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Abstract

The purpose of this article is to outline a framework of concepts and principles to combine quantum
mechanics and general relativity so that time and measurement (reduction) are present as integral parts
of the basic foundations. First, the problem of time in quantum gravity and the measurement problem in
quantum mechanics are briefly reviewed and the popular proposals to tackle these two problems are briefly
discussed. Next, on the already known foundations of quantum mechanics, a framework of principles of
dynamics is built: 1) Self-Time Evolution - Newtons first law is reinterpreted to define time, 2) Local
Measurement by Local Reduction - Quantum diffusion theory is adapted, and 3) Global Evolution by
Global Reduction. Ideas on how to apply the framework to study quantum general relativistic physics
are discussed. Further, more general and modified forms of some of these principles are also discussed.
The theoretical elements in the framework to be made concrete by further theoretical and experimental
investigations are listed. Revision information is included.

*Please note that this version will be shortly followed up by version 2.0, which is more advanced,better worked out and
conceptually somewhat different. We refer to www.gstaf.com for further discussions. Updates regrading this research will be
made available at twitter.com/qstaf. The official website for this research is www.gstaf.com. and the author can be contacted
through the website.
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1 Introduction and Brief Review?

Quantum mechanics and general relativity are two great theoretical developments of the last century. Both
of them have enormous experimental support; Yet, both are incomplete. Each of them leaves open to
interpretation one important conceptual foundation in their theoretical framework: measurement (reduction)
in quantum mechanics [1] and time in (quantum) general relativity. This has left the quest for unifying
quantum mechanics and general relativity in a difficult state. There are many different proposals to tackle
these two problems and cure the incompleteness in both the theories. My goal in this article is to propose
a framework of concepts and principles for quantum general relativity, such that it 1) has time (dynamics)
and measurement (reduction) 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.

Primarily this article is intended to address the issues of time and measurement in quantum general
relativity. But, I also discuss briefly the established notions in quantum physics in an axiomatic form so that
we have a complete framework of principles for the Planck scale physics®.

We follow the following conventions in this article:

Convention 1: In any integral, the variables over which the integration is done is same those used in the
measure placed in the right most end of the integral, unless explicitly indicated otherwise.

Convention 2: Summation is assumed for all repeated Greek indices in the explicit elementary products of
the basic variables of the theories discussed.

Convention 3: In the differential measures of the integrals, the multiplication over all the suffixes and the

prefizes is assumed, for example dx® dy mean [] dmﬁdyy.
By

Convention 4: For functions with arguments that have suffizes, prefives, and parameters: The function
depends on all the collection of the arguments for all different values of the suffizes, the prefixes and the
parameters. Evample: f(x5(t),ya) = f(X), where X = {x5(t),ys, Yo, B,7,t}.

Convention 5: No other summation or multiplication of repeated indices is assumed other than those defined
in conventions 2 and 3. Examples: 1) there no summation in fo(x*,ya), the three a’s are independent, 2)

(pfs‘% + fp(x% ya))dxdya = (32 pgxoc + fa(27,ys)) Hn,g dyy,dze.
Convention 6: It is assumed that h = ¢ = G = 1, unless specified.

1.1 Quantum Mechanics and Measurement

Let me briefly review the measurement problem in quantum mechanics. Consider a quantum mechanical
system S. Let ¢ be an observable of the system S to be measured. Let an observing instrument O be setup
to measure ¢. During measurement, S interacts with the quantum variables of O due to the presence of
the interaction terms in the total Hamiltonian of O + S. Let |[¥ > and |[¥9 > are the normalized initial

2Please note that there is an updated version of this paper 2.0 will be made available shortly.
3Revision comment: This paper has new ideas mixed with old ideas that are well known to physicists. So please be aware
that one can easily miss the new ideas. In the next revision of this version of quantum framework this problem will be fixed.



quantum states of S and O respectively. Let |2 > Z U%(q)|lq >, where ¢ is an eigenvalue of §. The

initial state of the combined system is

T > @|T > ZWO Vg >) @ [Py

During measurement, the quantum state of S+0O, |¥ >, evolves according to the time dependent Schrédinger
equation:

d
’LFL%PI/ >= H5+O|\If> . (1)

During this evolution, due to the interaction, the initial state is transformed into a superposition of macro-
scopic states of the form > Ws(q)lg > ®|¥{ >, in which the [WF, >’s for the different ¢’s are macroscop-
ically distinguishable from each other. The Copenhagen interpretation of quantum mechanics tells that in
the final step of the quantum measurement the superposed quantum state collapses to ¥s(g)|g > ®|¥E >

with probability \\Ils(q)|2. The quantum measurement problem is to explain how the superposed state
> Ys(@)lg > ®|¥E > randomly collapses to Ws(g)lg > ®[WE, > an eigenstate of ¢ for the eigenvalue g.
This is also referred to as the quantum reduction of the superposed state.

To better understand the measurement process, we need to include the conscious observer C who observes
the result of the measurement and the rest of the universe U (in the Newtonian Sense) with the initial
quantum states \\IIO > and |\II0 > respectively. Let U be the entire universe with the quantum state |Uy >.
The (approximate) initial state of the entire universe [0, >= |09 > @|¥¢, > @¥Y > @[PY, > evolves by
the Schrodinger equation into a superposed state of the universe Wy >= 3" Vs(q)lg > ®\\I/q > QUL >
®|\If§’7 >. In the final step of the measurement (or the human observation) this superposition collapses
into |V}, >= VUg(q)lg > @V > ¥ > ®[PE > with the probability |¥5(q)|*.The ignorance about
this quantum reduction process has spawned many proposals. Let me discuss a typical few of the popular
proposals, and the good points and the problems with them.

1) The many world theory [2]: In the sum [Vy >= 3" Us(q)lg > @|¥{, > @)U > @[V >, each term
for different ¢ is assumed to be representing a different universe (world). So the universe represented by
the quantum state [ > ®|¥), > Q¥ > @[PY > evolves into a superposition of the many universes
corresponding to the different eigenvalues of ¢, and the observer jumps into one of these universes with
probability |\I/S(q)|2. It is assumed that the collapse or reduction of superposition never happens. The
critical problems with this theory are: 1) it does not explain exactly when the jump happens and 2) how
to split the universe into the observer and the rest of the universe. The many world theory needs to be
considered more as a philosophy rather than physics.

2) The GRW collapse theory [5]. In this spontaneous collapse of the wavefunctions of particles is proposed.
Even though the probability of each particle to collapse is proposed to be very small, since there are always
very large number of particles in any macroscopic quantum system, few of these particles always collapse in
any instant. Due to the quantum entanglement with the rest of the system, they collapse the entire system.

3) The orchestrated reduction theory by Penrose and Hameroff [3]: This theory is based on the idea that
the presence of the quantum superposition of different macroscopic states of gravity disturbs the flow of
time; so the macroscopic superposition collapses itself. An estimate of the time for the collapse or reduction
of the superposition is given in terms of the mass of the superposing system. Consciousness is proposed to
be related to the collapse phenomenon. These set of ideas are rich in insights, and a systematic theory needs
to be developed.

4) Decoherence theories [4], [18]: In these theories the universe is divided into two parts: the quantum
system to be studied and the environment. The pure density matrix ¥y >< Uy| describing the universe is
traced with respect to the environmental degrees of freedom. The resulting mixed density matrix is considered
to describe a statistical ensemble of the quantum system. It describes the continuous probabilistic evolution
of the quantum system, instead of sudden collapse. Decoherence theories need objective criteria for dividing
the universe into a quantum system to be measured and the environment.

5) Quantum diffusion theory [6]: In this theory, the time-dependent Schrdinger equation is modified
to include stochastic terms, and terms that remove superposition (both of which I will discuss later in this



article). The wavefunction evolves continuously, but also stochastically, gradually undergoing reduction
or semiclassicalization, without any sudden collapse. Presence of these terms makes the evolution of the
wavefunction to reproduce the Copenhagen probabilistic reduction.

In this article, I will build on the philosophical and the technical insights in all these ideas, and the
dynamical equation in the last proposal.

1.2 Classical General Relativity and Time

The nature of time has been debated right from the antiquity. Great progress has been made in physics
in understanding the nature of space and time, but deeper questions still persist. Let me assume that an
observer is a finite entity that records events happening around it in space and time.

In Newtonian physics, time and space are absolute. Newton assumes the space is rigid, three-dimensional,
Euclidean, and there is a global time parameter ¢ which at a given instant is same at all points of the universe
and for all the observers. Space is also absolute, meaning the 3D length between any two points is same as
observed by all the observers. Dynamics of the particles or/and the fields on the manifold is described in
terms of the absolute space-time coordinates.

In special relativity space and time are merged into a four dimensional pseudo-Euclidean space. There
is one 4D space-time reference frame corresponding to each observer, and the transformation between any
two of them is given by the Lorentz transformation or more generally the Poincare transformation. This
makes time observer dependent. Then the reality observed by an observer is just one way to observe the
universe and is generally related to that of the other observers by the Poincare transformation. The common
physical information between the description of the various reference frames are the invariants such as the
pseudo-Euclidian scalar product, the Cassimer Invariants and other conserved quantities.

In general relativity, the time and space split of 4D space-time manifold is highly arbitrary: because
of general covariance, any smooth decomposition of the four dimensional space-time manifold into a one
parameter family of spatial hypersurfaces is equally acceptable. For example, an observer can choose a one
parameter family of hypersurfaces such that he is at rest in it. The parameter plays the role of the time
coordinate.

The quantum measurement that we discussed in the last section is observer dependent as the entire
measurement theory is formulated on the combined system made of the quantum system whose observable
is to be measured, the observing instrument and the observer. The observer dependence in relativity and
quantum mechanics has spawned many relational theories such as the relational quantum mechanics [9] and
the relational particle mechanics [8]. The relational nature of reality is really common sense: Every entity
observes the universe with respect to itself. But this does not explain why all the entities in the universe
undergo temporal evolution. Relational theories do not answer this question. More interestingly there are
proposals that time itself is not real [10]. But, every one clearly knows that time exists because he can
measure it with his wristwatch and feel its flow. The purpose of science is to explain the observational
reality and time is real in this context. So any theory that claims time does not exist is a philosophy, or by
time they mean something else that is not related to the common sense time.

