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ABSTRACT

In an attempt to overcome the conceptual difficulties of conventional
quantum*mechanics, and to find a new way for attacking the problems of
relativistic quantum theory, a consistent conceptual framework is pre-
sented in which the basic constitutents are taken to be wave packets
endowed with special properties. In particular, the wave packets must
have a spatial extension larger than half their Compton length, and they
carry an integer number of action quanta of size k3. The mathematical
formalism of non-relativistic quantum mechanics is given a new interpre-
tation, and novel viewpoints concerning the relativistic domain are pre-
sented.

The theory is objective, i.e. it is formulated throughout in the
1angﬁage of philosophical realism: real properties, not merely observables,
are ascribed to the wave packets. Exact values of position and momentum
cannot be counted among these properties; only ranges of these quantities
can. Heisenberg's relation and any non-commutativity of operators express
the existence of correlations between properties of wave packets.,

The conceptual problems concerning the measurement process, Schriddinger's
cat, Wigner's friend, the Einstein-Podolsky-Rosen example, the spreading
of macroscopic bodies and atomic screening are aveided within the pro-

posed conceptual framework.
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I. INTRODUCTION
"Say what you choose, so long as it does not prevent you from seeing
- the €acts. (And when you see them there is a good deal that you will
not say.)"l

Elementary particles like elecirons, protons or pions that are the
subject of guantum mechanics are unlike c¢classical particles like grains,
bullets oxr stars which are considered in ¢lassical mechanics. The essen-
tial point of difference is exhibited in the well known double-hole ex-
periment2 in which a beam of elementary particles approaches a wall with
two holes in it; the distribution of the particles on some absorbing
layer behind the wall depends on whether the two holes have been opened
simultaneously or successively, even when the intensity of the incoming
beam is s8¢0 low as to let only one particle at a time pass throught the
wall.

The distribution of the particles behind the wall is correctly given
by the absclute square of the wave function, as calculated for classical
waves with interference terms according to Huygens principle. These
interference terms prevent one from saying that the particle has gone
either through hole 1 or through hole 2. So this "particle" or "micro-
object" is not a classical particle, i.e. the logical structure repre-
sented by the set of propositions of our language containing the word
"particle" cannct be carried over to these micro-objects. Calling these
objects “particles" is misleading and must be remedied by additional
prescriptions accounting for the fact that their correct distribution

behind the wall is given by superposition and interference of waves.
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This wave-particle dilemma has been interpreted by Born and the
Copenhagen school in terms of the probabilistic buckshot picture: the
absolfite square |¢(§,t)|2 o, )| d3x) of the wave function is pro-
portional to the probability that at time t the particle is observed at
the location ¥ (in ¥...¥+d¥). Thus, in this interpretation, the particle
does not have an exact location as long as it is not observed, but it
does have a location, when it is 0bserved.3

One may say, this does not bother us, for the formal rules of guantum
theory contain both what may be called the wave aspect and what may be
called the particle aspect. These formal rules give us the correct pre-
scriptions for calculating the outcome of our experiments aand that is
all we want. Any pictorial interpretation which goes beyond is unneces-—
sary and a matter of private preference. Right, in principle. However,
one always notices that in the course of historical deve;OPment as well
as in the mind of any particular scientist, the final mathematical
formalism describing a set of physical phenomena emerges from a more or
less pictorial view, conception or model. A good picture is very helpful
as it has the same logical structure as the region of reality which it
represents, and it leads to a correct mathematical formulation of this
reality. As a familiar example take Faraday's intuitive picture of lines
of force and their mathematical formulation by Maxwell.a A bad picture
leads to ne or only a partiaily correct fermalism. 1In this latter case
it may happen that the emerging formalism in its initial stage describes
the known phenomena correctly, but when it is developed further to in-
clude more and more experimental facts it sooner or later loses the track.

This is what we think has happened to gquantum theory.
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It is well known that difficulties arise when quantum mechanics is
extended to a relativistic quantum field theory: there are divergent
integrals in perturbation expansions, and even if these are made finite
in a systematic way by the renormalization procedures, ncobody knows
whether these expansions converge, and nobody has heen able to give an
exact solution of the field equations including interactions in the real
space—-time world of 4 dimensions. In view of the enormous efforts made
in the last 50 years one might suspect that one is asking the wrong
questions.5

We think that the particle picture is a bad picture in quantum theory,
and we propose to replace it by ancther picture, the picture of a wave
packet.

Imagine the track left by a "particle” in a bubble chamber. It
consists of a chain of bubbles. In the particle piecture one says that
there is a wave packet traveling through the chamber,and the particle
whose motion is governed by this wave packet has successively interacted
with the atoms of the liquid at the positions where the bubbles have
developed. In the wave—packet picture we shall say that there is a wave
packet moving through the chamber and that it has undergone successive
interactions with the atoms of the liquid at the positions where the
bubtbles have developed. The wave packet is like a cloud moving along
while giving rise to thunder and lightning here and there. 1In this
picture one is not tempted to ask about any path a point particle might
have traveled. The probability for a flash of lightning to strike within
d3x around % and within the time interval dt around t is proportional

(not necessarily equal) to lw(i;t)|2 d3x dt. This is the same expression,
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except for the factor dt, which in the particle picture is interpreted

as the probability for observing the particle at position . Quantum
ﬁumbe;; like charge, spin etc., which in the particle picture are

ascribed to particles are in our picture to be ascribed to wave packets.
There are photon wave packets, electron wave packets, proton wave packets,
and so on.

It is true that the idea of identifying particles with wave packets
has already been tried in the early days of quantum mechanics. The idea
was quickly abandoned primarily because the wave packets in general spread
out rapidly, and other objections have also been raised. We shall deal
with these objections in a later section of the paper. It will be shown
that the wave-packet idea has been dropped too gquickly and that, actually,
a consistent interpretation can be built up with it. Indeed, Schr8dinger
has never dropped this picture, and our ideas, though incorporating new
features, have much in commen with his.

One fundamental point where our interpretation differs from that of
traditional quantum mechanics is that we formulate the whole theory in
the language of philosophical or epistemclogical realism. The tradi-
tional Copenhagen interpretation (in all its variants) forbids one to
say that objects in the microscopic domain have any definite real prop-
erties when there is no observer te observe them; one may only speak of
outcomes of observations. This interpretation is really baffling, both
to students as well as to learned philosophers, and discussions on this

point have never ceased. As Schrddinger7 puts it: it is "a philosophical

extravagance born out of despair."
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On the other hand, to speak in the language of realism means to say
that the micro-objects, viz. our wave packets, are real things and that
they heve real properties, not merely observables. They have their
properties, whichever these may be, even when cne does not observe them.
The concept of the observer is unnecessary. The micro-objects are part
of a reality which is the object of our study. This language of realism
is used in all the cther sectors of physics, in ail the other disciplines
of science as well as in everyday life. The Copenhagen language, we
think, cannot consistently be extended to deal with the whole of physics
not te speak of the whole of our experience.8’9 Notice that the guestion
of reality is not a matter to be proved or disproved. Realism is a way
of speaking, or,rather, an attempt to characterize how our language works
in normal (not philosophical)} use.

There are notable rebels against the edict of Copenhagen. Einstein,
for one, has repeatedly stressed that quantum mechanics should be formu-

8,10,12,13

lated in the language of realism. In addition, nowadays there

are many physicists which feel the need for such an objective formulation.

15-18,20 21

Especially noteworthy are the writings of Bunge. Bell™ " postu-

lates "beables" to replace the "observables'. See also Jordan,23

Schrbdinger,7 Popper,za Jauch,25 Ludwig, 27 Haag,28 Lévy-Leblond,

Stapp,30 and Roberts.31

29

We shall show in this paper that it was a wrong idea of the nature
of the microscopic objects that has lead to the refusal of realism. The
interpretational difficulties met so far will, of course, imply that in
a realistic deseription of micro-objects, these supposed real objects
must be endowed with unfamiliar properties. I think, nevertheless, that

a realistic description is the indispensable requirement for overcoming
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the difficulties. I am also pretty sure that wave packets reflect essen-
tial properties of micro-objects. Perhaps not all the properties T have
ascribed to wave packets will turn out to be the right ones. Here, I
stick my neck out, for I think that truth emerges [aster from error than
from confusion.

