Qas,

Qaa = Q&d + QELEL-

The transverse component is given by
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. kCkqy kK
L = Qup = Qealds — ~34)(05 — =22)

k2 k2
Qr(akv)

kakb
2 T @R

= Qab -

Also

1
,(Z;a = QabRab = Qaa - Qkkﬁ,

Let me calculate calculate the transverse trace-free part indicated by T7T. For we need to calculate X in
T
ab = Q + X Rap, such that QTT = 0. Then we have X = f%.
The transverse trace part is

T T
t aa
ab Rab 2

a1.b
= ; (60,17 Wk ) (Qcc Qkk;)

The transverse trace free part is

TT T z
ab = ab — Rap 2{1(1
Qrakry 1 k;ak;b k;
= Qab - kk - § 5ab Qcc + 6ab Qkk

The various combinations of longitudinal components are

L

o= (Qap+ Qap + Q)
W= Qup+ Qap
be - QaE

The longitudinal component is

L

ab Qab — Qi
Qr(ak) koky
= Qab - ( L2 + A
Qk(akb) kqky
= w2 @R

To summarize, we have

Qab - Q Q Qabv

and in the momentum space,
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L . Qk(akb) ka kb

ab = 12 — Qrk JEaE
o = Qab— O kzkb) - % <5ab kakb) Qec + 1(5akak + Q ke k{‘f ;
o= g (0 ) (@ Qugs )
and in the position space,
5= %563@1@1))@— %a0h 9 Qca,
Ho= Q00 3 (5= ) Qut 3502 0w+ ;2 00

1 9°0b 0°9°
Zlf = 5 (5ab - ) (Qcc - ch)

F Linearised Constraints

In this section, let me summarize the linearized version of kinetic and ponential parts of gravitational
Hamiltonian constraint. Let me rewrite the gravitational canonical conjugate momentum 7% and the metric
hqp as

7Tab_ > GHab—I-P(Sab,
habi > €nab + 5ab 777

where € is a small value.

1 3
KE ~ —3 €211 I1° ), — ePII, * — 3 P? 4 €1, — 3 € PIpn™
1
—€PIyn, * = Py, " + 4P 0, " — 5 PP, “n, " + € PPy

If P =0,

1
K.E ~ -5 €211 1%, + 2T1%° .

Also have

1 1
RVh ~ —¢d® anb b + ef)abna b3 een’ 200 o1 e + 3 een® aabcnb .+ eenabaabnc c
1
—2een™0, “n, . + €en™O° ., 4 + €€dn, " O . — ecdn, b0, , — 1 €€dn’ , Oun ¢

3 1
+Z eeaanb €0y o — 3 ee@“nb N, .-
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Rh =~ —ed® andd + 6aadna g - 26277ad8a cnd . + 62nadaadncc + 62”adac MNa d
_6277b baa andd + 62’/7b baadna g — 628117,](1 dacnd . + 628&% dadnc .

1 3 1
_1 52aa776caa77dd + Z 628a77d caand . - 5 6281177(1 Cadna )

The linearized diffeomorphism constraint D? is

1 1 1 1
8aH“Lb ~ 51’[8@(;5 + 3 Pe@bnc ¢ — Pedon’ ¢ — E1%,n° . + 3 eQHacﬁbna e "3 Pe*n® 0% 4 (41)

1 1
t+5 P o, o — 5 P g + PR 0m, !

G WKB Approximation and momentum time

Consider a single point system with variables x, ¢ and their conjugate momenta p, 7. Assume the wavefunc-
tion U(¢, z) of the system has a WKB approximation in terms of ¢ :

U(g, ) = ™ D(¢, x)

where 7(¢) is a large classical momentum as a function of ¢.
Let me make the following necessary assumption:

0y
\%I << [ (9)]

Also let me assume that ¢ depends on ¢ through (@) :

P(¢,x) = ™ (7 (¢), )

Let the Hamiltonan constraint be

¢+ h(z,p) =0.

Then using ¢ as time variable, the path integral evolution of the wavefunction as follows:

D(r(d), &) = /5(¢+h(x,P))eXp(i(M(b+p5x))¢(7f(¢)»x)dpdx,

This can be rewritten as

(n(§),a) = / 56 + h(z, p)) oxp(i(n86 + pb))e™ @ (), a)dpda,

<

—~
N

—

>
H\
|

[ 806+ b)) expli(—05m + p3a)(x(9). dpi
P (' x') = /exp(i(p§x+ h(z, p)om))Y(m, z)dpdz.