We need to observe two critical ideas from Einstein’s relativity. First, in classical general relativity one
can always choose any particular choice of sequences of spatial hypersurfaces to describe physical phenomena.
But not all choices are sensible to describe the universe. For example, in cosmology, time is defined based
on the flow of the events on the space-time manifold globally such as the expansion of the universe. In
this respect, the cosmological time is absolute like in the Newtonian theory, and is objectively based on the
physical processes happening on the space-time manifold. Second, an observer doesn’t have direct access to
the physical processes at a distant point. So the reality observed by him is actually a picture painted to
him by the information that traveled through space and time as disturbance in the physical fields. So, it is
subjected to the many symmetry properties and other transformations associated to the space-time manifold
and the internal space of fields. We can put these two points together. As space-time itself is built on the
physical processes associated with the metric field, an objective time is to be based on the physical processes
and quantities associated with the metric and the other physical fields living on the underlying 4D manifold.
So in this article we will try to formulate a general concept of global flow of time based on the quantum
physical processes happening on the 4D manifold.



1.3 The Problem of Time in Quantum Gravity

Advanced readers can skip this section.

When one tries to work out the quantum formulation of general relativity, one faces a series theoretical
block referred to as the problem of time as a consequence of general covariance (coordinate independence).
Let me review this now.

Let S be the total action corresponding to the fields on the space-time manifold M without including
general relativity for now:

S = / Ld*z,

where the L is the corresponding Lagrangian density and the x® are the space-time coordinates.

To get the Hamiltonian formulation, we assume the topology of the space-time manifold is R® S, where
S is a smooth 3D manifold. The space-time manifold is foliated by a one parameter family of spatial hyper-
surfaces Y(t) of topology S, parametrized by a (time) parameter t. Now, let z° be the (spatial) coordinates
on the 3D hypersurfaces. We go to the Hamiltonian formulation using the Legendre transformation. For
this, usually, formally, we rewrite the Lagrangian and an action as follows:

L(pa,q“7t)=/ (D pad® + H(pa,¢* 1)) d*x 75(pa,q°“)=/Ldt7 (2)

1) o

where the ¢®* and p® are the collection of the configuration variables and the corresponding conjugate
momentum variables (one set for each point of the manifold) of the fields and H is the Hamiltonian density.
Usually H involves constraint terms Cf,

H = HO(pon qaat) + )\ka(Paa qavt)v (3)

where the \¥ are the Lagrange multipliers, and the Hy is the non-constrained part.
Usually the variational analysis leads to the Hamilton equations of motion. For any observable F'(¢%, p®),
a function of the variables ¢ and p®, we have,

dF

= = [FH
dt { Y }?
Co = 0,

where the brackets are the Poisson brackets defined by

0A OB OB 0A
ABy =292 98 94
A BY = 5 o~ 9" 9pa

In particular for ¢® and p, we have,
{¢°(@),ps(a")} = 650°(x — a'),

and the equations of motion are

dg® oH
I 4
dt e’ (4)
dpo  _ _OH
dt  0qa

Dirac has formulated the way to go from the classical Hamiltonian formulation to the quantum mechanical



formulation [11]:

[G%(x),pp(a")] = 636" (x —a'), (5)
Cely) = 0, Vk,
[F,Cy] = 0, Vk,
d ~
lh%‘qm = H()|¢>7
m% = [F, Hyl,

where h is the Planck constant. In these equations,

e the classical variables have become linear operators on the Hilbert space of quantum states,
e the Poisson brackets have been replaced by commutators,

e ('} have become quantum constraint operators C'k,

e the physical states are to be annihilated by Cr Vk, and

e the physical observables are supposed to commute with Cr, Vk.

The C}, are usually the generators of the gauge transformations associated with the theory. The Cr |y =0
and [F , C’k] = 0, Vk mean that the physical states and operators are gauge invariant.

Let us now add general relativity to the analysis. In the rest of the article we assume h = c= G =1,
unless stated. The action can be split into the matter (suffix m) and the gravitational (suffix g) parts:

S = Sg—FS]u :/Lgd4.%‘+/Lmd4.T

/ V_gRd*z + / Lnd*z, (6)

where the R is the space-time curvature. The Hamiltonian formulation of general relativity is given by the
ADM formulation [15]. Usually in the theories that do not assume fixed metric the variational analysis leads
to the Hamilton equations with clear dynamics, both in the quantum and the classical level. But once we
allow full gravitational dynamics, as in the ADM formulation, Hy becomes zero and H is simply a linear
combination of constraint terms:

H =Y MC. (7)
k

This is not a problem in case of the classical analysis, the Hamilton equations clearly leads to dynamics.
But in case of the quantum formulation, H is supposed to be zero on its action on the physical quantum
states, as it is a linear combination of C which are supposed to be zero on their action on them. There is
no dynamics! This is called the problem of time in quantum gravity which has lead to numerous conceptual
speculations (recently reviewed in ref. [14]).

It is surprising that when we use the Dirac’s procedure for quantization for general relativity, time
evolution exists in the classical level, while it disappears in the quantum mechanical level. The explanation
for this is that at the classical level p, and ¢* depend on the derivatives of the Cy (with respect to p,
and ¢%), and C} are constrained to zero independent of these dynamical equations. So p, and ¢ do not
disappear. But in quantum mechanics His supposed to be zero in its action on [1). So % [1) is supposed

to be zero. And, for any observable F', we can show that % < I >=0. All these suggest that the Dirac
quantization procedure leads to no dynamics for quantum gravity.



In the ADM formulation the Hamiltonian density is,

Hy,= NHy + N°D,, (8)

where the Hy is called the Hamiltonian term and D,,, the diffeomorphism terms. These are the generators of
space-time diffeomorphisms. Constraining these two to zero has the obvious physical interpretation that the
physical state of system must not change under the (small) diffecomorphisms of the space-time coordinates.
Since the lapse N relates to time scaling, Hy is called the Hamiltonian term. The problem of time is to
extract dynamics from its constraint equation, which is referred as the Wheeler-Dewitt equation [13]:

Hy [¢) = 0. 9)

To better understand the problem of time, let me first discuss the path integral formulation of a 0 4+ 1
dimensional theory (a single point and one time dimension) with no constraints. Let p, and ¢ be the
conjugate momenta and the configurational variables respectively, and d be the dimension of the configuration
space. Then the Lagrangian can written as,

L(pa,q®) = pad® — H. (10)

Let me assume that the time variable ¢ is discretized into a sequence of values, with consecutive values
separated by a small interval At. We can evolve the quantum system through a sequence of steps correspond-
ing to each of these intervals. If /(¢®) and v'(¢’®) are the wavefunctions corresponding to two consecutive
intervals then they are related by the single-step propagator G(q%, ¢'*; At):

#(q”) = / Glq™ ¢ AtY(q”)dg”.

From the path integral formulation of quantum mechanics, the single-step propagator for each interval is,

1 , .
G(¢%,¢*;At) = 2 )d/exp(lL(pa,q )JAt)dpa
s
1 ; a . a
e )d/exp(lpaAq — i (q%, pa) At)dpa, (11a)
s

where Ag® = ¢'* — ¢*.
Now, let us study the Feynman’s derivation of the Schrédinger equation from the path integral formula-
tion:

1

(] (q/a) = (271’)d

/ exp(ipaAq® — iH (q%, pa) At)p(q*)dg* dps. (12)

In this exp(—iHAt) ~ (1 — iHAU) for a finite H and a small At,

H(q?) ~ / exp(ipaAg®) {1 — iH (g™, pa) At} (g dg" dpo. (13)

(2m)*

Let the Hamiltonian be second order in the momenta, and all the ¢’s are to the left of the p’s.Then in the
above expression, H (¢, p,) can be replaced by H(qq, %) as follows:



/ 1{e% 1 - [fe% a N (03 (0% o
() = (27r)d {1 —iH(q ,iaq/a)At} /exp(zpaAq Y (¢%)dq“ dpa (14)
= {1 o v, (15)

This derivation works straight forward in non-relativistic quantum mechanics leading to the usual Schrodinger
equation.
Now consider an action like in quantum gravity in which the Hamiltonian is constrained:

L(pou qaa N) = paqa - NH(pouqa)-

Now the path integral also has a sum over lapse,

V(g = (25“1 /exp(ipaAqa — iNH(pa, ¢*) At (") AN dg® dpa
= (2711_)d /eXp (ipqua)(S(H(pa,qa))w(qa)dqadpa. (16)

In quantum gravity the approximation exp(—iH At) ~ (1 — iHAt) cannot be done, because the exponent
exp(—iH At) is to be replaced by d(H) due to the sum over the lapse N. The one-step propagator is

a o, _L exn(i o a
G780 = g / p(pa ) (H (g . pa))dpa. (17)

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:

G(qa,q/a) —

“ [ explinaa®)3(H (" pa)dpe. (1)
(2m)
This form of the propagator is what is to be expected. This is because ¢ is a coordinate variable, it can be
changed by an arbitrary (smooth) rescaling of the lapse (time 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 has 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,
which T will discuss in next section.



2 A Framework of Principles

In section 1.1, I have reviewed the various existing proposals for solving the measurement problem. In
section 2.1, I concluded that an objective time needs to be formulated based on the quantum physical
processes happening on the 4D manifold. Based on these two, I will propose a framework of three different
principles each of which defines a concept, to address the issue of time and measurement (reduction). These
principles can be tested experimentally and so are falsifiable. As stated in the last section, we will assume
h =c¢= G =1, unless explicitly specified.

In this section I discuss a list of principles each of which either defines a concept or is defined based on
a concept. First I briefly review the basics of statical foundations of quantum theories. Next, I elaborately
discuss the principles of dynamics. Later in the article, I also briefly introduce a generalized and modified
form of the principles of dynamics as an alternative.

2.1 Principles of Quantum Kinematics: A Very Brief Review

First we define a set of principles so that we have the proper kinematical background to study dynamics.
These ideas are simply the basic principles used in studying quantum without the Schrédinger Hamiltonian
equation. Let me list the set of three principles. An entity of a reality can be considered as made of a group
of interacting elementary quantum system.

