
INIS-mf—10448

INTERPRETATION OF MACROSCOPIC

QUANTUM PHENOMENA

K. Baumann

Institut fur Theoretische Physik

Universitat Graz

A-8010 Graz, Austria



- 1 -

ABSTRACT

It is argued that a quantum theory without observer is

required for the interpretation of macroscopic quantum

tunnelling. Such a theory is obtained by augmenting QED

by the actual electric field in the rest system of the

universe. An equation of the motion of this field is

formulated from which the correct macroscopic behavior of

the universe and the validity of the Born interpretation

is derived. Care is taken to use mathematically sound

concepts only.
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1 . INTRODUCTION

At present, macroscopic quantum tunnelling (where a

macroscopic variable such as the trapped flux in a SQUID

escapes from a metastable minimum) attracts much interest

as a means to observe superpositions of macroscopically

(1 2)

distinguishable states ' . Yet it seems to deserve interest

for an even more fundamental reason: It does not fit into the

frame-work of either the Copenhagen interpretation or von
( 4)

Neumann s positivistic interpretation of quantum theory

The latter fails because the system cannot be isolated from

the rest of the universe. Indeed, the coupling between the

macroscopic variable and the degrees of freedom of the en-

vironment has a quantitative influence on the decay rate.

Consequently, the wave function of an observer is necessarily

entangled with the wave function of the system. So his looking

at the system cannot be interpreted as producing "actual"

properties out of "possible" ones.

In the Copenhagen interpretation the claim is that the

macroscopic world must be described classically, the quantum

concepts being restricted to the microscopic level. This

view seems to be grossly inadequate when a macroscopic

variable tunnels through a potential barrier.

The conclusion is that quantum theory does apply to the

macroscopic world, and even to the universe as a whole, but

without providing a complete description of the facts.
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Rather, there must be some supplement which at every instant

defines the "actual" state of the universe independent of any

observation.

Bohm's interpretation of quantum mechanics in terms of

"hidden" variables ' provides such a supplement. The

"hidden" variables, describing the actual coordinates of all

particles, represent the actual structure of the universe and

therefore are not hidden at all. The only deficiency of Bohm's

theory is its lack of generality. Although Bohm himself could

easily generalize it to a system of N nonrelativistic particles

interacting with the electromagnetic field , no generalizat-

ion to quantum electrodynamics is available.

It is the aim of this paper to show that "actual"

properties may indeed be attributed to every quantum field

theory. Care is taken to use only mathematically sound concepts.

Therefore only concepts will be used whose existence is

guaranteed to the extent that quantum field theory itself

exists. The "universe" in this paper is meant to be a state

of quantum field theory in flat space-time. Since the

synthesis of quantum field theory and gravitation has not

yet been achieved, it is a reasonable question to ask whether

such a model universe is accessible to interpretation.

To the author's knowledge this is not the case with wave

functionals y{ <t>(x) ) and with functional derivatives

as used by Bohm and Hiley.
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2. THE "ACTUAL" FIELD

In Bohm's theory, the commuting operator set {x....x }

plays a distinguished role. The actual structure of the

system is described by a set {X-...)< } of eigenvalues of

the x.'s. (The operator set need not be complete since the

particles may have spin,)

Similarly, it will be assumed that in field theory

there is some distinguished field operator u(x) fulfilling

[u(x), u(x' )] = 0 . (1 )

In contrast to quantum mechanics, the introduction of this

field, and of its equation of motion to be constructed later,

implies the existence of a distinguished inertial frame. There

is indeed such a frame - the rest frame of the universe. Since

it is the state vector of the universe which is to be inter-

preted it is quite reasonable that this frame plays a role.

So all equations of this paper should be understood in that

frame.

Since mathematical rigor is an essential aspect of the

present considerations no use should be made of operators

u(x) but only of

u[f] = /u(x)f(x)d3x . (2)

{f(x)} is the set of indefinitely differentiable functions

which decrease rapidly at infinity. Therefore the correct

form of (1) is
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[u[fj, u[f ]] = O . (3)

The f's may be expanded,

f = I A. fi . (4)

The set of eigenvalues of u [f. ] will be denoted by {u[f.]}.

Fixing one U [f. J for each f. one obtains a sequence of

numbers u{f..J, U [f_J ... This sequence is used to define

the functional

u[f] = u[[J. f.] =

= I Xi Uffj . (5)

By this procedure a set of functionals

D = {U [f ] } ( 6 )

is obtained. The u [ f p s are the eigenvalues of the operator

distribution u [f J.