This paper is meant to be preparatory. It is intended to remove
stumbling blocks on the way to a new mathematical formulation of rela-
tivistic gquantum theory, or, rather to propose ancther way. As a first
check, in this paper we want to show that our general concept does not lead
to any fundamental contradictions in interpreting those phenomena that
are considered in non-relativistic quantum mechanics. The mathematical
formalism of non-relativistic quantum mechanics is left untouched. What
is changed is its interpretation. However, at many places we deliberately
consider phenomena going beyvond that scope in order to ensure that we use
only such concepts that can describe the relativistic doﬁain as well,

When surveying the literature on the conceptual problems of quantum
mechanics one observes that alwost all authors confine themselves to non-—
relativistic theory. 1 think that this is the reason for the gemneral
sterility of the discussions. It is my opinion that the sclution to the
conceptual problems of quantum mechanics will only become possible when
the achievements of relativistic quantum theory and high-energy physics
are taken into consideration. Indeed, led by a vital instinct, physicists
have left quantum mechanics with its problems and have proceeded to
explore new domains of reality, thereby tacitly abandoning many of the

concepts of orthodox quantum mechanics. Quantum mechanics can learn
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much from the achievements of high—energy physics and relativistic quantum
theory. Likewise, high-energy physics can learn from quantum mechanics
when tgé two are interpreted using the same concepts. We hope that once
the basic conceptual features are clarified; further development and
mathematical formulation of the new concepts will not meet unsurmountable
difficulties, i.e. will not take another 50 years.

17, WAVE PACKETS AND COMPTON LENGTH

We begin by summarizing some basic properties of customary wave packets,

i.e. linear superpositions of plane waves

+oo
p(E,t) = *-—1—3/5/ W(®) exp [i(i&)"wt)]d3k s (2.1
(2%
where @(i} is normalized
Ly N
[13G]7 a% = 4 < = _ (2.2)

and m=w(ﬁ). When ﬁ(ﬁ) is given,the behavior of the wave packet (2.1) is
determined by the dispersien law w=w(ﬁ). The free Schridinger equation

gives

NS

_ B (712 = h L2
w = 2m|k| ok (2.3)

whereas the Klein-Gordon equation or, in fact, any relativistic wave

equation gives

w = cfk2+(1/hc)2 (2.4)
where
h
lc - = (2.5}

is the Compton wavelength belonging to the (rest mass) parameter m.
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We cousider Gaussian wave packets

b2
- (@) = / [ - (&K )2 . (2.6)

The distribution
" 2 Abo 27T 2
|¢(R)[ = 377 exp[— b (k-K ) l 2.7)
T

then has a width

Ak = 1/(/2 b)) . (2.8)

We uge the general relativistic dispersion law (2.4). In order to be able

to evaluate the integral (2.1) analytically we consider the case

k, >> I/bo , (2.9)

el
i.e. narrow wave packets that are concentrated around k, in k-space and

have negligible contributions from small and negative B values.32 We can
= .

then expand w(k) into a three-dimensional Taylor series around gﬁ and

break off the series after the quadratic terms. We choose the coordinate

e
frame so that ko=(k0, o, 0,), i.e. the x-axis points in the direction of

go’ and the y- and z-axes are in the plane normal to ﬁ;. The result then
is
= 2 A 1
Il{’(x:t)l = 7
(2ﬁ)3/2 Ax () [Axy (£)7]
(2.10)
(- (k 2 u) )2 yota?
X exp 2 [ﬁxn(t)] z - 2[&}{1(1:)2]
where

b, (1/3)0%e8 Y3
ﬂx”(t) = 7? 1+ —*6‘—'—1*——‘ t2 (2.11)
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b 4 5
Ax, gy = 2 {1 + S~ 2 (2.12)
1 - w2 bg ‘

V2

-

and w i o= c(kg + (I/AC)Z)% according to Egq. (2.4).

The packet in coordinate space again has Gaussian shape, and widths
Ax” and ﬁxl in longitudinal and transverse directions, respectively. Its
center moves in x—direction with velocity

_ 2
v, ko c /wo . (2.13)

The widths (2.11}, (2.12) increase with time, the packet spreads out.

The minimum extension occurs at t=0. This peoint is arbitrary, for we can

replace t by t—to without changing the wave equations. With this replacement

the minimum would occur at t=t0. At times t < t0 the packet has contracted.
With the de Broglie relation % = #/p and the Einstein-Planck re-

lation E = fiw it can be seen that the dispersion law (2.3) which follows

from the Schrédinger equation corresponds to the non-relativistic relation

E = pz/(Zm) between energy and momentum of a macro-particlie, whereas the

law (2.4) corresponds to the general relativistiec relation E = (p2c2+(mc2)2)%.

The features of wave packets considered here are essentially determined

by the dispersion law w(ﬁ), and this law in turn essentially refiects the

_>- *
relation E{p) and not the specific properties of any wave equation.

From (2.8), (2.11) and p = Bk we have

Bp-bxp(t) Rdkedm () =

(2.14)

1

_ 1/2y*e® N2
EAC S A

]

Ll
2
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This is Heisenberg's "uncertainty'" relation. The same holds when using
Axl instead of Ax| . TFor later reference we note that Heisenberg's rela-
tion hag been derived here by considering only properties of wave packets.
The existence of the minimum value and the general form of the time
dependence does pot rest on the specific Gaussian shape of the packet
but is a general property of wave packets. Only the equality sign requires
a Gaussian shape.33 Also, the hyperbolic time dependence of (2.11) and
2.12) is a general feature,35 as is the asymptotic form of the time de-
pendence of (2.10). The spatial maximum of |¢(§;t)| decreases like t_?'/2
when t + @, This agrees with a lemma of Ruelle36 stating that this form
of decrease is valid for a very general class of superpositions of solu-
tions of the Kiein—Gorden egquation with m>0, imcluding the Gaussian super-
position.
Let us now more closely consider the spreading of the wave packet

(2.10). The spreading velocities in longitudinal and transverse directions

increase with time and tend toward finite values as t > =

(1/2.)2c
. _ d C _.
ﬂ" = d—t" ax“(t) —_— —m =: A“w (2.15)
00
é\ va= d Ax (t) e c2 =3 E‘n (2 16)
l H 1 - T . J_GJ .
de Y2 b W

it is easy to verify that in both cases 90% of the asymptotic spreading
velocity is reached when the packet has spread out to roughly double its
initial (t=0) extension.

We postulate that the asymptotic spreading velocity be smaller than

or equal to the velocity of light
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Mo » Moze . (2.17)

Then it-follows from (2.16) that

: -L
b 2 ‘,z_cm =71;2_ 2+ ang? ™ . (2.18)

[+

this reads b, > hclfi-or

Ax(E=0) > L . (2.19)

That is, unless the wave packet spreads out with over-light velocity it
can never have an extension smaller than half a Compton length. XNeotice
that this is a general result, not restricted to non-relatrivistic situa-
tions (except when m=0, see below); the non-relativistic limit has only
been used to reveal the general restriction (2.19) on the constant bD
appearing in (2.6). The minimum extension refers to the longitudinal as
well as to the transverse direction, for (2.19) can as well be derived by
using (2.15) instead of (2.16). Also, starting with a wave packet that
has different extensions in different directions in k-space, i.e. re-

placing (2.6) by the more general distribution

b2 b? b2
DRy = _ _ox - 2 Oy .2 _ 0z .2
P(K) = N exp > (kx kOx) 5 ky 7 kz (2.20)

where N is some normalization ceonstant, would not alter the result. And
finally, wave packets different from Gaussian packets would only result
in a larger minimum extension. However, closer inspection reveals a pos-—
sible objection, namely, that the result (2.19) lies just outside the
domain where the conditions for its derivation are justified:; the non-

relativistic limit means using the non-relativistic dispersion law (2.3)



—i4—

in the integral (2.1). Therefore the integrand must only give appreciable
contri@gtions from k-regions where (2.3} is justified, i.e. where k << I/kC.
This is the case when k  + 1/b0 << I/KC. With the minimum value bD:lC//E
this condition reads k, + /E)RC << I/RC which cannot be satisfied by any
(positive) value of k,. Nevertheless, Eq. (2.19) does hold, as can be
seen by subdividing the integral (2.1) into three integrals over the three
regions - m...—q/ﬁc, —q/AC... + q/AC and + q/RC... ®,  In the integral
over the second region the dispersion law can legitimately be approximated
by the non-relativistic formula (2.3). The number g sets the error level:
the smalier the q is, the smaller the error. Numerically, even for q=1
(|K| 5 lllc) Eq. (2.3) differs from (2.4) by less than 6%. Evaluation
of the integral in turn results in a sum of terms one of which shows the
same behavior as (2.10), i.e. spreads out with over-light velocity if
b, < RC//EZ As the other terms are different and harmless, as are the
integrals over the other regions, the spreading of this sub-integral suf-
fices for the whole integral (2.1} and |¢(§,t)|2 to eventually spread out
with over-light velocity unless b 5_1C/¢§:

For particles of zero rest mass there is no finite Compteon wavelength

and no non-relativistic limit. In the m=0 case Eq. (2.18) reads

by > 1/(/2 k) = Xy /Y2 or
o

Axg (£=0) 3_9(30/2 . (2.21)

The de Broglie wavelength of the center of the wave packet now plays a
role similar to the Compton wavelength in the m>0 case.37 Again, the
result bo-i l/(/iqkb) viclates a supposition, namely condition (2.9},

ko »> l/bo. But again Eq. {(2.21) can be maintained by a calculation not
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using condition (2.9): the integral (2.1) is written as a sum of different
terms one of which can be shown to have a behavior that leads to (2.21).