Principle 1.1: To each elementary quantum system of a physical object is associated a physical configuration
space.

Now the physical configuration spaces differs between various theories used in physics. Usually the
physical configuration space is defined by a simple kinematic configuration space divided by symmetry
groups. In non-relativistic quantum mechanics it is just a vector space of position. In gauge field theory its
a complex vector space reduced by gauge symmetries. In quantum gravity it is the space of metric tensor
fields reduced by diffeomorphisms.

Principle 1.2: The quantum state of a physical object is an element of the Hilbert space on the physical
configuration space.

This means the states are complex functions on the configuration space; they are considered as vectors;
there are sesquilinear scalar product and Hermitian conjugation defined. The bra and ket notation can be
defined as usual.

Principle 1.3: The quantum variables are operators on the Hilbert Space.

Most important quantum variables referred to as the observables are the linear operators that are invariant
under Hermitian conjugation. Here we do not assume as fundamental the Copenhagen interpretation that
observations collapse the state of a system to an eigenstate of the observable to be observed. It will be an
emergent concept in our framework, which will be discussed in the next subsection.

Position and momentum quantum variables can be defined as usual in quantum mechanics, which are
usually the most basic variables of the theory. Just consider a simple quantum system, with the basic
conjugate variables ¢ and p, ., and the commutator [¢¢,pg /] = 050(z" — x). The theory is built on the
Hilbert space of the square integral functions 1(g%)of the variables ¢, where the basic variables become
operators:

EOE) = €O, PaaB(d?) = T o (d). (19)
1 0
Usually reducing the kinematical configuration space by symmetry groups to get the physical config-
uration is difficult. Formally, the states and the variables can be subjected to projectors to remove the
redundancy due to symmetries. They can be directly applied on the kinematical Hilbert space and the
operators F(¢%,p%) to get to the physical Hilbert space and the physical operators:

10



wphms (qg) = ) F;waS - OTF(Qz ,pa f)O (20)

Oy(
O = H (21)

where O(C;)’s are the projectors relating to the constraints C; (excluding the Hamiltonian constraint). For
example, the action of O(C) on a state |1 > for a constraint C' can be formally defined as follows:

Y >
<Yl >
The gauge invariance removes the redundancies due to the internal symmetries of the field equation. The

diffeomorphism invariance relates to invariance under the change of spatial coordinates. Physics tells us that
reality should be gauge and diffeomorphism invariant.

[ >= % /exp(izé’)dxh/) S 0@ >= (22)

2.2 Principles of Quantum Dynamics

The principles of quantum dynamics discussed here applies to the theories that are constrained by the Hamil-
tonian constraint only. The other constraints (gauge and diffeomorphism) are applied on kinematic evolving
states using projectors, as discussed in the last subsection. I assume that the metric in the configuration
space is positive definite unless specified.

2.2.1 Self-Time Evolution

Consider? a simple quantum system which is described by a Hamiltonian constraint only. Let the canonical
variables be p, and ¢, and d is the dimension of the configuration space. Let s,3, a function of ¢%, is the
metric in the configuration space. Hereafter I will use s,5 and its inverse s*’(assuming it exists), to raise
and lower indices. Let me define a scalar product using the metric:

<a,b>= aabgsaﬁ

As T have indicated in the beginning of this section, I will assume s“° is positive definite. Let me assume
that a typical Hamiltonian is as follows:

<p,p>
H(pa,q®) = ———+V(¢") =5"paps + V(")
(%
= L;p +V(g%).
Let the Hamiltonian operator 6(H (4%, ps)) be such that all the ¢’s are to the left of the p’s. Here after
we will assume that this is the case, unless specified explicitly. The propagator G(¢%, ¢'“) between two states

used in the last section is,

Gq®,¢") = <{“6(H(G" pa))lg™ >
1

— o et A s i

But G(¢%, ¢'*) does not specify any dynamics yet because we have not specified the time variable. For
this to define time evolution, we need to decide which configuration variable is to be considered as the time

4Revision info: I believe, this proposal is interesting. But it may need some modification to work. In version 2.0 of this
paper this proposal has been completely modified.

11



variable. However, we can linearly map the configuration space to a new configuration space through a linear
canonical transformation. So we need to specify a time vector at each instant instead of a time variable,
whose magnitude and direction defines the rate and the coordinate axis of evolution. (The rate will be more
sensible if we define more than one elementary quantum system, this will be done in the third principle of
dynamics.) Let v* be the vector. The norm of v is given by |v| = \/|v*v,]|, and the unit vector 7% = I\}TZ
Let A¢® = ¢'* — ¢“. If we know v®,we can define the natural time constraint >, 1,Aq® = |v|At, where I
consider At as a measure of physical time interval of the system. This time constraint restricts the coordinate
change to be along 7, in the transition from ¢ to ¢’* and the magnitude of change to be |v|At.

Then the single-step propagator for the system to evolve for an interval At is defined using the time
constraint as®,

I 1 . « (% b (0%
G %50, M) = ey / exD(ipa A (H (Pas 4))5 (80" — [o] Ab)pdpo. (23)
T

The v,, At variables after the semicolon indicate that the propagator depends on these. The pu is a
weight, which is deduced so that G(¢%, ¢'*;va,0) = 0(¢* — ¢'*), where § is the Dirac delta function.

Let me put the propagator in an operator form. Let M, (At) be defined as §(H)d(,A¢* — |v|At), where
AG* = [(¢™ —q'*)|¢° >< q"| d¢’’dq". Then the time evolution operator T, (At) = M, (At)(M,(0))~" is the
operator form of the propagator:

G(q", 4" va, At) =< 9y [T, (A1) |9y > (24)

The p in the path integral definition of G are the matrix coefficients of (M,(0))~".

Now the important question is, what is v in the configuration space? For this, let us focus on classical
physics and consider Newton’s first law of motion: Every body continues in its state of rest or of uniform
motion. The law states that time flows and a body moves uniformly along the direction of momemtum in
an infinitesimal time interval. Since time is seen through movement, inertia is essentially nothing but the
unstoppable flow of time associated with the system. We will now reformulate the law slightly such that it
defines time itself. The first of Hamilton’s equations of motion captures the mathematics of Newton’s first
law: % = {q¢%, H}. We redefine the newton first law as fundamental definition of time:

Self-Time - Movement of physical bodies are synonymous with flow of time. The time direction in configu-
ration space is given by v® = {qa,H}.6

In this form Newton’s first law defines time itself. This statement focuses on the primary source of the
movement itself instead of the nature of the movement like in the Newtons law. I would like to refer to
this definition of time as self-time. I do not call it as inertial time because there is a redundancy in the
wording, as inertia itself is due to the flow of time. The remaining part of Newton’s first law regarding forces
is contained in the second Hamilton equation. But in the quantum version discussed next the content of
both the equations will be taken into account.

As v® is given, the location of the system in the configuration space moves along it. Now a time parameter
of the evolution can be defined as being a parameter ¢ along the path, which parametrizes evolution. If
v® is zero, then we can replace it with some very small vector. Using equations % = v“, we have,
Vo Ag® = va,v*At,which is equivalent to the time constraint equation: 7,Aq® = |v|At.

5Revision Info:The term &(pa@® — |v|) need to be included and integrated over d|v| for the theory to work.
6Revision info: v® will not be referred as velocity vector in this paper to avoid confusion. We will refer to it just as the time
direction in the configuration space.
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Now, I will formulate the quantum form of the first principle of dynamics. Let |¢p > be an arbitrary
initial quantum state of the system. Let me define v® to be the expectation value of the operator i[H, ¢%]:

vt =i <Y[[H, ¢ ][¢ > . (25)

Principle 2.1: A quantum system during a time interval At evolves by the transition operator Tv(At),
where the time vector v® is the quantum expectation of the operator i[H,q%|, gives the time direction in the
configuration space and the rate of evolution.

Now since v® depends on the wavefunction itself, the evolution is non-linear in nature. The operator
T,(At) is non-linear.

In classical theory, as a consequence of the Hamilton’s first equation of motion, p, = sagvﬁ = Vy. SO
momentum and velocity are conceptual equivalents. Then, the above principle makes sense if we take into
account the quantum nature of a system: It is a superposition of various velocity (momentum) states, each
trying to move the system in its own direction. It is natural to expect that the net effect of movement is
along its expectation value, similar to conventional quantum mechanics.

Note that v* is a constant in the phase space at a given instant as defined in equation (25). Now we can
define the following in terms of v:

@
— B — / g3 o _ Y 5 _ _ Ya

Vo = S v, v 41/ 8% V,0 v v .

« af ‘ | aVp ’UO"UB « m

These quantities defined are functions of ¢, as s, is a function of ¢*. We see that the norm |v| of v* is
function of ¢®, but we can also simply use the classical norm calculated using the expectation value of s*P.
So there is some flexibility in defining the norm, and so there is an ambiguity in the theory. But, hereafter,
we can simply use |v| in the equations without being explicit about its definition.

Lets go back to the path integral formulation discussed in last section. The time evolution is determined
by the path integral sum over phase space with the natural time constraint ), 1,A¢® = |v|At. Taking this
into account, the new discretized Lagrangian is,

L (pa, 4%, N, Aj 00, At) = po AGY — NH (Do, ¢%) At — MU, A¢% — |v]|Al), (26)

where the IV and A are Lagrange multipliers. The new action depends on v®. The new single-step propagator,
after the relevant variables are integrated is,

T 1 . « (0 - (0%
G000 80 = s / exp(ipaAg®)5(H (P 4°))6 (00 g® — 0] A8)udpa. (27)
s

The v,,, At variables after the semicolon indicate that the propagator depends on these. The p is the weight,
which we can deduced later, to make sure that G(¢%, ¢'*;v4,0) = §(¢® — ¢'*), where § is the Dirac delta
function. This propagator moves the system through an infinitesimal step,

¢t+At(q/a) = /G(qa’q/a§At)¢t(qa)dqa; (28)

q

which can be repeatedly applied to generate the dynamical evolution of the quantum state. The sequence
defines the states of the system at various consecutive instants.