In the last line I have considered 7 as independent variables. Since ¢ and zL both have same probability
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information they describe physically equivalent quantum evolutions. So now the projected Hamiltonian is
h(zx,p), with 7 as time. We can add to this decoherence terms described in the second principle.

38



References

[1]

2]

[11]

[12]

[13]

[14]

[15]
[16]

[17]
[18]

[19]

[20]

E. Schrodinger, "Die gegenwiirtige Situation in der Quantenmechanik", Naturwissenschaften 23: pp.807-
812; 823-828; 844-849 (1935).

Hugh Everett Theory of the Universal Wavefunction, Thesis, Princeton University, (1956, 1973), pp
1-140.

Penrose, R. (1989) The Emperor’s New Mind, Oxford Press, Oxford. Penrose, R. (1994) Shadows of the
Mind, Oxford Press, London. Hameroff S. Quantum computation in brain microtubules? The Penrose-
Hameroff "Orch OR" model of consciousness. Philos. Trans. R. Soc. London Ser. A 1998;356: 1869-1896.

H. Dieter Zeh, On the Interpretation of Measurement in Quantum Theory, Foundation of Physics, vol.
1, pp. 69-76, (1970).

Ghirardi, G. C., Rimini, A., and Weber, T. (1985). "A Model for a Unified Quantum Description of
Macroscopic and Microscopic Systems". Quantum Probability and Applications, L. Accardi et al. (eds),
Springer, Berlin.

Nicolas Gisin and Ian C. Percival, Quantum State Diffusion Models applied to quantum systems, J.
Phys. A:Math.Gen.25 (1992) 5677-5671.

Tan C. Percival, Quantum state diffusion, measurement and second quantization, Phys. Lett. A261
(1999) 134-138.

Stephen L. Adler and Todd A. Brun, Generalized stochastic Schrodinger equations for state vector
collapse, arXiv:quant-ph/0103037.

J. B. Barbour and B. Bertotti, Proc. Roy. Soc. Lond. A382 295-306 (1982),

Rovelli, C., "Relational quantum mechanics", International Journal of Theoretical Physics, 35: 1637-
1678.

J. B. Barbour, 1999. The End of Time: The Next Revolution in our Understanding of the Universe.
Oxford Univ. Press.

P. A. M. Dirac, 1964. Lectures on Quantum Mechanics. Republished by Dover Publications, Inc., New
York.

Alan. H. Guth, The inflationary universe: A possible solution of the horizon and the flatness problem,
Physical Review D23: 347. OCLC 4433735058.

DeWitt, B.S., “Quantum Theory of Gravity. I. The Canonical Theory”, Phys. Rev., 160, 1113-1148,
(1967).

C.J. Isham, Canonical Quantum Gravity and the Problem of Time, arXiv:gr-qc/9210011

Padmanabhan, T. (1990), ‘A definition for time in quantum cosmology’, Pramana Jour.Phys. 35, L199-
L204.

Greensite, J. (1990), ‘Time and probability in quantum cosmology’, Nucl. Phys.B342, 409-429.

Edward Anderson, Problem of Time in Quantum Gravity, Annalen der Physik, Vol 524 pp 757-786
(2012), arXiv:1206.2403.

R. Arnowitt, S. Deser, and C. W. Misner, in Gravitation: An Introduction to Current Research, edited
by L. Witten (Wiley, New York, 1962).

Th. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Phys. Math. Klasse 996 (1921); O. Klein, Z. F. Physik 37
(1926) 895.

39



[21] Lindblad G., On the generators of quantum dynamical semigroups, Commun. Math. Phys. 48 119 (1976).
[22] H. Dieter Zeh, Physical Basis of The Direction of Time, Springer-Verlag;

[23] References and Review in: Wojciech H. Zurek: Decoherence and the Transition from Quantum to
Classical—Revisited, arXiv preprint quant-ph/0306072.

[24] Suresh K Maran, Quantum Gravity Framework: 1.0. A Framework of Principles for Quantum General
Relativity with Time and Measurement, arXiv preprint 1303.6539 (revised).

40