This term comes from the integral

+qk
o © -k /g

f[ dky dkz f fldkx + f2 dkx (2.22)

-gk kb/q —or

<

where ¢, as above, sets the error level.

One might object that in relativistic gquantum theories the quantity
|¢|2 considered so far is not the relevant one. For example, when we re-
place the Schrddinger equation by the Klein-Gordon equation the role of

|1IJ|2 is taken over by the expression

* A *
o mer s vac) s 17 s Y aen) (2.23)

which means that our wave packets are to be constructed in a somewhat more
complicated manner. However, with narrow wave packets in k-space (2.6},

{2.9) the expression

b2
3. -> - 3 __o > >\ Dl
e Plx,t) N1 w(k}d’k exp [ > (k ko) + i(kx m(k)%ﬂ (2.24)
can be written as
3
B2 VG50 = Nyu b (x,c) (2.25)

since in the k-region from which the integral gets its main contributien,
w{k) is a slowly varying function of k compared to the exponential factor,
and can thus be extracted out of the integral, Hence p becomes propor-

tional to |lJJ|2 and our conclusions also hold in this case. Also, P is
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{positive or negative) definite. It is perhaps not well known but true
nevertheless that this is not the case for any superposition of solutions
of the free Klein-Gordon equation, even if one restricts oneself to posi-
tive—frequency solutions and to normalizable superpositions. Gerlach et 31.38
have given a counter example. The nature of this example, however, lets
one suspect that definiteness is preserved for wave packets that are
broader than half a Compton wavelength.

Would the over-light spreading mean that signals can be transmitted
with over-light velocity? Yes. 1If one could produce such packets, a
distant observer could cause them to interact. We do not know whether the
existence of a minimal extension of wave packets due to the postulate
(2.17) has been noticed before; in any case it gains a new significance
from cur peoint of view: there can be no "particle" with a dimension smaller
than half its Compton wavelength. This observation gives.the Comptqn
length its real significance,

From Axdp > %/2 we have

Ap 3__;1& . (2.26)

Consider the case where Ax takes on its minimum value &xmin = H/{(2 mc);
then

Ap > mc . (2.27)
This large range in momentum and hence in energy suggests that the case
when &x = &xmin may have something to do with production of new particles,
i.e. new wave packets. This might provide a "“physical" Lorentz-invariance
of the Compton length. When seen from a moving frame, a wave packet

appears contracted, and may even ‘“show" a less-than-minimum extension.
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However, this statement must be given a physical meaning, i.e. the wave
packet must be made to interact with wave packets at rest in the moving
system: In these interactions the smaller-than-minimum wave packet,
according to (2.27), will be converted into a number of larger—than-—
minimum wave packets, i.e. will give rise to packet (particle) production.

It seems relevant here to point out that, in spite of many efforts,
it has not been possible to define relativistic particle position opera-
tors with eigenfunctions that are both orthogonal and transform properly
under Lorentz transformations.39 Postulating orthogonality means postu-
lating exact localizability. The wave packet picture suggests that this
postulate be given up. From the wave packet view, the unceasing efforts
to comstruct orthogonal localized states then remind one of the efforts
of the fly to go through the window pane. In fact, when the orthogonality
postulate is given up it is possible to construct position operators with
eigenfunctions that transform properly under Lorentz transformations. The
scalar product of two of these eigenfunctions is not a d-distribution but
decreases like exp [—I%‘—Q]/AC]. This will be further discussed when we
consider the space-time position operators in Section XX.

We think that these remarks also shed pew light on the observation
made in relativistic quantum field theory, namely that the field quanta
cannot be localized within regions that are smaller than their Compton

Wavelength.40’4l

This is a typically relativistic effect; in non-relativ-
istic quantum field theory the quanta can be localized within arbitrarily

small regions. Notice that condition (2.17) contains the velocity of

light.
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The Compton wavelength playing the role of a fundamental length for
particles (wave packets) of mass m gives support to those papers which
deal with the problem of introducing a fundamental length and which take
the Compton wavelength for that 1ength.42 However, the real problem of
the fundamental length is to find a fundamental length that is umiversal,
i.e. valid for particles of any mass. This is equivalent to finding a
universal mass, and this question is outside the scope of our considera-
tiomns.

I1T. EVENTS AND BASIC INTERACTIONS

The wave packets interact with one another; they coalesce, split and
build up stationary aggregates, as will be described in the subsequent
sections. If one knew all wave packets and their developments one would
know everything. However, the details of these processes are beyond the
possibility of direct observation since the observers and any measuring
apparatus in turn are composed of wave packets. Since for any wave
packet there exists a minimum extension equal to balf the Compton length
the concept of exact space-time localization does not seem to be appropriate
here. Nevertheless, we want to get in touch with the ideas of conventional
non-relativistic quantum mechanics where such a concept exists and where
the expression |y(¥,t)|2d3x gives the probability for finding a particle
at time t in d3x. In the wave—packet picture the expression [y(F,t)|2 d3x dt
with the same ¢(§;t) is interpreted as being proportional to the probability
that the wave packet interacts with another one within d3x and within dt;
space and time are thus treated in a symmetrical way. Such an interaction
when it is regarded only under the aspect of the space and time of its

occurence is called an event.
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The localization of any event can only be defined within the spatial
extension of the smallest wave packet participating in the interaction,
Notice‘khat there are wave packets as loag as 107 m {coherence length of
photon beamS&S)- For these the name micro-objects then seems no longer
quite appropriate. Actually, the best possible physical localization
is even more inaccurate. The wave packet must interact with another one
which forms part of a detecting device. The wave packet of the detecting
device must, through subsequent interactions with other wave packets of
the device, initiate a cascading process which must lead to a macroscopic
effect, say, a black spet in a photographie emulsion, This black spot
then defines as accurately as it can the position of the initiating event.
Details of this process will be discussed in Sections VIII-X.

The quantity |¢|2d3x.dt is conceptually more closely related to a
cross section than to the position probability of a particle in gquantum
mechanics. Consider the interference fringes on the absorbing layer
behind the wall with the two holes in it as mentioned in the introduction.
The fringe intensity at some position gg can be calculated from the proba-
bility for a wave packet to induce an event at g;, i.e. Iw(;g)lz, when
the time of the event is left out of account. On the other hand, one
could calculate the fringe intensity from the cross section ¢ for the
incoming wave packet ¢i(;) to excite an atom at ﬁe in the absotrbing layer
from its ground state ¢O(§) to scme state ¢k(§). This atom then can give
rvise to an observable event at E;. Let the outgoing wave packet be ¢f(§),

then

o« |fo v @ 0o e a2 . 3.1)
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Since the atom serves to localize the event we can assume that its extension
is small compared with the extension of the incoming wave packet. Hence,

we camnextract wi(zo) out of the integral leaving

o= v, @) . (3.2)

The main difference between a cross section and the quantity ]wlz d3x de
is that a cross section is defined for stationary conditions whereas
|1{:|2 a3x dt pertains to a definite space as well as to a definite time
interval,.

In contrast to ordinary quantum mechanics, the observation of an
interaction of a wave packet via, say, a black spoet in a photographic
emulsion is not a position measurement of the wave packet under consider-
ation; there is no single sharp value of position for a wave packet. In
order to compare this situatien with ordinary quantum mechanics let us
assume that the wave packet has a well defined maximum (e;g. a Gaussian
packet), and let us define a position measurement as a determination of
the wave packet's maximum. If the packet induces an event at a certain
position we can conclude that its maximum is somewhere around. We even
can—supposed we knew the form of the packet—calculate by maximum likeli-
hood methods the prebability that the region of the observed black spot
includes the maximum of the wave packet.44 In general, this probability
will be smaller than 1. Only in the case when the wave packet is narrower
than the black spot can we get a probability of 1. Im ordinéry guantum
mechanics it is assumed that a position measurement throws the system
intc an eigenstate of the position operator, i.e. into a §-distributicn.
So, only after the position measurement is there a probability of 1 that

the wave packet is at a particular position. In our conception there is
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no need for such an assumption (see Sections ¥, XI), and we do not assume
that any position measurement will have the drastic effect of reducing

any, however broad, wave packet to a §-distribution. Of course, there is
some alteration of the wave packet when it induces an event that leads to

an observable effect. However, this is a quite normal alteration occurring
in every event, and it might be very small and negligibie under the con-
sidered circumstances. If a wave packet was broad before the observation

it can remain broad after it.