To simplify the illustration of proposal one, let me assume s*° = 5% Now V,Vq, Vo and v% are constants
in the phase space. Let us do a canonical transformation of the configuration space so that v,¢% = T is one
of the coordinates, and the remaining orthogonal coordinates are Q', where I varies from 1 to d — 1. To
mathematically codify the transformation, we can define orthogonal unit vectors ef* such that ¢ varies from
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0tod—1, and e§ = 0. If ¢!, is the inverse of €2, then T = e2¢® and Q7 = elq*. Let E = e{p, be the
momentum conjugate to T' and P; = e¥p, be the momentum conjugate to Q'. Then H becomes a function
of £, Pr,T and Qy:

1
H= 5(E2 + ;PIPI) + V(T,Q"),

The propagator can be written as follows:

G(QIV T? Q,I7 TI? UOZ’ At) =

1 . :
T / exp(i 21: PrdQ" —iEdT)6(AT — |v|At)S(H)udPrdE, (29)

where the AT =T’ — T. By integrating over 6(H), we can get E as a function of Pr,t and Q.

E:i\/ (T, Q1) — ZP?

Let me assume the sum inside the square is positive, so that F is real. Since the Hamiltonians in physics
are usually quadratic in the momenta, E can be positive or negative. So, there are two types of propagators
corresponding to the two opposite directions along v®, both of them need to be added to get the full
propagator. But, this would ultimately lead to macroscopic superposition and nature will choose only one of
them. For now, let me restrict £ and At to positive values only, so that time flows along only one direction.
(In section four the generalization of the framework to both directions will be discussed.)

Let me denote the resulting positive function E of P;,T,Q; of as H,(Pr,T,Qr;vs). Using the value of
E, we have

Hl/:\/ TQI ZPQ

Now, we have,

1
GQ,T,Q", T vy, At) = T /exp(iZPIAQI — iH,AT)3(AT — |v|At) “j[‘ |dP1 (30)
I

where the additional factor of |H,| ™! is from the integration of 6(H). It is easy to see that if we set u = |H,|,

then G(QT,T,Q",T";v,,0) = §(QF — Q")d(T — T'), as we want it to be. So, hereafter I will set u = |H,|.
Now the final form of the propagator is,

1
GQN, T, Q" , T v, At) = EmET /exp(iZPIAQI — iH,AT)§(AT — |v|At)dP;. (31)
I

Now, 1(g®) can be rewritten in the new coordinates as ¥(Q,T). Let t be the time parameter (defined
right after the classical version of the principle). Consider the single-step evolution of the wavefunction from

V(T QI) to wt+At(Tlv Q/I)5
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G a(T Q) = / G(QL T, Q" T vay AD), (T, Q1)dQ' AT

— / exp(i Y _ PIAQ" — iH,|v|At)dPr6(AT — [v]At)y, (T, Q")dQ' AT
I

1
(2)
- (271—)1dl/exp(i;PIAQI_iHyU|At)dP]’lﬁt(T/— lv|At, Q1)dQ?.
vrral Q%) = W / exp(i y_ PIAQ" — iH, [v| At) APy, (T" — [v]At, Q1)dQ". (32)
I

In the Schrodinger differential form the evolution equation is,

¢t+At(T> QI) = (T — |v|At, QI) - ﬁu¢t<T — |v]At, Q1)|U|At
~ (T, Q") — [v|Atdry, (T, Q") — H, b, (T, Q")|v| At. (33)

where the higher order terms of vAt from the path integral are ignored. I have placed v to the right of H,,.
In general, |v| is a function of ¢* if defined using |v| = +4/$*Pv,v5. So the order between H, and v is
important. So there is an ambiguity in the theory as I have indicated before. We can define |v| using the
expectation value of s, so that there is no ambiguity.

In the appendices A and B, the H,’s for a general single point system with general s*° and canonical
quantum gravity are derived. The general differential form of the first principle of dynamics is,

dply, >= —v“Pa b, > dt —iH, |1, > |v|dt, v =10 < |[H, ¢, > . (34)
where the D denotes the deterministic evolution due to self-time, and p, = %%.

Let me consider a concrete realization of the system that we discussed with s*% = 6%% . Let me define H
to be,

1 (8% (3
H = 55 Ppaps + V(6*qaqp).

Assume the initial state of the quantum system is a semiclassical state:

(¢° — ¢§)?
402

),

blg) = — 7 exp(iva(q” — ¢5) —
(2mo) 2

where v,, qf and o are constants that describe the expectation values of the momenta, the positions variables

and the spread of the wavefunction. The system has rotational symmetry in the configuration and the

momentum space. If we set T' = 0,¢® and Q! are the configuration variables along the orthogonal directions

to U4, we can rewrite the wavefunction as,

(T -To)* +3,(Q" - Qé)z)
402 ’

T,Q! - - exp(i|v|(T —Tp) —
VT QN) = g Bl (1~ T0)

where Ty = 7,45 and Q} are the remaining components of ¢ along the chosen orthogonal directions.
Let the system evolve for an interval At. The changes in the expectation values of Q7 and P; are given
by the Hamilton equations:
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 0H,
QT

where the derivatives are calculated at P; = 0,Q! = Qf and T' = Ty. So the new wavefunction is of the form
as one would expect from non-relativistic quantum mechanics and equation (32),

_ 0H,

AQ! =
@ =ap

|V‘At AP] =

lv|At

VT, QN =~ 21)Nexp(z'|1/|(T—T0—|yAt)+iAPIQI)

(2mo
(T = To — [V]AL)? + 37,(Q" — Q5 — AQT)?
402

exp(— )

which is simply the wavefunction shifted in the position and momentum expectation values as one would
expect classically. There would be further small correction terms that depends on the explicit form of V. We
need to rewrite the wavefunction in terms of the original coordinates ¢* using ¢* = e§T + €¢ Q!, calculate
v® and repeat the same calculations for the next one-step evolution.”

2.2.2 Local Quantum Reduction

Consider the single point system discussed in the last subsection. The modified Schrodinger equation (34)
derived describes the evolution of the system in the direction »“. 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 measurement of a quantum system
is given by the Bloch equations in the Lindblad form [17] governing evolution of density matrix (reviewed
in [18]):

p=—1p A+ Y @LnpLi, — LiLmp = pLiy L), (35)

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 [19]. It
is not the most natural and explicit form to use to describe an individual quantum system. It describes an
ensemble of identical quantum systems and does not tell how each individual system evolves. 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:

1 - ~ ~
Ay > = —H dt] > + > (L= < L >0 > dzm Vat (36)
+Z(2 < Ly >Lp—LfLn— <Lt >< Ly >)¢>dt,

where dt 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,

E(dzy) =0, E(dzmdz,) =0, E(dzmdz)) = 20mn. (37)

TRevision Info: The term §(pa@® — |v|) need to be included and integrated over d|v| in the path integral for the theory to
work as indicated before. There is a possible error in the calculation in this section, which is being investigated and will be
clarified in the next resubmission of this paper.
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where F refers to the statistical expectation. This equation evolves |i) > such that its norm is preserved; so
a normalized |t > remains normalized as it evolves.

Percival applies this to quantum field theory but abandons the analysis reasoning 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
(36) 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.

Let me clarify how the third term works a little bit. Consider that |¢) > is expanded as a superposition
of the eigenstates of L. As |1 > 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 < IAJm >. Because
of this |1 > evolve such that the amplitudes of the components are peaked close to < Ly, >, a semiclassical
state.

In equation (36) the second terms randomizes the system, third term classicalizes the system. These are
components of macroscopic quantum reduction. Let me state the second principle of dynamics.

Principle 2.2: Local Quantum Reduction - The evolution of a quantum state of a single point quan-
tum system along with the Schrodinger type evolution also undergoes semiclassicalization and randomization
through quantum state diffusion terms respectively:

dy, > =l|dpt; >+ Am(Lm— < Ly >)|¥); > dzm/|0] At (38)

m

+> @2 < Lm> Ly — LiLn— < L, >< Ly >)[1h; > [v|At,

Here the dpt and the |v|At are the modified Schrédinger part (equation (34))and the time measure from
the first principle of dynamics, and the operators L, are simple functions of the conjugate variables p, and
q“ to undergo continuous measurement. The A, are some functions of of L,, and [ty >.

The purpose of the function A, is to control the random fluctuations in the equation (38). For the
quantum diffusion theory to reproduce the Copenhagen probabilistic collapse we need A, = 1. So A, needs
to be close to one, but close to zero for reducing randomization. The choice of A, will be discussed further
later.

Usually for the applications of the Bloch equation (35) 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 principle 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 pa, ¢, or some simple functions of them. The combined quantum system forms a complete reality
by itself and there is no outside observer to make measurement. So the system needs to be understood as
undergoing continuous reduction by itself instead of being considered as undergoing measurement. In the
next section we will discuss, in the quantum general relativistic physics of fields, what is the nature of L,,’s,
how the equation (38) acts on the non-classical quantum states to promote continuous reduction, and how
the phenomenon of quantum measurement in the laboratory experiments can be understood in terms of this
process.

Please notice that if v = 0, then evolution freezes. But we can always set v to be a very small value
instead, so that the system can jump out of any state of unstable equilibrium, under the influence of the
stochastic terms in the evolution equation.
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2.2.3 Global Quantum Reduction

The first principle 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, one pair of conjugate
variables py «, ¢, then there is one time parameter t, for each system. Now, the question is, what is the
relative rate at which these time parameters evolve. I will try to answer this question in this subsection.

Let me assume that space is discretized and is made of countable number of points. Let B be the
number on points (which can be set to infinity if needed). 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.

If z is the variable that refers to the quantum system at each point, then the single-step propagator
describing the combined systems is,

G454y Va,ar Aty) = W(d_l)/eXP(lzpz,aAqr)) (39)

H{((S(H%)é(@madqg - ‘Um|Atm)).uz}dpr7m (40)

Verad ) = [ G vem MO, 05 =i < wl[H o, > (41)
q

where multiplication over o and x is assumed in dq, as per convention indicated in the beginning of the
article. Convention 5 applies to G and : G is a function of all {qf;, qffg“; Vg o, Aty } for different o and xz; ¢
is considered as a function of all ¢%, for different o and .