In analogy with the meaning of {X....X} in Bohm's

theory, one of these eigenvalues is taken to describe the

actual structure of the universe; the totality of field

averages U [fJ are given at every instant. In Bell's

terminology, they are 'beables1. In the Copenhagen

vocabulary they might be called 'objective-real' or

'actual'.
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3. THE EQUATION OF MOTION

If the state vector is supplemented by a distribution U,

the Schrodinger equation must be supplemented by an equation

of motion of U. This will be accomplished in the following

way. Let the actual state of the universe be given by some

functional U . It describes the actual field with microscopic

accuracy. This field is not recognizable to us, because no

mapping of the actual universe into some part of itself (i.e.,

a human brain) is possible. Only the gross features of the

universe are mapped in this way. We call these features the

macroscopic or coarse-grained features of the universe. The

actual state of the universe shares its coarse-grained

properties with many other U's. All of them are compatible

with the actual coarse-grained features of the world. The set

of these U's will be denoted by A.(It does not matter that

the coarse-grained features are vaguely defined and hence A

is vaguely defined too.)

The letter A will also be used to denote arbitrary

subspaces of D. Since A is a set of eigenvalues of an operator

distribution, a projection operator P(A) in the space of state

vectors 41 is adjoined to it.

It is an important fact that the reduction

V + P(A)1' (7)

of the state vector will practically have no observable con-

sequences if A consists of all U's which share the macroscopic
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features of the actual U. This statement requires some dis-

cussion since it seems to contradict macroscopic quantum

tunnelling which demonstrates the interference of macros-

(1 2)

copically distinguishable states ' . The contradiction is

resolved by noticing that Leggett's "macroscopically dist-

inguishable states" are not identical with the macroscopic,

or coarse-grained, states of this paper. Two states belong

to different A's if one can decide by inspection which of

them is the actual one and which is not. For example, if at

some time t the coarse-grained features of the world in-

dicate that in some tunnel experiment the transition to the

stable state has not yet taken place it is legitimate at that

time to drop the part of * describing the system in the stable

state and in the classically inaccessible region.

We next consider the time behavior of the wave packet

P(A)1i/ in D space. The expectation value

UA =

changes with time according to the equation

dt "

Now the meaning of (7) is that it does not matter whether

we take PIA)* or V as the universal state. Both describe

the same sequence of events.But while in the wave packet

description this sequence is defined by the orbit of P(A)iy

in D space (i.e., by the Schrodinger equation), in the ¥

(9)



description it is given by the orbit of the actual U. There-

fore the equation of motion of U must be such that the

two descriptions are equivalent. This is guaranteed if

The limit refers to a sequence of A's shrinking at U.

It may be taken for granted that the expectation

value on the r. h. s. of eq. (10) exists if the field theory

exists. In particular, PIA)^ is a well-defined state, and

for each ordinary operator like u[f ] the expectation

values exist for all ordinary states. (If one dislikes

the sharp boundary of A he may just as well replace P(A)y

in (10) by a smoothed state.)

A more serious question is whether the sequence of

distributions in eq. (10) converges. The following argument

will be put forward that it does: The calculation of <u>

is the initial step in the derivation of Ehrenfest's theorem

for the expectation value of u[f]. So it is to be expected

that the value of <u> is the same for all states in which

<u> has the same value. It follows that the r. h. s. of

eq. (10) converges trivially if a sequence of A's is chosen

such that the expectation value of u in the state P(A)y is

independent of A.

It is the aim of eq. (10) to determine U at time

t + dt in terms of U at time t. In general it will not do

this if U is just some distribution. We must require that
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U + U dt is an element of D space (which is a subspace

of the space of distributions) if U is. This requirement

is trivially fulfilled if D coincides with the space of

all distributions. This is indeed the case if the four-

potential <t> of the electromagnetic field is the actual

field: It is connected to the four-potential of the free

field by a unitary transformation. The fourier transform

a
q-r* of the latter has the real numbers as eigenvalues: all

temperate distributions are obtained in terms of fourier

series.

Instead of ct> (a = 1...4) the canonically conjugate

fields may be taken just as well, i.e. the electric field

strength and the four-divergence of the four-potential.

To the four-divergence, the Lorentz condition prescribes

the eigenvalue zero. Therefore the real state of the universe

is described by the state vector and by the actual electric

field.

It is worth noting that the actual electric field

strength determines the macroscopic charge distribution

but not the microscopic one. The state vector 1* fulfils

the conditions

(c div A - i)T= xf = 0, (11 )

(div E") t = 4 TTPY. (12)

As a consequence of eq. (11), Evanishes outside the sub-

space of D belonging to the eigenvalue zero of x- From

eq. (12) follows the relation
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div <E> = 4 TT <p> (13)

with expectation values referring as well to Y as to PfA)*

where A includes all U's compatible with the macroscopic

state of the world. On the other hand, eq. (12) does no

longer hold if ¥ is replaced by P(A)¥ and A shrinks to

a point in D, because then P(A)y approaches an eigen-

state of divE but not of p.

It should be clear that eq. (10) is not a field equation
->-

for U(x) in three-space but an equation of motion in
. -»•

distribution space. It is highly nonlocal: U(x) at any

point of three-space is determined by U(x) over all space.