Of course, a reduction to a spatial §-distribution is also forbidden
by the limiting spreading velocity discussed in the preceding section;
however,the above argument is still valid even if there were no such
additional restriction. For momentum measurements quite analogous
considerations apply, and there is no lower limit on the width of a wave
packet in momentum space.

For the purpose of ccherent presentation we here describe some
further conceptions concerning wave packets and their interactions which
will be more fully substantiated only in later sections (in particular
Sections VII, IX, XI). Basically a wave packet is not modified continuously
but discontinuously, by a series of distinct interactions with other
wave packets. Such a distinct basic interaction need not occur instan-
taneously; it may take some time but it is conceptually differentiated
from any other interaction. The wave packets emerging from a basic inter-
action are completely independent of each cther.

One may qualitatively subdivide the interactions into mild and viclent
ones with respect to a particular wave packet. Mild interactions cause

only a very small medification of the wave packet under consideration.
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Modifications of a wave packet which are described by a Schrddinger-type
equation containing an external field or poteantial are not due to eone
of the basic interactions considered here. Rather, those modifications
are the result of a series of mild interactions. Consider a charged
particle {(wave packet) moving through a constant magnetic field. The
cuorvature of its trajectory in our conception is due to a series of mild
interactions, One interaction may result in emission of a soft bremsstrah—
lung photon {wave packet). As soon as particles that move at relativistic
velocities are coasidered, these interactions become violent; they form
the synchretron radiation and cause an appreciable energy loss of the
charged particle. The particle meotion then cannot any longer be treated
simply by a Schrédinger equation with potential.

The violent interactions cause a strong medification of the wave
packet under consideration. Examples are: particle decay, or any inter-
action typically considered in high-energy physics. These processes are
essentially processes invelving many particles, i.e. wave packets in the
final state, and they are well known to be beyond the reach of aay
Schrodinger—type equation. It is seen that this view is closer in spirit
to the picture of quantum field theory when applied to high-energy physics
where the interactions between particles are ascribed to exchange of
(virteal) quanta, and where the particles before and after the interaction
are conceived to be in definite states and independent of each other.
Also, this view brings to mind the derivations of the Schrtdinger equation
with potential from some kind of Bethe-Salpeter equation.

The detailed mathematical description of these basic interactions of
wave packets with each other falls outside the scope of traditional non-

relativistic quantum mechanics. With regard to these interactions quantum
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mechanics is in a position analogous to that of thermodynamics with regard
to the interactions between molecules described in kinetic theory or sta-
tistical mechanics. The detajled laws governing the basic interactions,
according to Wigner, must be expected to be non-linear (see Section VIL and
also Einstein 45). Their formulation is the most difficult task since
obviously it would be the seolution to the basic problems concerning ele-
mentary particles. We do not have this solution. We only mark the place
in a general conceptual framework where the problem lies and where the
solution shouvld be sought, and we try to formulate some general principles
to be incorporated into any mathematical description of the basic inter-
actions.

In trying to find out basic features it may also be useiul to have a
lock at existing wodels. The high-energy reader wmight already have asked
whether there is a connection betwegen the idea of a wave pgcket in coordi-
nate as well as momentum space, and the guark-parton model.46 If so,
certainly some novel viewpoints on structure functiomns, quark confinement,
gluons, etc. are to be expected. A soliton physicist, trained in regarding
particles as extended objects, might also ask about the connection of
wave packets with soliton solutions.47 Also, there are the bag mf:}de.ls,&8
and there arxe form factors. Surely, here are questions that appear worth-
while to investigate.

IV. WNORMALIZATION AND GAUGE INVARIANCE

The wave packet (2.1) is normalized to A

+ao
[ lp(E,e) |2 a3 = a (. 1)

—t
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provided @(ﬁ) is normalized to A. Im particular, the normalization is
time independent, that is, the left-hand side of (4.1) denctes a conserved
quantify. In the partcle interpretation one wave packet (pure state)
corresponds to one particle, and (4.1) is the probability for observing
the particle anywhere in space, Since in non-relativistic quantum
mechanics the particle can neither disappear nor multiply the interpre-
tation of (4.1} as conservation of probability appears natural and it is
convenient to put A=1. In our picture the wave packet does mnot correspond
to one particle, so what is comserved then?

This question cannot be answered without considering further physical
situations. From considering identical wave packets in Section V we
arrive at the following interpretation: with k=p/h (2.1) becomes
¢(;;t) = (f??-ﬁ§_3 u[&(;fﬁ) exp[§(3§¥ﬁwt)/ﬁ]d3p and we can write {(4.1) in

the form of an integral over phase space

3 3
(2n)3/2ff¢*(§,t)$(fn*/»ﬁ) exp [1(BR-Hyt) /8] dih‘;—P- = A = const. (4.2)

The quantity K¢*¢ d3x dt is interpreted as the probability for an event

to occur within d3x and within dt; therefore it should be physically
dimensionless. Then, when the proportionality factor ¢ is given the
dimension (t:ime)”1 it follows that the integral {4.2) and the quantity A
are dimensionless. Following a suggestion by Jaynes49 we call them the
number of spatial action quanta. By a spatial or three-dimensional action
quantum we mean the quantity h>. A wave packet then contains “spatial"
action; that is (action)? in units of spatial action quanta h3, The fea-
ture of a proportionality factor with the physical dimension of (time)_l

stems [rom the feature that the above probability refers not only to d3x
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but to the temporal interval dt as well. This equal treatment of space
and time intervals is essential for a covariant formulation, as will be-
céme c:]:aar in Section XX.

Any factor exp(ia) of modulus 1 applied to a wave packet ¢(§} is
irrelevant, i.e. has no observable consequences. Interference between
different wave packets mever occurs; a wave packet can interfere only with
icself, This is the generalization of Dirac’s statementSO that each
photon interferes only with itself. Interference between two laser beams
from different lasers has actually been observed.51 This is interpreted
by saying that the two photon wave packets first coalesce into one single
packet which then interferes with itself. This view has already been
expressed by the experimenters themselves (Ref. 51 first paper, p. 282). It
will be built into a general scheme when we discuss the mechanism of
coalescence of identical wave packets in SectionV and XVI,

While a factor eia of medulus 1 applied to $(;) does not affect the
probability for an interaction to take place at ﬁ, a constant real factor
#1 does. 1In our interpretation ]¢(§)|2 no longer determines the probability
for observing a particle, so there is no longer any motivation for putting
A=] in the normalization (5.1). The probability for interaction at %
then is proportional to the number A of spatial action quanta h3.

The content of acticn of a free wave packet is constant. It is alse
constant if there are external fields in the Schrbdinger equation. Not
all interactions can be accounted for by external fields;52 only the
"mild" interactions can (Section III). In these the change in the content
of action of the wave packet can be neglected; one may regard this as

some kind of approximate adiabatic invariance of action.53 In the
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"violent” interactiens the wave packets may exchange non-negligible
amounts of action with one another. Of course, it is conceived that

3 in units

action*is only exchanged in units of h {or equivalently, actiom
of h3).