Each step of the evolution depends on the values of At,. Let ¢t be a continuous time parameter, which
varies from ¢ = 0 to ¢t = T. Let me define At, = n,(t) At, where the n,(¢) are continuous functions of ¢, one
of them for each point 2. Now the repeated application of the one-step propagator for infinitesimal |v,|At,
creates a smooth evolution of all the systems. 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. Consider the usual propagator
defined below for M steps, without the sum over the lapse:

(0 o 1 - o -
G(q] ydp, {Nx,SAtw,S}) W /GXP 7 Z (pa,a:,SAqLS - 'LHm,SNw,SAtw,S) (42)
z,S
dpa,m,sdqa7w,5a (43)

where the S indexes the steps in between the initial and the final steps. The integration over the lapses,
integrates the integral over various possible foliations. After the summation over the lapses, we get,

a 1 a
G(q7,qr) = W/G(QIaQFa{Na:,SAtz,S})HNz,Sd<Atm,S)- (44)
z,S

This is the usual propagator of a fully constrained system.
Now consider the propagator defined in principle 2.1. Let me apply it for S steps. From equation (39)
we have:

Vg
Glaai) = [ TI(G @ ri v B2) 220 5). (45)

S,x E
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In this the integrals over the lapses are already performed, the time intervals At, s are physical quantities
extracted from the internal evolution based on v; o, and assume v, . are independent of the states just for
discussing this sum. So the summation in the net propagator given in this equation is over various possible
physical macroscopic evolutions unlike equation (44). Therefore, we can reason that this superposition over
this history has to collapse probabilistically, as it usually happens in nature, a global reduction in contrast
to the local reduction discussed in last subsection. Now, so let me propose the following:

Principle 2.3: Global Quantum Reduction - The functions n(t) take random but continuous values
with the relative probability distribution given by the functional P(ng(t)) = exp(—W (Paz, 45, ¥,)). Here W
needs to be found experimentally or theoretically. The W is a scalar functional of the operators pa . and G5,
for all © and the sequence of wavefunctions 1, between t =0 to t = T*.

Revision info: This principle is too general and need to be improved.

The n,(t) essentially are the lapses, and they give the various ways to foliate the manifold of the quantum
system whose topology is B point ® 1D. This could be the discretized 4D manifold of general relativity.
Since now the n,(t) are random functions, the foliation is a random hypersurface. In this subsection I only
assumed that 1, evolves by the self-time evolution of the first principle of dynamics. It is straight forward to
include the second principle of dynamics, which will be discussed in the next section. This will be discussed
in the next section.

Let me discuss now the sample space in which n,(t) take values. One can come with a simple choice as
follows. a) n,(t) need to be continuous functions on the manifold b) the first derivative is finite but changes
only in random steps of values for a random sequence of intervals. This restricts the choice of the sample
space, so that the evolution is smooth.

It is important to note that the special case of deterministic n,(t) is built into the theory. For this to
happen P(n,(t)) need to be infinitely peaked for one choice of n,(t) for each point x.

In the section (2.2), when discussing about time in classical general relativity, I discussed that the physics
happening on the space-time manifold is used to define a physically relevant foliation in cosmology. For
example, the foliation of the space-time manifold is defined by the scale parameter in big bang cosmology.
The principle proposed in this section generalizes this through the use of W functional.

Semiclassical states are usually those whose amplitudes are peaked in and finite near some classical values
(wave packets). We may also smear each step of the quantum states using functions that are peaked at n,(t),
for example:

Yrrarlds) =/G(Q§,q;a;1/m,a,Nz(t)N) exp(—a*Na (t)*)1, (4% )’

where the n,(t) are determined probabilistically. Here the smearing is done with an exponential factor. It is
not clear to me whether this must be done, as this would be over constraining the system, more than what
the Hamiltonian constraint has already done.

8Revision info: In version 2.0 this principle has been made more specific. The W functions are unspecified in this paper.
In version 2.0 concrete choices of W functions are given, where they are referred to as I' functions.
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3 Applying the Framework

3.1 Dynamics

In this section, I discuss how to use the framework of the three conceptual principles in the last section to
study physics of quantum fields in general relativity. For this we discretize the spatial manifold into large
number of points. Now, we have a multi-point system and at each point the first and the second principle of
dynamics describe the stochastic and the self-time evolution. The ¢¢ and p, , now stand for the collection
of configuration variables and the conjugate momenta respectively of all the quantum fields living at each
point z of a spacial hypersurface, such as the spacial metric, the electromagnetic, the Fermionic, the scalar,
and other fields like the remaining gauge fields. Let us denote the quantum state of the combined system as
[, >. Specify a smooth function n,(t) for each point. The time increment for each point z is now n, (t)At.
The modified Schrodinger equation of the entire system is now:

|dy, > =dply, > (46)

3 Ama(Lma— < Ling >0, > dzm o/ |02 (t)][va]dt

m,x

+ 2(2 < i’m,w > [A/m,w - [A’;:z,xi’m,w_ < [A’jr—hm >< ﬁmw >) [y > ny(t)|vg|dt, (47)
o 1
dply, > =- an(t)zdtvxpax\@/}t > - ZHUTW)t > ng(t)|vg|dt
Ug = Z<¢t|[Hx7qg]|¢t >7

where the operator contributions from all the points are added. These equations time evolve the system
through a sequence of quantum states. The evolution is continuous but yet stochastic in nature.

Using a choice of the functions n, (t), we can use these equations to evolve the quantum state ¥ from ¢ = 0
tot = T. Then exp(—W (Po,z,4%)) gives the relative probability for the n,(¢)’s chosen to physically occur.
Now we have two sets of random variables the z’s and the n’s. The z’s are Gaussian distributed as discussed
in principle 2.2. The probability distribution of the n’s depends on the values of the n’s themselves and the
Gaussian random variables z’s, as 1, depends on both of them. Essentially, this probability distribution
describes the quantum reduction of quantum histories of the combined system. Then for the n,(¢)’s chosen
to occur, the probability is given by,

eXp(_W(ﬁJM q.’/m wf))

= [ exp(—W (Pas, 42, 1y) AL) ]:[dnx(t)' (48)

P(ng(t))

where the integral is performed over all possible n,(¢) in the interval ¢ = 0 to t = T, at all points x.
Consider quantum gravity: The ¢& stand for the metric tensor. Assume ¢$ are some linear combination of
the components of the spatial metric. For the equations to work we need to proper choice for A, ;. They
need to set to 1 for the equations to reproduce the quantum probabilistic collapse as described in [6]. The
purpose of A, . is to control the randomization due to the second term in equation (46). We can choose
Am,z to be very small so they make the quantum evolution to be mostly deterministic and semiclassical near
the space-time singularities such as in the sceneries of big bang theory and black holes. The precise form of
Am,z needs to be determined by experimental and theoretical investigation.

In classical general relativity physics is foliation independent. But in the modified quantum theory
defined by the framework of the three principles, the quantum evolution is foliation dependent: the evolution
described by the first and the second principle of dynamics depend on the foliation which in turn is defined
by the third principle of dynamics.
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3.2 Choosing time direction

The first principle of dynamics picks the direction of time to be determined by the quantum expectation
value of the operators i[H,, ¢%] using the wavefunction. But at each point of the space-time manifold there
are many fields: the scalar, the vector, the spinorial fields, etc. For Fermions described by the spinorial
fields, the expectation values of the conjugate momenta are zero. So they don’t contribute to v$. So the
direction of time flow is only determined by the scalar, the gravitational and other gauge fields such as the
electromagnetic field. But the relative contribution of each of these fields may be different. One can rescale
the theory such that all the fundamental constants are unity, and just declare the remaining configurational
variables at each point to be of equal footing. Instead, it might be possible that only the scalar fields’
momenta give the direction of time flow. But we can see that such a scalar field suitable for time description
is only possibly available in the early universe such as in Guth’s theory of inflation [12]. In the current
universe (away from the exotic objects in the universe such as the black holes) the (Higgs) scalar fields
have zero classical conjugate momentum. Also the gauge fields other than the electromagnetic fields have
zero conjugate momentum except possibly near particles. So we are left with the gravitational and the
electromagnetic fields which can be expected to continuously vary over space-time, contributing non-zero v
to set the direction of time flow in the internal configuration space of these two fields. Also, these theories
can be unified either along the lines of Kaluza-Klein [16], the string theory, or some future theory giving a
set of configuration variables which are at equal footing to work with.

3.3 Observables

The operators and variables are supposed to be subjected to the constraints: the Hamiltonian, the dif-
feomorphism, and the gauge constraints. We have used the Hamiltonian constraint to extract dynamics.
The self-time evolution equation (34) is nothing but the Hamiltonian constraint equation rewritten in the
Schrodinger equation form. The gauge constraints and the diffeomorphism constraints can be directly ap-
plied on the basic Hilbert space and the operators F(G%,p%) to get to the physical Hilbert space and the
physical operators as I have discussed in section (2.1).

We need to apply the O = H OA(CAQ) on evolving |1, > described in the last subsection to get the physical

K3
states and operators. The projectors are to be applied statically on the combined state |1, > of the all the
systems living at all the points on the hyperspace at each instant ¢.

The gauge invariance removes the redundancies due to the internal symmetries of the field equation. The
diffeomorphism constraints relates to invariance under the change of spatial coordinates. Physics tells us
that what we physically observe should be gauge and diffeomorphism invariant. But, in the alternative way
to tackle the diffeomorphism constraints discussed later in section (3.6), the coordinate invariance could be
only an approximation at Planck scale.

3.4 Quantum Reduction and Measurement

In quantum diffusion theory [6] used in principle 2.2, we don’t need the Copenhagen interpretation, as it is
built into the theory: the quantum diffusion equation (36) takes care of the technical implementation of the
interpretation, through a process of continuous quantum reduction, in other words gradual semiclassicaliza-
tion.