In order to test eq. (10) we shall apply it to quantum

mechanics, with the operator set {x-,...x„} replacing the

field operator u(x). Then the limit is required of the

expectation value
3N

X -fi J Y ^ f d x

The integral in the numerator may be rewritten as

1 3N
2 /(^VjY- YVjy*) a x (15)

since it is purely imaginary. Writing

* = R(x1#..xN) exp (iSf^ ...xN)/-fi) (16)

with R,S real one gets

1 /R2V.Sd3Nx



- 11 -

The limit A •+ U now reads A -+ (X....X ): The integrals in

eq.(17) are extended over an area in configuration space

which shrinks at a point (X.....X,.). Thereby <x. > approaches

m V.S(X-...XN), which is the definition of X. in the theory

of Bohm . Therefore eq.(10) may be considered as a

generalization of Bohm's theory.
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4.GENERALIZATION OF THE CONTINUITY EQUATION

In quantum mechanics, \"/\ X± is a current density obeying a

continuity equation:

3 |V|2/3t + Z \7± . ( J ̂  | 2 X ± ) = 0 (18)

Is there an analogous property of U[f]? Neither the

function 'F(X-...X ) nor the operator V. has a counterpart in

D space. Therefore it is desirable to reformulate eq. (18)

in different terms. The equation

X = m 17 iS(X 1...X N) (19)

defines a set of trajectories, and hence it defines a

transformation group in configuration space. Thus

A -». A(t) (20)

for any subspace A of D. The continuity equation implies

||P(A)>F|| 2 = ||P(A(t))m) ||2. (21 )

It is this equation which one expects to hold in D space

too, with A(t) now being defined by eq. (10).

This expectation is easily verified if D is decomposed

into a sum of A's which differ macroscopically. Then *

may be reduced to a mixture of the PfAJY's without any

oberservable consequences, because this is just another

way of saying that the reduction (7) has no observable

consequence. Each wave packet changes with time according to
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P(A)Y+P(A(t))f(t). (22)

This implies that ||P( A( t) ) ¥ ( t) || is a constant of the motion.

The following argument may be put forward in support

of eq. (21 ) for arbitrary A. The state vector 4* imposes

two mathematical structures upon the manifold D. One of

them is the set of trajectories U(t) obtained from equation

(10). The other is the time-dependent measure

mfc(A) •, j|P(A)Y(t) [|
2 (23)

It is difficult to avoid the conclusion that the two

structures are related by eq. (21), as it has been poved

for special A's.

The validity of the Born interpretation is a consequence

of eq. (21), in the following sense. In the course of a

quantum measurement or of macroscopic quantum tunnelling

Y will split into two or more parts in D. The orbit describing

the real world will run into one of these branches, deter-

mining in this way the measuring result. If the measurement

is repeated n times the orbits deviating markedly from

the expectation based on the Born interpretation are rare

if n is large. More precisely, if U. (t) is an exceptional

orbit, and if A1(tQ) is the set of all U1(to)'s, then mt(A1(t))

approaches zero if n is large. So the chance that the true orbit

of the universe is an exceptional one becomes vanishingly small

if n approaches infinity.
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5.CONCLUSION

It has been shown that quantum field theory can be

completed or augmented in such a manner that the "actual"

state of the universe is defined at every instant. There

are at least two ways of augmenting quantum electrodynamics:

Either the actual electric field or the actual four-potential

is added to the state vector of the universe. A deterministic

equation of motion governs the time behavior of the actual

field.

This equation of motion is highly nonlocal: The time

derivative of the field at any space point depends on

the complete field distribution all over the universe at

the same instant. Still, it is doubtful whether this means

action at a distance. Since there is no external observer

it is not quite true that in the Aspect experiment

the direction of the polarizers is chosen in the last possible

moment. Rather, the manipulations of the experimenter are

predetermined, being subjected to the universal Schrodinger

equation and to eq. (10).

The theory as presented in this paper is Lorentz

invariant. The equation of motion (10) is assumed to hold

in the rest frame of the universe. There is an ambiguity in

this statement since it might refer either to the rest

system of the actual state of the universe or to the rest

system of the universal state vector. The freedom of se-

lecting the actual trajectory out of the set of all
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trajectories defined by f may be utilized to let the two

frames coincide. This coincidence, once established, will

be unimpaired by a reduction (7) of the universal state

vector.

Although the rest-frame of the universe manifests it-

self locally through the properties of the actual field, the

negative result of the Michelson experiment is nevertheless

guaranteed. Indeed, the full set of Maxwell's equations holds

for the field averages, similar to eq.(13). Hence they hold

for the Lorentz transformed fields and the Lorentz trans-

formed space-time as well.

The author is indebted to Prof.Bell for helpful

discussions.
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