Whether the combined amount of action of the wave packets is con-
served in any interaction is ancother question, which goes beyond the scope
of non-velativistic guantum mechanics. Let us explain why we think that
action is indeed always conserved. The time independence of'[lw(g,t)}z
d3x i.e. of action or "probability" due to Noether's theorem results from
the fact that the Lagrange density ¥ from which the Schrddinger equation
follows is invariant under global gauge transformations w(i) - ¢’(§) =
eia w(g). When Lagrangians are constructed with interacting fields and
when the interaction term s?nt in these Lagrangians is also gauge invari-
ant, this, according tc the common interpretation, leads to another con-
served additive quantity.55 This quantity is electric charge when the
gauge invariant ﬁgnt contains electrically charged particle fields, it is

baryonic charge if ‘an contains baryon fields, and so on. Every new

t
type of field functions appearing in Q%nt in this way means a new type

of conserved charge; thus, one can produce infinitely many conserved
quantities from one principle. That isg black magic. Therefore, we inter-
pret the situation differently: there is only cne conserved quantity,
namely action. The gauge invariance of a specific interaction Lagrangian
means that action is comserved in that specific type of interaction. Gauge
invariance of the free Lagrangian means the same as gauge invariance of

the interaction Lagrangian: comservation of action. Thus action gets its

own general conservation law, which it does not have in classical (not
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; . 56 .
quantum) physics. The great success of gauge invariance is the basis

>7 of

for our belief in that conservation law. Thus the basic feature
quantui®d theory, namely that it operates largely with probability ampli-
tudes and only in the very end of any calculation goes over to bilinear
forms of the type |¢|2, means that there is some kind of gauge invariance.
This geauge invariance, when consistently built into the theory, then
means total comservation of action, a quantity that is quantized in umits
of h, the fundamental constant in quantum theory. More precisely, it is
the principle of local gauge invariance (d > (X)) that is so fruitful.
In our interpretation, the fact that the gauge parameters {(a(¥)) can vary
irom one space peint to another means that they can vary from one wave
packet to another. This is in %ine with the idea that the extension of
the packets in some sense represents fundamental lengths, and that there
are no phase relations between different wave packets: a wave packet camn
oenly interfere with itself.
V. IDENTICAI PARTICLES AND COALESCENCE

When one has a2 system of several identical particles cone requires
that the Hamiltonian of the system be invariant under the permutation of
the particle labels, i.e. the Hamiltonian H must commute with the permu-
tation operator P, [H,P]=0. Then Py 1s a sclution of the Schrodinger
equation, provided ¥ is a solution. This does nmot imply that ¢ is an
eigenfunction of the permutation operator, e.g. that ¥ is a symmetric or
an antisymmetric function of the particle labels. It is an additional
postulate that the wave functions describing identical elementary particles
are either symmetric or antisymmetric. It has turned out that this con-

jecture is verified by Nature: there are only bosons and fermions.
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The postulate that the state functions of identical particles be
either symmetric or antisymmetric is a sensible quantum mechanical state-
ment only when the particles interact. When they do not interact the pos-
tulate does not lead to any observable effects that go beyond those of
classical physics.ss This fact is easily checked, e.g., for the hydrogen
molecule in the treatment of Heitler and London,59 or for para and ortho
helium. The exchénge integrals deseribing the contribution from the effect
of (anti)symmetrization always appear multiplied by the coupling constant e?.

Thus, our interpretation of {anti)symmetrization is this: in the
interaction between identical wave packets there is an intermediate coalesced
state, In this state the single incoming wave packets completely lose
their ipdividuality. For example, when two electrons have coalesced it
is only by the total charge of 2e that one can conclude that the state was
built up by two electrons. The coalesced state is really a function of
only one set of variables pertaining to only one system. For example,
there is only one space c¢oordinate vector Z. Writing the coalesced state
as a function of several sets of variables is not really justified physically.
Rather this procedure has to be remedied and the remedy is (anti)symmetri-
zation with respect to the labels pertaining to thé single systems before
{or after) the coalescence. Secondly, the difference between symmetri-
zation and antisymmetrization‘physically means that the coalesced state
resulting from coalescence of identical bosons can have essentially {(up to
normalization and spin) the same properties as those of an initial boson;
in particular it beleongs to the same spin class. The coalesced state re-
sulting from coalescence of identical fermions cannot have essentially
the same properties as those of an initial fermion; in particular it does
not belong to the same gpin class. This latter statement is Pauli's ex-

clugion principle in our version.
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Ldentical wave packets can coalesce irrespective of the direction of
their spin: electrons can coalesce irrespective of whether their sping
are pgrallel or antiparallel. The coalesced states in the two respective
cases are, however, different from each other (total spin 1 and 0, respec-
tively), and there are no transitions between them under interactions that
do not change the spin direction. When observing this one can easily
obtain Feynman's prescription for transition amplitudes, which does not
use the (anti)symmetrization postulate, from the usual prescription,
which dees use the postulate.60

Speaking of coalesced packets may be regarded as just another formu-
lation of the usual statement that the observer is unable, in principle,
to distinguish the particles. The coalesced states make the loss of
individuality of the original particles a physical process. This formu-
lation is cleser to the attitude of realism in which there is no need for
the mentioning of an observer. {Anti)symmetrization is tﬁen a mathematical
method of dealing with the existence of coalesced states just as the super-—
position and interference of plane waves is a method of dealing with the
extended structure of micro-objects. The different superposed waves with
their definite frequencies and wave lengths are fictitious in the same
way as are the individual particles in the coalesced packet. Notice that
in {anti)symmetrization we speak of the mathematical operation of exchanging
particle labels, not of the physical process of transporting real particles
from one place to the other. |

Consider the H2 molecule. In the calculation of its states starting
from those of two far separated H atoms, antisymmetrization is introduced
from the beginning. The Hz molecule is a stationary aggregate of wave
packets (see Section IX), and the electron packets interact with each

other, perhaps mediated by some photon packets going to and fro between
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them, and in addition they coalesce and split. When they are far apart
there is no coalescence, and antisymmetrization is merely a formal pre-
scriptidh. 1t begins to acquire physical significance when the electron
packets come close to each other and begin to overlap, in which case the
fraction of time they are coalesced increases. The same applies to (anti)
symmetrization of transition amplitudes. When the scattering angle is
small the exchange terms can be neglected. When the scattering angle is
large the packets come close to each other, coalescence sets in, and the
exchange terms become appreciable,

When two identical sose wave packets coalesce into one single wave
packet this means that the amount of action of the new wave packet is the
sun of the action of the original wave packets. This is expressed by the
normalization. The norm of the new wave packet is the sum of the norms
of the original wave packets. Hence, the probability that the new wave
packet undergoes an interaction is proportional teo the sum of the corre-
sponding probabilities of the oviginal wave packets with the same propor-
tionality factor. Thus a bose wave packet which is the result of coales-
cence of n wave packets with 1 quantum of action each, contains n quanta
of action. The amount of action is conserved whether the wave packets
are well separated or have completely coalesced.

With these principles we can derive the Planck law by the standard

61

Boge-Eingtein method. We consider equilibrium radiation in a bhlack-
body cavity and ask for the most probable number of photons dn/(d3x dv)-dv
per unit volume in the small frequency interval dv. The standard pro-

cedure is to subdivide the whole frequency range into discrete intervals
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numbered by i=1,2,3... Since to the frequency vy there corresponds an
energy ei=hvi we may regard this also as a subdivision into discrete
energy4intervals. To the frequency interval dui there also corresponds
a momentum interval (c/h)dpi, and one starts by considering the phase
space region 4wp?dpd3x corresponding to this interval, and by calcu-
lating the most probable number of photons in this region. This is done
by counting the number of elementary phase-space cells of magnitude h3

contained in this region
g; =4u p2dp d3x/n3 (5.1)

and by evaluating the number of possible ways W, = (gi +n, - 1)t/

[ﬁi! (gi—l)!] in which n, photons can be distributed over these elementary
cells, where the interchange of photons within one elementary cell does
not count as ancther way. Then the logarithm of the product HWi is maxi-
mized by varying the n, subjeet to the constraint that thé total energy

is constant

Z’ni hvi = ponst. (5.2)
1

The n, for which the maximum is achieved are then the required most prob-

able number of photons in the considered phase-space region:

Ei = gi(exp[ﬁhvi]—l)_l R (5.3)
where 8 is the Lagrange multiplier in the maximization procedure. By
comparison with thermodynamic relations ome sets g=1/kT and by using
p=hv/c and dropping the indices i ome finally obtain563

dn _ 4wv? 1
d3x dv ¢ exp[hv/kT]~1 ~

(5.4)
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In our interpretation there is no distribution of photons over phase-
space cells but rather there is distribution of action quanta h3 over
photon wave packets. The number 8; in (5.1) so far taken as the number
of elementary cells contained in a given phase-space region now is taken
to be the maximum possible number of independent wave packets in that
region, since each wave packet must contain at least one action quantum
h3. This is what is behind the well-known statement that one discrete
state is equivalent to one elementary phase-space cell h3(Ref. 50, p- 238).
If one distributes n, action quanta over g5 packets and if n.>g, then some
packets must contain more than one action quantum; these are regarded as
coalesced packets. The several action quanta then cannot be discerned
because of the above described properties of such packets. To speak of
exchange of action quanta within one oalesced} wave packet does not make
sense and this exchange must not appear in the calculationf The coalescence
is Einstein's "mutual interaction of the molecules whose nature is at
present completely mystexious™ or Schr&dinger's "strange sort of molecular
interaction", 0% Exchange of action quanta from different wave packets
does make sense. Attributing an action quantum h? to a wave packet of
average frequency vi means attributing to it an average energy hvi, and
this is why emergy conservation play its role, via the constraint {(5.2).