In [6] the quantum diffusion theory is used in a non-relativistic context. Let me discuss how technically the
equation works in quantum general relativity with all other fields included. Let me assume the Hamiltonian
formulation is discretized, and the full framework is applied. Sometimes in the study of decoherence in non-
relativistic quantum mechanics individual particles states, their momentum and position operators are used
to define L,,’s [18]. But in a Fermionic field theory context these are not the proper operators to use, because
there is one set of I:m for each point x, which we denoted as ﬁmz We discussed in the last subsection that the
Fermions don’t contribute to v<. Similar to this, they should not contribute to IA/m@’S also, because they are
always fully quantum in nature due to Fermi statistics - maximum one particle per point. The expectation
values of Fermionic field operators at each point are usually small. The electromagnetic field, metric field,
etc. following Bose statistics, with unlimited number of quanta per point, their expectation values can reach
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to classical values, their contributions to I:m@ are important. Nevertheless Fermionic particles can under go
quantum reduction as we will discuss next.

Assume we have the full general relativistic physics (including all the matter and the gauge fields)
discretized on a spatial hypersurface. The quantum state on the hypersurface is made of multiples of the
following two types of states:

1) Macroscopic states corresponding to the Bosonic fields: semiclassical states of the gravitational (the
spatial metric field), the electromagnetic field states, and possibly the scalar fields. These states are usually
not superposed or entangled heavily.

2) Microscopic elementary quantum states of the Fermionic particles and the Bosonic fields: electron,
quark, photon, graviton, etc. These states can be superposed and entangled.

So a typical quantum state looks like this: ¢, >= |em,g,s > ® > |ei, q;,emy, gi,.. >, where em

IR -
stands for electromagnetic, g - spatial metric, e - electron, ¢ - quark, etc.z and the indices refers to the various
states relating to the different charges, spin and position. The |em, g, s > is of type 1 and the fully quantum
sum is of type 2.

Assume the [A/m’w’s are derived from the em, g, and s fields. Consider the quantum diffusion equation
(46). The purpose of the second and the third terms are to gradually randomize and semiclassicalize |1, >
as it evolves. As long there is no superposition and entanglement in the semiclassical states the contri-
bution of the second and third terms are minimal. The contribution is mostly from the first term. But,
as |1, > evolves due to the first term, due to the interaction between the configurational variables of the
Fermionic and the semiclassical fields (em, g, and s), the superpositions and entanglements in the fully
quantum Y, l|e;, gqj, emy, gi,.. > passes over to superpositions and entanglements of the semi-classical

RN
states |em, g, s >. (This is essentially what was discussed in the section (1.1): (Zq [Ts(q)lg >) ® v, >

evolves to > Ws(q)|q > ®|¥E, >.) The evolved states are like the superposition of the states of the needle
pointer in the measuring instrument, with each needle pointer state having its own semi-classical config-
uration of the electromagnetic and the metric fields. But since the electromagnetic and the metric fields
contribute to ﬁm,w’s7 the second and third terms in the evolution equation (46) remove these macroscopic
entanglements and superpositions, performing reduction, exactly in the way it is supposed to happen by
Copenhagen interpretation. This reduction process happens continuously as the state evolves. Basically
the macroscopic semiclassical states of the metric, the electromagnetic, (and possibly scalar, example in the
early universe) keeps measuring the microscopic quantum states of all the quantum fields. This is a deeper
and objective way of understanding the quantum measurement by an observer. (This is in the spirit of the
gravitational reduction by Roger Penrose [3], but more explicit and generalized.)

Now the relative evolution is determined by n.(t) at each point. As I have discussed before they choose
a random foliation along which the combined hypersurface quantum state evolves. The quantum state is
made of superposed and entanglement microscopic states. Now as the state evolves it undergoes continuous
quantum reduction, this process correlates the classical and quantum information along different points of
the hypersurfaces of the random foliation.

3.5 The W functions

Let me consider a physically interesting choice for the W function. Assume that the spatial manifold is
somehow discretized. The ¢¢ and p, . now stand for h%(z) and 7,s(x). Let me evolve the initial state
using the path integral in equation (46). Since m,(t)’s govern the relative rate of evolution of the quantum
state at each point compared to those of the other points, the different choices of n,(t)’s relate to the different
ways to foliate the space-time manifold.

Now, consider the following interesting suggestion:

Wioradbi) =13 [s1< Qh i< QL 1 dt, (19)
T t

with 77 being a physical constant to be determined and Q(IMC are observables orthogonal to v$ at each point
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x described in principle 2.1. The< ( Aéx) >=1 < Z/Jt\[Hu,in@]Wt >, and sy is the projected spatial
metric into the QL space. The reason for this suggestion comes from the existing physical sceneries. Consider
the evolution of the universe after the big bang singularity. Let A be the scale parameter. Assume the initial
quantum state is such that its v, , are along the increasing A direction of the metric configuration space
at each point. Then T, at each point is an increasing function of the scale parameter itself, which is the
diagonal value of the spatial metric.

The Q! stand for the perturbations in the diagonal metric. If the n,(t) are equal for all 2’s, then the
evolution is on the foliation defined by hypersurfaces with constant \’s as usual in cosmology. For this Q%
and QCID are zero and so the W is zero. Assume the n,(t) are slightly perturbed. This increases QL and Qi
and so the W. So minimality of the W will ensure that the n,(t) choose a foliation close to the foliation
based on the scale parameter. The relative probability being maximum means the W being minimum. So
principle 2.3 chooses the functions n,(t) with high probability such that the foliation is close to that used in
big-bang cosmology.

Similarly, in the Schwarzschild case along the temporal killing flow the classical conjugate momenta
and the rate of change of the spatial metric are zero. The evolution is described by the Hamiltonian
constraints related to the perturbations in metric caused by the long range gravitational waves, the local
matter fluctuations, or the movement of bulk matter radially. The W is zero when there is no perturbation,
and it increases with increasing perturbation. Smallness of the W will ensure that the evolution happens
along the approximate time-like killing vector in these contexts. So again the suggestion for the W suggested
is consistent with the Schwarzschild case also”.

In the last subsection I have discussed that the continuous reduction of the quantum state correlates
the classical and quantum information along the hypersurfaces. Now for the W suggested the correlation
happens along the random hypersurfaces that are close the physically intuitive ones that we discussed.

3.6 Models and Constraints: Discrete Vs. Continuum

The principles can be easily applied to discrete models. Assume the space is discrete, made of B points and
the quantum systems at all the points are coupled to each other. Let g, and p, stand for the collection
of the configuration variables and the conjugate momenta of all the points. If d is the dimension of the
configuration space this mean « varies from 1 to Bd. Let the Hamiltonian constraint at a point [ is given
by,

Hr = ar,appabs + Br.ap90ds, (50)

where the sum is over repeated Greek indices. The a and S tells how the quantum systems at the various
points interact with each other. Then the commutator [H;, H] is given by

[Hi, Hy) =2 (0rmBrma — rimBrma) (240pt — Sat)

Ima

Let me call this result as Cry. It can be written in the matrix form as

CIJ =2Tr (AJB] - AIBJ) (QQPT — (5) y

where A; = {ajim}, Br = {8 1,,} With m indexing the rows, and [ indexing the columns. Here @ = {q}
and P = {p,} are column matrices'’.

In the framework proposed in the last section, the Hamiltonian constraints are re-interpreted as modified
Schrédinger evolution equations in principle 2.1. Assume we discretize the ADM formulation, and assume

9Revision info: In version 2.0 more analysis has been done on choices of W functions, where they are referred to as T’
functions.
10Revision info: Some possibly erronous analysis located after this in the previous version has been deleted.
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that the system evolves under the influence of all the Hamiltonian constraints at each point, as given in the
combined propagator in equation (39).

We can simulate quantum evolution of discrete models using the three principles. We need to study
whether we can start with a discrete model representing continuum general relativity at certain physical
scenario in Planck scale, and under a large number of the points limit, extract sensible quantum physics
of the continuum model that satisfies the Hamiltonian and the diffeomorphism constraints. The study is
currently under progress and will be reported in the follow-up reports.

3.7 Perturbed Models

In general relativity important scenarios are as follows:

e The big bang singularity and the expanding universe,
e The spherical symmetry and the quasi-static geometry, and

e The black hole singularity and the contracting geometry.

Most scenarios in the real universe are perturbed versions of these. Let me discuss some ideas about how
to tackle time in these. Let me consider a general single point model. Assume that the initial wavefunction is
peaked around p%, x§, in the momentum and the configuration space respectively. Let ¢ be the expectation
value of i[H, ¢%].

Then in the classical case we have,

a G = 8H(paaqa)
Ipa

OH (p, + 6pa, 45 + 09°)

3(133 + 6poz)

OH (p, + 6pa, 4 + 09°)
(pl)

OH (p), 45

opl,

= ;-

In other words the direction of time in configuration space remains close to the classical value. This can
be used to set the initial value of the time direction in both single point and multipoint models. We can use
this to identify the time parameters in the three sceneries listed.

In the first scenario in the list, v® is along increasing A. In the second scenario, the issue is more
involved; nevertheless, the direction of time is given by classical derivatives of the non-angular components
of metric coefficients (assuming the electromagnetic field is very weak). If the space-time evolves such as
in an expanding star, the time parameter is a function of the classical radial metric parameters. If the
space-time is macroscopically static, then the time flow is derived from the momentum generated by the
gravitational fluctuations. In the third scenario the time evolution is given by decreasing radial parameters.

We can study the random perturbation around these most probable solutions and analyze the influence of
the random perturbations on the physics of the universe, such as in seeding structure formation in cosmology,
time evolution in the region of near flat space-times, or physics inside the black-holes.
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4 Generalized Principles of Dynamics

The three concepts defined by the three principles that I proposed in section two are physically intuitive and
natural. Related to each of these is a more general concept with various different purposes and usefulness,
which T will discuss in this section.

4.1 Selective-Time Evolution

Consider the phase space (pq,q®) of the single point system discussed in principle 2.1 in section 2. We have
the conventional timeless propagator for this as,G(¢%,¢'*) = [exp(ipaAq®)d(H)dp,. Let me introduce a
general form of the time step constraint in the phase space as follows:

Wa (Prys qﬂ)Aq“ —ulAt =0. (51)

Here w,, (p, ¢°) is function of both p, and ¢, u is assumed to be independent of p’s and ¢’s. Given a At, ¢’
and p,, the set of points ¢“ satisfying this equation gives a surface in the coordinate space that contributes
quantum amplitude at ¢’*. The new propagator including the general time step constraint is,

Gs(q™, ¢ At,wa, u) = /exp(ipaAqo‘)é(H)é(wa(pv, qﬁ)Aq" — uAt) pudpe,. (52)

I would like to refer to this as the selective-time propagator (or subjective-time propagator) because w, and
u are specified selectively to study the relative evolution of a system with respect to the time step defined
in the equation (51) by these two. For example we can choose w,(p-,¢”) to make quantity of interest such
as the scale parameter in cosmology to be the time variable. In appendix C this selective-time propagator
is applied to deduce the natural time associated with a simplified system in which a matter-like system
interacting with a gravity-like system.

Now I will study the properties of these selective-time propagators. Equation (52) can be integrated to
get

G(q“,q*) :/Gs(qo‘,q’a;At,wa,u)%dAt. (53)

Let me assume H is a function of ¢® and p, only. Assume in w, and g all the p’s are placed to the right of

the ¢’s. Then using p'® = %%, we have,

Gs(q™, ¢ At,wy,u) = é(wa(qﬂ,ﬁ’v)Aqo‘—uAt)u(qB,;ﬁ;)/exp(ipaAq“)é(H)dpa
= O(walq’,9)Aq" —udt)u(q®,p)G (g™, ¢"*). (54)

To summarize we have the following;:

Gs(g®, 4" Aty wa,u) = S(wa(p), ¢")A¢™ — ult)u(q”, 1) G (", ¢')

G(q“,q*) = /Gs(qo‘,q’a;At,wa,u)%dAt. (55)

If we have two different selective-time propagators parametrized by {w, 4} and {w,,u} respectively, they
can be related to each other using the above two equations as follows:
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Go(¢™,d% At,wa,u) = S(wa(p,q”)A¢* —ult)u(d’, p,)G (", ¢"°) (56)
S(wa (), a%) Ag™ — ulAt)pu(q”, ) (57)

U

/Gs(qa,q’“;At’,@mﬂ)u

dAt. (58)

In the regions of space-time, where the evolution is only determined by the first principle of dynamics
only, the evolution is determined by the propagators only. We can describe the evolution by many choices
of selective propagators. Then the above transformation formally relates these various propagators.

4.2 Bidirectional Time Evolution

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

1. 1
|dwt > = _ﬁaUaAtW)t > _EHvMp-&-,t > |U|At+ gHv|¢7,t > |U|At

+3°2 < Li>Li—LiLi— < L >< Ly >)|¢, > |v|At
k

) ML= < Li >, > dz/JolAt, (59)
k

Vo = <P [H, qa]lt0; > . (60)

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 |1 > will be fully attenuated
eventually. So we only have a unidirectional motion eventually. The above evolutions can be easily included
in the framework of section 2.

4.3 Statistical Time Evolution

There is one more alternative to time evolution defined in principles 1 and 3. Consider the many systems
one step propagator:

G2 %3 Moy vos) = [ 006 3 2SI, [ 0(0iada? 02l At)ps o (61)

The vq,5, which define the time direction in the phase space, are the expectation values of the operator
i[ﬁz,qg]. In the principle 2.3 we introduced the n,’s to define relative evolution. They are statistical
distributed function of ¢ due to statistical selection over sum over histories as reasoned in principle 2.3. The
purpose of the relative rate function n, could be fulfilled by v, , themselves in all the spirit by modifying

principle 2.3 as follows:

Principle 2.3": Statistical Time - The continuous functions v, . (t) takes random values with the relative
probability distribution given by P(va.(t)) = exp(—W Py, Gz,v)). Here W needs to be found by theoretical
and experiment investigation.

This proposal makes the principle 2.1 no longer needed. Now v, vectors are statistical. The modified
principles in this section along with the principles of quantum statics form a complete framework by them-
selves. We can evolve the combined quantum system using equations(46). The probability distribution of
v’s depend on values of the Gaussian random variables z’s and v’s, as W depends on them.
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Similar to section (2.3), I suggest W = ansU < Qi >< Qi > dt,, with n being a physical
T
constant and Qf = i[H, ;,9 +»@5]. This proposal chooses the values of v,, with a high probability such that
they minimize W, so that resulting evolution is based on random foliations approximately close to the
conventional foliations in the big bang cosmology and the Schwarzschild case, like we discussed in the last
section (3.4).

Even though, this modified proposal is quite interesting, the usefulness of this modified proposal is
doubtful. Consider the original proposal 2.3. It is motivated by the fact that the integration of propagator
in equation (39) over various n,(t)’s gives the total gravity propagator as given in equation (45). The random
choice of n,(t)’s chosen can be interpreted as a quantum projection of the corresponding quantum history
from the total gravity propagator (the sum over histories). But this interpretation does not work in the
modified proposal because the integration of the modified path integral in equation (61) over the various
Ua,z(t) does not yield the total propagator. This integration does not look to be physical sensible, in the
same way as equation (45), as v »(t) have too much degrees of freedom.

5 Discussion

The set of three basic principles discussed in section 2 only lays down a conceptual framework instead of
a full concrete proposal. These principles are essential to study quantum dynamics of a full background
independent general relativity with time and measurement (reduction). The first principle of dynamics of
picks a self-time direction in the configuration space of the quantum system at each point;, the second
principle of dynamics introduces spontaneous local quantum reduction for the quantum system at each
point, which gives deeper understanding of quantum measurement ; and the third principle of dynamics
deals with global evolution by determining the relative rate of time evolution for different points on space
by global quantum reduction. These principles 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 discover which is the best theory that works with the framework.

2. 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.

3. Principle 2.1 proposes time direction to be determined from the expectation value v$ of the operator
i[H, q%]. Now there are various possibilities for choosing the configuration variables among scalar,
tensor, vector, etc., to calculate vS. Another possibility is using the Kaluza-Klein theory [16], String
theory or some other unified where these fields are unified theory as discussed in section 3.3.

4. T have used the time direction v$ to be a direction in the configuration space. But we can generalize
this, by considering v to be a direction in the full phase space instead, and create a more general
theory.

5. Instead of the self-time propagator, a selective-propagator derived from the modified form of it may
be suitable to describe physics.

6. In the first principle of dynamics in its quantum and mathematical form defines v as expectation value
of i[H,,q%]. So the quantities |v,| and o, derived from v® and used in the time constraint depend on
the metric which is a function of the configuration variables. But we can use the expectation value of
the metric to calculate one or both of these and use them in the constraint, leading to slightly different

theories.

7. In the second principle of dynamics we have the [A/m,w’s to be determined. The natural choices are
the configurational variables ¢, which will restrict the quantum evolution to be peaked around their
expectation values.
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8. In the second principle of dynamics in A, 5 is also to be determined. They have serious technical
impact by determining the impact of stochastic part of the evolution. It makes evolution semiclassical
for small A, ., and stochastic for large A, ;. The value needs to set to one for Copenhagen collapse effect
to take place. Important scenarios where A, , are to determined are those related the singularities,
such as the black hole or the big bang singularity.

9. In third principle of dynamics W is to be determined. A suggestion has been made in the discussion
itself in section (2.3). If possible, better ones need to be found.

10. The sample space of n,(t) used for calculating probability is also very general. More specific sample
space needs to be determined.

11. The modified principle of dynamics (2.3)" defined in the last section along with the principles of
quantum statics defines a conceptual framework themselves. It makes self-time principle unnecessary.
Whether this framework is more useful than the one discussed in section 2 in describing reality needs
to be determined.

12. Now W functionals and L., require two new physical constants to determine their scale. The search
of W, L,, and the scales may point out to a new fundamental theory.

So the principles presented in this article have a huge choice. The various possible theories relating to
the different implementations of the principles have to be studied theoretically and experimentally to come
up with the precise details to achieve successful model for quantum general relativistic 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 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. 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 will be published in the follow-up reports. 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.

7 Acknowledgements

This work was motivated by a weekly discussion group (2001) on conceptual problems in quantum mechanics
held at University of Pittsburgh, Physics Department, lead by Allen Janis. I like to thank Allen Janis, George
Sparling, Martin C Vincent, Jeremy Levy and John Earmen at University of Pittsburgh; Robert Griffith and
Leonard Kisslinger at Carnegie Mellon University.

28



Appendices
A Single Point System

Consider a single point universe made of a simple quantum system with p,, ¢* as the conjugate variables for
which:

L (pa,q®,n,A) = padq® — NALH (pa, q%). (62)

Let me define a scalar product as follows:

< a,b>= anbps®”, (63)

58 are function of ¢°. Let the Hamiltonian constraint be,

_<pp>

H(pa,q®) = —5— +V(a)- (64)

The direction v® = i < ¥,|[H,¢*]|1, >. The norm of v® is given by |v| = /< v¥,v* >. Using this the

normalized v® is v* = “~. Let v,, At are fixed parameters, with < v,v >= 1. Then from the first principle
of dynamics the modified Lagrangian is as follows:

L (pa: ¢, N, A va, At) At = padq® + MN(0a0¢ — |v]At) — NALH. (65)

We can rewrite the Lagrangian as follows:

L (pa,q®, N, \; v, At) At = (po + Ao ) 0¢™ — A|Jv|At — NAtH. (66)

Let me perform a change of variables from p, to m, = p, + A\0,. This change of variables does not
introduce any new weight in the path integral because the integral measure is unchanged dAdp, = dAdm,.
Let me define H as follows using p, = mq — A\Uq:

H(mg,q%, A\, N;vy) = H(mg — Aa, ¢%, A, N;v,). (67)

Then we have,

H(maaqaa AaN;Uoz) =

1
3 <m)\z‘;,m)\@>+V(q)>

NI =

(<m,m >+A =2\ <m, v > +2V(q)). (68)
Now the new Lagrangian is given by,

L (ma,q® X\, N;vg, At) At = madq® — Nv|At — NH(mq, q%, X; va)At. (69)
The propagator is,

G(q%, ¢ va, At) = /exp(maAqO‘ — Nv|At)S(H (ma, %)) pdmedA. (70)

Let me integrate over 6(H)dA. For this we solve,
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H(maaqaaAvN;va) = 07
M2\ < m, 7> +2V(¢)+ < m,m >=0,
A= <m, 5> +/<m1>2 -2V (g)+ <m,m >) (71)

From this we identify,

H, = /<m0 >2 —(2V(q)+ < m,m >). (72)

Now the reduced Lagrangian for both directions of time evolution along v%is

Ly (Mg, q®, A, N;vg, At) At = maAg®— < m, 0 > |[v|At F Hy|v|At. (73)

Integrating [ d(H)dA introduces a new weight ﬁ

this is supposed to cancel the weight p already present in the path integral so that the path integral yields
a Dirac delta when At = 0. Now the one step propagator is

in the path integral, but as we discussed in principle 2.1,

1
G+(q%, ¢ va, At) = W/exp(imaAqa —i<m,v > |v|At FiH,|v|At)dmg (74)
™
Then the evolution of the wavefunction is given by

1 ‘ o _ : o o
Vi pae(d?) = ) /exp(zmaAq —i<m,v > |[v]At & iH,|v|At)Y (¢%)dmpdq®. (75)

From this we have the Schrodinger equation form of evolution as

d%[}i,t(qa)

dt - _Uaaa¢i,t(qa) + iﬁvwﬁ:,t(qa”ﬂ' (76)

The Schrodinger form of evolution equation is dependent on v* =i < ,|[H, ¢*]|¢, > ..