In the photon case there is no constant total number of "particles"”,

pD n, = const . {(5.5)
i

which in our interpretation would mean a constant total number of aection
quanta. This is due to the zero rest mass of photons which makes it pos=-

sible to have action quanta carried by wave packets of very low frequency

and hence almost no energy. The lowest possible frequency is determined
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by the longest possible wave 1engthll=c/u, and this in turn is determined
by the dimensions of the cavity. A 3 cm cavity would correspond te a
radio fFequency and an energy as low as 4X10_5 eV. On the other hand,
for electrons in a metal at room temperature there should be conservation
of the number of action quanta (and hence a chemical potential # 0),
because the energy N in the formula €i=hvi means total energy and is
never smaller than the rest energy. The calculation of the fermi distri-
bution of electrons caanct be interpreted in the same neat way as the
bose distribution. This difference is connected with the way we describe
things, namely in terms of non-coalesced states while the fermi ccalesced
states are essentially different from these.

The above arguments get further support by the following consideration.
The bose (fermi) distribution of particles of mass m confined within some

box is known to deviate from the classical Boltzmann distribution when

the "thermal de Broglie wavelength"

A = B/Y27 m kT (5.6)

is greater than the average distance between two particles.65 The name is
chosen because Ath is of the order of the de Broglie wavelength of a
particle of mass m with the kinetic energy kT, and one regards Ath somehow
as the spatial extension of the particle. We can make this more precise
by observing that the thermal de Broglie wavelength gives a lower bound
for the spatial extension Ax of a wave packet. The range Ap of momenta
within one wave packet evidently cannot be broader than the range ﬂpobs
observed experimentally. The observed range is the superposition of two
ranges; first, there is the range API due to the preseance of many wave

packets each with a somewhat different velocity and average momentum,
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and second there is the range Ap in the momenta of each individual wave
packet. The observed range is obtained from the classical Boltzmann

distribution

1/2
)

B = ((ﬁp)z = /3 kT m | (5.7)

Hence Ap < ¥3 kT m and &x > h/(24p) > h/{(2 ¥3 kT m), i.e.

b > 6 /V2ET R 012 A (5.8)

h

Thus, when the de Broglie wavelength is of the order of the mean separa-
tion of the particles, the wave packets begin to overlap and to coalesce.

The genuine quanta thus are not energy quanta but action gquanta.

We suspect that the distinguished role ascribed to the harmonic oscillator
in the gquantum theory of radiation stems only from thinking in terms of
energy quanta, for the harmonic oscillator is the only guantum mechanical
system whose discrete energy eigenvalues are equidistant. So, one has con-—
ceived the idea that oscillators are in the walls of the black-body cavity
where everybody would expect to be atoms. But atoms have no equidistant
energy eigenvalues.

Also, the suspicion arises that thinking of the radiation field as
equivalent to a system of harmonic osciliators in quantum field theory is
not really justified. Remember that in this way the infinite zero-point
energy comes in, which then, in turn, must be eliminated by ncrwmal ordering.
Let us have a2 look at the formalism of field quantization (second quanti-
zation) for boscon fields. Consider the creation operator a+(3). When it
operates on the vacuum state it generates a state where one boson with

mementum 3 is present. When it operates again on the one-boson state it
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generates a two-hoson state, and so on. The point is that nothing, except
the normalization factor, indicates that thig state is an n-particle state:
there is only one phase and only one momentum ﬁ} Hence, it is very much
iike our coalesced states and may consequently be interpreted as meaning
not n particles but rather n quanta of action. This suggests that one
should regard field guantization as a formalism that deals with guanti-
zation of action.66
VI. THE MEASUREMENT PROBLEM IN QUANTUM MECHANICS

In conventional guantum mechanics observers and measurements are
necessary elements in defining the theory. There are, nevertheless,
serious conceptual difficulties with the measurement process and we are
now going to discuss these. A very clear exposition has been given by
Wigner;68 we shall use here his language and notation. Actually, there
are several conceptions of the quantum mechanical measurgment process,
none of which satisfies everybody. We do not give here a proper account

of these;z6

we shall only mention certain features that will have some
bearing on our proposed view.

Usually, it is assumed that a type of measurement exists where the
measuring apparatus A does not change the measured object o, though of
course the object influences the apparatus. This feature is taken over
from the features of a macroscopic measurement. In the microscopic realm
it may appear to be a somewhat unrealistic assumption in view of the
general principle that there is no action without reaction. Let us
assume however that it represents an allowed approximation. Further,

let us assume that both apparatus and objects are described by one pure

state vector each, and the measurement is taken as an interaction between
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these two. This case, then, may serve to outline the characteristic
difficulties, Let Ao denote the state vector of the apparatus before

-measerement. The apparatus is to measure the quantity Q on the object.
Let o, denote the state vector of the object. Gﬁ is one of the eigen~
states of the operator belonging to Q, and qﬁ is the corresponding eigen-
value, which represents the outcome of the measurement. It is further
assumed that the Hilbert space of apparatus plus object is the direct
product of the Hilbert space of the apparatus and that of the object.

The considered type of measurement can then be symbolized as
A x g -+ x o . 6.1
o U AU U ( )
When, motre generally, the object before measurement was not in the state

Uu but rather in a superposition

g=%co
U 2
then, because the arrow in (6.1) represents a linear {(unitary) operator,
the measurement ig described by
A x g = c A x g
RN

o]

(6.2)
- ECI—I(AU X Gll) .
Would the sum (6.2) consist of a single term only it would describe a
system where the apparatus is in the state AU and simultaneousiy the
object in the state cu, and hence the measurement could be interpreted
as giving the result qu. However, this is net the case; (6.2) rather
consists of a linear superposition of such terms. On the other hand,

if we are to be able to call this interaction an observation at all, it

has to lead to one of the pure states (Aﬁ X su), i.e. the sum has to
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be reduced to one of its terms. This reduction is the postulate of
von Neumann.69

There are then supposed to exist two kinds of changes of the state
vector of a quantum wechanical system in time, first according to the
Schrodinger egquation and second accerding to v. Neumann's reduction or
projection postulate in a measurement. The change due to the Schrédinger
equation is completely determined and calculable; the change due to the
reduction process is not completely determined, and only probabilities
can be calculated. This sitvation has been felt to be unsatisfactory by
many, and attempts have been made to specify the supposed extra mechanism
by which only a single pure state rather than a superposition of many
states appears as the result of a measurement. Is it only in a measure-
ment interaction that the reduction occurs? If so, what specific featu;es
of a measurement interaction bring about this reduction? Is it the obser—
vation by a human being, or is it other features independent of the
presence of a human observer? 1In particular, several ways have been tried
to find out how the superposition could be resolved into the corresponding
mixture, i.e. how the interference terms could be made to vanish. The
mixture then could be treated using concepts familiar from statistical
mechanics.

When averages ot eigenvalues on the system {6.2) are calculated per-
taining to only one system, either object or measurement apparatus, the
considered subsystem behaves mathematically like a mixture.?o This has
been regarded, e.g. by M.argenau,71 as already being sufficient to settle
the problem of measurement. Zeh72 has made the idea very plausible that

the larger the apparatus {or the system: apparatus plus object)} the easier
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it will be for it to interact with its surroundings and eventually with
the whole universe. Therefore, the apparatus is a subsystem of a larger
system and hence describable as a wmixture. On the other hand, it might
be asked how the separation of object and apparatus, or apparatus and the
rest of the universe then is achieved, or defined physically (see Section
XI1 on the Einstein-Podolsky-Rosen problem}).