B Canonical Quantum Gravity

B.1 Using supermetric

Here I apply principle 2.1 to a theory described by the Hamiltonian constraint of general relativity only. In
case of gravity the Lagrangian density (without the diffeomorphism constraints) is

Waﬁﬂag — %7‘(2

L= —ma3h®® — VEN[-R + - ],

(77)

Waﬁ’]'raﬁ — %71’2

H=[-R+ - !

(78)

Given two spatial tensors A®? B*P 1 can define the scalar product using a supermetric on second rank
spatial tensors as follows:
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1
<A, B>=A*B,s — JAB A= Aush™® B = Bugh’

Please note that the scalar product is not positive definite. Let me assume the initial state to be |i) >. Now
we can define the following quantities:

v = <[ H Y >,
v = V<wv,v>

_ Vap

BT Tl

Using the first principle of dynamics the modified Lagrangian density is given by,

LAt = —TogAR™P + NTap AP — |v|At) — VANAL[-R + % <m,m >
= —(Tap — Mag) AL — Nuv|At — VEANAL[-R + % <7, >

Let me make a change of variables,
Ma3 = TaBf — )\’l_)ag =>  Tap = Mag + )\TJQQ,
< mr>=<mm>—+N+2\<o,m>.

Using this in the Lagrangian density we have,
LAE = — (mas) 6h°P — Av|At — VENAL-R + %}. (80)

We can expand H in terms of mqg as follows:

hH = —hR+ <m,m > +X>+2X < 0,m >

Now we can solve the H = 0 for A :

A= —<B,m>+\/<0,m>2—(<m,m>—hR).

We get the effective Hamiltonian density as,

H,(h*P 7m.5) = £y/< 0,7 >2 — (< 7,7 > —hR). (81)

The effective Lagrangian density is

LiAt = —mosARP — < v 1 > At + H,(h*P 75)|v| At (82)

The single-step propagator and the modified Schrédinger equation is given as follows:
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G:t(hgﬁvh;:aﬁ) = /exp(i/Ei,mAtzde)dW'yé,z, (83)
dpls, > = z/ (< Vg g > zpffv(h;;ﬁ?m@)wx\) dt, Pzl , >,
0P =i < | [Hy, WGP >

In the three equations dependence on location is made explicit. Principle 2.3 describes how dt, is dealt with.

B.2 Using normal metric

Given two spatial tensors A%® and B*2, I can define the scalar product as follows:

< A,B>=AB.g (84)

This metric is positive definite. Using the first principle of dynamics the modified Lagrangian density is
given by,

LAt = —Tag AR + N(Tap AP — |v|At) — VANAL[—R + %(< T, > —% < by >2)
1 1
= —(Tap — AMag) ALY — Nuv|At — VAN AL[-R + F<mm>—5 <hm >2)] (85)

and the Hamiltonian constraint is,

1 1
H:\/H[—R—&— E(< 7r,7r>—§ < h,m >?)] (86)

Let me make a change of variable,

Mo = Tag — /\Ua,B =>  Taf = Mag —|-/\’Ua5,
T, >=<m,m >4\ < 0,0 >+2\ < v, m >,
< h,m>=<hm>+A<h,v>.

A

We can expand H in terms of mqg as follows:

1
VhH = —hR+<m,m>—§<h,m>2
1
+22( < 17,17>—§<h,17>2)+/\(<17,m>—<h,17><h,m>)

Let us solve the Hamiltonian constraint for A\. We find A by defining functions a, b and c;

a = (1—%<h,7§>2),

b = (<o,m>—<h,v><h,m>),

c = —hR+<m7m>—% < h,m >2,

\ _<v,m>—<hv><hm> Vb2 = 4ac
21— 1 < h,v>2) 21— 3 <h,v>2)
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We get the effective Hamiltonian density as,

b? — 4ac
21— 3 <h,o>2)

H, (h* mos) = (88)

The effective Lagrangian density, the single-step propagator, and the modified Schrodinger equation are
given, with dependence on location made explicit, by,

(K Uy Ty > — < hy,y Vg >< hy, Ty >

Lo Aty = —7p 0 ARP —
et pop Sl 2(1 — 3 < hy, v, >2)

[ve| At F HV(tha 7T'y5,m)|vm|Atma (89)

G (h‘gﬁvhgxﬁ) /exp(/£i7wAtmd3x)d7r'yé,x7 (90)

, (< Vg, Ty > — < hypyUp >< by, >~ . 3
d >= + Hy o (hOP 75 o) |0z| ) dtud >. (91
ple>=i [ (Sl = et 2] SH s el ) s, > . (O1)

C Gravity-Matter-like Evolution: An Example

In the present universe, at near flat space-times encountered, the local matter does not significantly influence
the gravitational field. The gravitational metric gets contributions only in the form of fluctuations. Let me
study this using a very simplified example of a single point system. Let the total Hamiltonian H at each
point is given by the sum of a background (gravitation-like) term H, and a matter-like term H,,:

H:Hg(qaapa)+Hm(¢v7Taqa)' (92)

where H, is finite and H,, ~ 0 in the region of the phase space of the theory where the wavefunction of the
theory is finite.
To simplify the problem let me assume the H, is given by a term of the form,

Hy = E? — hy(Pr,Q"), (93)
where the F is the momentum along the direction of time flow in configuration space given in the principle
2.1 and h,(Pr, Q") are the remaining contributions. Assume that the matter-like term does not contribute
to time direction. The total Hamiltonian is,

H=E?—hy+ Hy, (94)

with E? — hy >> H,,. Along with H = 0, we get E* ~ h, >> H,,. Using H = 0 we can solve for positive
root of E/, which defines H,

E = +\hy+ Hp~Jhy+

W;Hf

We get the matter-like Hamiltonian H,, along with the additive and the scale factors. We assume time
evolution only along the +wve direction of v®. The scale factor can be absorbed by rescaling time definition.

1 H
Y,

H,
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The new Lagrangian is

PIAQ! +7A$ — H, At

= P,AQI+7TA¢<\F+ \f)

= PIAQ" +7Ad — (2h, + H,,) AT, (95)
where AT = 5 \A/;T' Since the scale factor depends on P; and Q7, the scaling must be entered inside the

definition of the propagator itself. Let d be the number of ¢*’s. Consider the propagator defined in the first
principle of dynamics:

G(Q',T,¢,Q", T, ¢;v4, At)

= ﬁ /exp(iPIAQI +irA¢ — iH,AT)dndP;. (96)

Explicitly,

G(Q',T,¢,Q", T, ¢';v4, At)

H,,
- ﬁ/e){p {ZPIAQIH”M ( ;\ﬁ> AT} §(AT — [v|At)drd Py, (97)

The rescaling can be done by modifying 5(AT —v At) as 6( 1 =AT — v At). Basically this defines a new

selective-time propagator defined by w, = 5 ﬁva and |v|, ertten formally as

g™ q % At we, [v])
1 N (0% « (0%
- G [ explinaAq®)3(H)) 6w (p. o) Aq° ~ o] A0]oldp,
1 )
- G / exp(ipaA*)3(H)3( \/>vaAq — 10| Ad)|v|dpe. (98)

Making change of variable to Q’s and P’s we get,

GS(QI7 T? gb’ QII7 T/3 ¢/; At? wa? |v|)

1 / . I ) 1 H, AT
= expRIiPIAQ" +imA¢p —i | hy + ——— | AT p §(——=— — |v|At)|v|dP,
(27)d { 1 9T 5 /;hg (2 ﬁhg [v|At)|v|d Py
1 AT

_ W/exp{iPzAQl+i7rA¢—i(2hg+Hm) |v|At}6(2\/h>
g

Now the selective evolution of the wavefunction,

— | At)|o|dPy. (99)

wt+At (T/ Q/L ¢/) = 9 Ta d)a Q/Ia T/a ¢/; wav At)wt (Ta Qla ¢)dQ1d¢AT

_ (2;)01 / exp(PLAQY + 1AG — (2h, + Hy) AT)

T = 2y/hylv|At, Q", 6)APLAQ" d. (100)
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If we assume v, (T, At,Q!,$) to be a product of the form (T, Q%) * ¥}"( Q!,$), where the first is the
gravity-like part and second matter-like part,

VersdTWQ5 ) = Gy [ expliPLAQH = 2ihy ol M)UH(T' = 2y/Fy o|AL Q)P Q!
*/exp(ﬂ'A¢ — Ho o AT — 24/ vl AL, QY ¢)drdo. (101)

If H,, and 1™ only slightly depends on fluctuations in ¢%, by substituting the expectation values of Q; in
H,,,we can separate the matter-like and the background-like quantum evolutions:

1 . .
9 oaT, Q) = T / exp(iPLAQY — 2ih,|v|At)d (T — 24/hgy|v|At, QT)dPLdQ", (102)

oad< T >, < Q' >,8) = o= [ exp(YinAo— iy, Wl AU (< T >, < Q1 >, < T >, )drdo (103

where the H), depends on < ¢® >. This is a very formal result. Knowing explicitly the function h, can help
this make result more concrete.
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