One may try to perform a second measurement, now regarding the first
apparatus A as the new object. 1If, by this measurement one observed, say,
the state A5 of the apparatus A one would know that the original object
is ian the state Og and would yield the result 45. One may try to
measure a quantity R whose eigenvectors are just the states Ay' Let the
state vector of the second apparatus before the measurement be Bo. Ac-
cording to the above procedure this measurement could then be denoted by
Bo X AU - Bu X AU and

BO ¥ EUCU(AU ® ou) - E}cu(Bu X A!J X Gu)' (6.3)
One sees that nothing new is accomplished. The new apparatus B and the
new object A are interrelated in the same way as were the original ap-
paratus A and the original object o. Moreover, both systems A and B are
now correlated with the object 0. One can extend this chain to a third

apparatus € and, indeed, as far as one wants without ever getting a

definite result:

. e XY x,,..x C B x A x . 6.4
%cu( u TR A (6-4)

Y
It does not matter whether the apparatuses are microscopic or macroscopic
so long as they are described by one state vector each. Also, evidently,

it does not help to conceive an apparatus {(more realistically, one may
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argue) as a mixture. This would only mean that we do not know the state
vector of the apparatus but only a set of possible states with their
réspeceave probabilities, Some other physicist may well know the actual
pure state in which the apparatus really 15.73

it has alsc been argued that the chain (6.4) can be terminated when
it is so long that the terms in the sum, by means of the last apparatuses
Y, Z etc.,, are well separated dynamically; that means when all transition
matrix elements between any two terms with different p vanish, and when
they de so for any physical ianteraction (transition)} operator.?4’75 In
this case the sum (6.4) is mathematically equivalent to a mixture of the
different terms. However, though mathematically the sum may behave as a
mixture, conceptually it is not a mixture, for there is nobody who could,
in principle, know in which definite state the system is. Also, the sep-
arated terms could, in principle, be brought tegether and be superposed
with coherent interference; this is not possible with the components of
a mixture.74’76

VII. SCHRODINGER'S CAT AND WIGNER'S FRIEND
The problem of superposition is presented very drastically in the

77 Schrddinger considers a cat in a closed

example of Schrddinger’s cat,
box. Also present within the box are a certain amount of a radiocactive
substance, a Geiger counter and a cat-killing device, all protected against
the cat. Circumstances are arranged so that the probability for the

Geiger counter to count the decay of at least one nucleus within one hour
is just 1/2, In the case where decay occurs, the counter discharge
triggers the cat-killing device which consists of a hammer and a fiask

of prussic acid. The flask then is smashed, the acid penetrates into

the box, and the cat is poisoned. The probability that after one hour
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the cat is dead is 1/2. Since the box is closed we camnot know after
an hour whether the cat is dead or alive, unless welopen the box (using
the nécessary precaution) and look inteo it, In orthodox quantum mechanics
an allowed abstraction is to describe the living cat by one wave function
¢1 and the dead cat by ancther wave functioun wz orthogonal to ¢1. Further-
more, according to the principle of superposition the cat in the closed
box after one hour is in the state (¢1 + wz)/V5: i.e. there is neither a
dead cat nor a living cat but a superposition of both. This is indepen-
dent of whether wl and wz are orthogonal to each other or even whether
they are dynamically separated or not. Indeed, ¢1 and ¢2 are very well
dynamically separated, there is no finite transition probability from
the state of the dead cat to that of the living cat. We may consider
the cat to be one of the last apparatuses in the chain (6.4). The micro-
scopic object is the nucleus and the two possible experimental outcomes
(u=1,2) are whether it decays within one hour or not. Both outcomes are
coupled by the chain (6.4) to macroscopically different situations, namely
the dead and living cat, respectively.

76,78

In an attempt to solve the discussed problem Wigner has specu-
lated that the chain (6.4) might terminate and the sum reduce to one of

its terms when one of the successive apparatuses is identical with my
conscicusness. This proposal can be interpreted in two different ways
which are often confused. First, in von Neumann's sense of psycho-

physical parallelism (Ref. 69, Section VI,1),that is, in some philesophical
way, by saying: I can perceive that my state is A_, hence T am in state

A

5 This is tautogological in the same way as: cogito ergo sum.79

Second, it c¢an be interpreted in the sense of realism meaning that the
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process of becoming aware of something is just the extra physical mechanism
connected with von Neumann's postulate. Then the following difficulty
-arises. The role of some apparatus in the chain (6.4) ending in my brain
can as well be played by another persenWigner's friend in78. Then the
reduction of the sum already takes place in his brain. Now imagine that
the task of the apparatus or respective person is really very primitive.
Then the person can be very stupid, with little conscicusness, and one
may even replace the person by an ape, a bird, a worm etc. The problem
then is to which being in this declining line does one still ascribe
consciousness and to which does one no longer ascribe it. That means one
has to define consciousness in physical terms.

In the same papers Wigner actually makes a proposal in that direc~-
tion. He points out that the equations of metion in quantum mechanics
must cease to be linear if consclous beings enter the picture. It will
be seen that, though we dismiss the counscious observer as an essential
element, we need interactions with properties that cannot be described
by a Schr8dinger equation; these interactions are our basic interactions
introduced in Section IIX. They thus represent Wigner's non-linear inter-
action in our conceptual framework. The difference is that our basic
interactions do not act only after the interaction deseribed by the
Schréddinger equation, but rather the Schrédinger interaction itself is
2 phenomenological account of a series of basic interactions.

Schrddinger’s cat and Wigner's friend point at two basic problems
in the usual cenception of the measurement process: determinism and
realism. The problem of determinism comes in when one tries to explain

v. Neumann's postulate by some exira mechanism. Indeed, any attempt
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to specify a physical mechanism which turns the superposition {(6.2) or
{(6.4) into a mixture basically means a refusal of the Copenhagen inter-
pfetat{Bn of quantum mechanics. The Copenhagen interpretation asserts
that the probabilistic appearance of quantum effects is irreducible to
any more basic process and has to be accepted as such. To try to find
a mechanism which turns the superpesition intc a mixture means to try to
find a mechanism which in any single measurement gives a definite result,
and which in repetitions of the measurement gives the different results
with the frequencies that are observed and predicted by gquantum mechan-
ics. The individual result is determined; it is only that we are unable
té predict it with certainty. Then, provided we knew the deterministic
laws of the extra mechanism, we must conclude that the fact that we are
gtill unable to predict the individual result is because we are unable
to get the initial conditions completely under control. This is a situ-
ation that reminds us of statistical mechanics, We discuss it in more
detail ia Section XIX,

The problem of realism in the usual conception of the measurement
process is this: it is characteristic of traditional quantum mechanics
that it regquires the existence of external equipment adapted to the
observable in gquestion. The world is divided into two parts, a part

80,81 The border-

which is observed and a part which does the observing.
line between these two parts must not be confused with von Neumann's

boundary {Ref. 69, Section VI,1) which is the boundary between the real
world and the philosophical or grammatical ego which is not part of the

79

real world. The borderline discussed here is between two parts of the

real world, namely between the domain of the micro-objects and the domain of



—43-
the micro-objects and the domain of macroscopic external equipment. In
conventional quantum mechanics the borderline between these two parts
becoméé, however, at the same time the borderline between the domains
of two different philosophical or epistemological attitudes. In the
observing part the ianguage of philosophical realism is spoken whereas
in the observed part this language is prohibited by the edict of Copen-
hagen. Schrédinger's cat is a macroscopic object and falls into the
domain of realism. One is allowed to say that the cat is either dead
or alive even when one did not yet look into the box. The radiocactive
nucleus, on the other hand, is a microscopic object and falls ocutside
the domain of realism. The chain (6.4) then begins (at the right end)
with a microscopic but ends with a macroscopic object, and somewhere the
borderline inte the domain of realism must be crossed. As both the
microscopic and the macroscopic objects are described by wave functions,
the interpretation of the Y—function must change radically when that
crossing is done. This is the real difficulty.

The refusal of realism sometimes is driven so far as to assert that
the P~function only represents one’s knowledge (whatever this may be
physically). There are evidently cases within the framework of the
usual particle interpretation where this cannot be maintained, for example
in the double-hole experiment discussed in the introduction. There, one
cannot say: "the particle has gone either through hole 1 or through

hole 2, only we do not knew through which."
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VIII. MACROSCOPIC RECORD

Before we enter the more detailed discussion of our own conception
of medsurements we want to emphasize one general point which plays an
essential role: the outcome of any weasurement must have a macroscopic
fixation, representation, or record. Conversely, the measurement is
completed when a macroscopic record has been achieved. The macroscopic
record can be achieved in a variety of ways. Suppose we want to measure
the path of an electron. When the electron (wave packet) moves through a
photographic emulsion it induces a series of events that eventually lead
to a track of blackened grains. These grains are the macroscopic record
of the induced events from which the path of the wave packet is deducted,
Or consider a Wilson cloud chamber where, after a particle has gone by,
a track of drops appears and then after a few seconds disappears. After
the disappearance of the track no macroscopic record seems to remain.
However, we may take a photograph of the track while it is visible. Then
the picture of the track on the photograph {the respective grains) is the
macroscopic record of the original track events. The record by means of
the grains of this photograph differs from the record by means of the
grains of the above photographic emulsion where the particle (wave packet)
has directly moved through. Of course, there may be many records of one
and the same event. Or we may simply look at the track in the Wilson
chamber seeing it appearing and disappearing; this, then, is also a
macroscopic record, namely some structure built up by the atoms which
form the memory part of our brain.

Let us have a closer look at the physical realization of the macro-
scopic record of a measured event. This record can be called a memory

of the event, and therefore the physical object acting as this memory
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must have a certain degree of stability; it must not change with time
to any great extent, even when subjected to disturbances from outside.
Certaiﬁly microscopic objects (like electron wave packets} do not meet
this requirement., The memory therefore must be a macroscopic object,
and more specifically, a stable macroscopic object. Whether a macro-
scopic object is stable or not depends upon the environment in which it
is placed. Under favourable circumstances a body of 10_12 g, consisting
of 6><1011 nucleons (Millikan drop), may be considered a stable macro-
scopic object. However, when this body is immerged into a fiuid the
situation is less favourable since the body is then subjected to irregu-
lar Brownian motion. Or consider a book in a library: one would call this
a stable macroscopic object, well suited to fulfill the requirements of
a memory. Bowever, if it were on the sun, it would soon be burned up.
(By the way, this will inevitably occur to all libraries sn earth when

9

the sun becomes a red giant star, in about 10” years.) These remarks
should make it clear that the choice of a stable macroscopic object as
a record of an event is arbitrary to some extent and depends on the scale
considered. The basic measure of this scale for us is given by the struc-
ture .0f the human sense organs and the brain. This arbitrariness does
not, however, pregent any difficulty. By the very fact that we speak of
an event the event has a macroscopic record, i.e. is engraved in a memory.
Of course, the macroscopic record of one result (event) must be dif-
ferent from that of a different result (event), and the two macroscopic
records must be differeant by macroscopic standards. We then say they

are macroscopically different. Think of two well distinguished positions

of a pointer or two different figures on a digital display of an ammeter.
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One may also speak of different macroscopic states of a macroscopic
device. More sgpecifically, the macroscopic body which serves as the
‘macrdBcopic record of an event is conceived to be an aggregate which we
shall explain in the next sectiom.

Our requirement of a macroscopic record of the outcome of a
measurement may bring to mind the feature of confentional quantum mechan-
ics requiring the existence of external equipment and obserxrvers in order
to preserve a realm of realism. This comparison is superficial and mis-
leading. Our microscopic wave packets with all their properties are
just as real as any macroscopic body, and there is no change in the inter-
pretation of the ¥ function when we go from microscopic to macroscopic
objects,

IX. AGGREGATES

We do not interpret a macroscopic bedy to be a single wave packet.
As a more realistic model of a macroscople body we conceive it to be an
aggregate. DBy this we mean a set of independent wave packets which
incessantly undergoe interactions with one another., For this conception
we need our basic interactions leading to ccompletely independent wave
packets when the interaction is over. This cannot be achieved by inter-
actions described by a Schr&dinger equation as discussed in Section VI on
the measurement problem in traditional quantum mechanics. An aggregate
is also conceptually different from a mixture since a mixture would again
mean that any individual macroscopic body is described by one wave func-
tion {of many variables), it is only the investigator that does not know
exactly which one out of a given set it is. The concept of an aggregate
is essential to solving the problems of measurement (Sections X, XI), of

screening in atoms (Section XVII} and of spreading.82
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Recall the spreading of the wave packets as considered in Section II,
It can be easily calculated in the non-relativistic limit from formula

£

(2.12) that a macroscopic body with the dimensions of Millikan's drops

-13

{radius 5><10_5 cm, mass 4.7 x 10 gr)} when described by a Gaussian wave

packet spreads out to double its initial extension in 23 days! Einstein86
has regarded situations like this and their interpretation in guantum
mechanics as an upacceptable feature. This spreading is hindered in our
conception of a macrosocpic beody by the permanently occurring interactions
of the comstituent wave packets. It is understood that these interactiocns
also lead to some stationary size of the wave packets. This view agrees
with the fact that stationary wave packets exist when considered in some
external potential, such as the harmonic oscillator and the Coulomb
potential. As explained in Section III, any calculation with the help
of a potential is only a phenomenological method to accouynt for a series
of mild events, i.e. basic interactions between wave packets.

The number of wave packets that constitute a macroscopic body must
be large. A macroscopic body is an aggregate, but not every aggregate
is a macroscopic body. There are alsc stationary aggregates which con-
sist of only a2 few interacting wave packets. Among these we count the
molecules, the atoms, rhe nuclei and any system with a rest mass that is
smaller than the sum of the rest masses of its constituents. With thisg
last condition we want to exclude the elementary-particle resenances;
and we also want to exclude the view that all the elementary particles
are bound states of a number of quarks and antiquarks. Thus, our wave

packets are only meant to describe the elementary particles as listed in
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the Rosenfeld tables.87 Consider, for instance, the proton-antiproton
system pp. There are discrete states with energies both above and below
the sum of the rest energies of the constituents, 2mpc2.88 The lower
states are to be considered as aggregates whereas the upper states are
not,

Evidently, the concept of an aggregate as used to describe stable
bound states and macroscopic bodies leads to another restriction of the
principle of superposition, in addition to the superselection-rule re-~
striction. 1In fact, it is a rather drastic restriction which means that
not every system can be described by one pure coherent state vector (wave
packet). Only the elementary particles mentioned above can be so described.
For example, a freely moving atom camnnot be described by a free wave
packet; a free wave packet will spread out, but an atom will not; its
size in the ground state will always be determined by the Bohr radius.

In conventional quantum mechanics both an electron and an atom may be
described by free wave packets. This procedure is in accordance with

the idea that the wave function governs the behavior of some particle,
and it does not seem to make much difference whether this particle is an
electron, an atom, or even a macroscopic body. The situation is different
when the wave packets are not to direct particles but are themselves the
fundamental constituents. Our picture therefore suggests that the whole
formalism of Hilbert-space vectors and interfering wave functions only
applies to elementary particles. Hence, nuclei, atoms, molecules and
macroscopic bodies, strictly speaking, are not the proper objects of
quantum mechanics. Quantum mechanics applies to these objects only inso-

far as they are built up of elementary wave packets and it is these

elementary wave packets that are the proper objects of quantum mechanics.
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One must, however, be prepared that coalescence may occur in aggre-
gates that consist of identical wave packets. We mean the explanation
of suégrfluidity of He"-atoms by means of condensation of bose particles
into one coherent state. One might have expected that only coalescence
of elementary identical wave packets is an easy process, not of aggre-
gates which themselves represent systems of interacting elementary wave
packets, One must conclude that under certain circumstances aggregates
are also capable of building up large-scale coherent states. The specifie
aggrepate of identical wave packets may then be something in between a
set of completely independent wave packets and a single coalesced packet.
The interactions ocecurring between the identical constituents establish
momentary correlations {coalescence) between them. Since extent and fre-
quency of occurrence of these correlations may vary to a large extent,
a continuous variety of intermediate aggregates between Fhe above men-
tioned limiting cases are conceivable. We note that there must be quite
specific circumstances in order for superfluidity or superconductivity
to occur, and even in the curreant theories it is by no means a simple
matter to account quantitatively foxr the observed effects.

There are, as far as I can see, only two physical situations where
a macroscopic body is actually described by one coherent state vector
when the intrinsic properties of this body are being calculated: in
quantum statistical mechanicsgg and in the measurement process of tradi-
tional quantum mechanics. In quantum statistical mechanics, the fact
that the system is in one pure state (though as a member of an ensemble)
does not, however, influence any observable result since interference
effects between parts that in any sense may be ascribed to single consti-

tuents do not influence any observable result. One might regard the bose
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or fermi degeneracy as an effect of (anti)symmetrization of the one total
wave function of the system. We think, however, that we have given a
sétisfgétory physical explanation in terms of there being many wave
packets,in Section ¥. Notice also that the wave packets that comstitute
the macroscopic rigid body appear in the actual calculations only phenom-
enologically by determining the form of some external potential used in
the Schridinger equation for calculating the behavior of some extra wave
packet. €f., the calculations of energy bands: an electron moves in a
periodic potential,

The discussious of the measurement process in conventional quantum
mechanics are phony: no experimentalist can learn anything from them for
the construction of his or her measurement apparatus. In our conception
of the measurement process we do not describe the measurement apparatus
by one pure state vector or wave function. Instead, in our conception
the measurement apparatus is a macroscopice aggregate, and the macrosceopic
states mentioned in the preceding section comprise a great variety of
arrangements and mutual interactions of the individual constituent wave
packets. These macroscopic states can then be compared with the macro-
states in the kinetic theory of gases which are characterized by macro-
scopic parameters such as pressure, temperature and volume, and which
are regarded as comprising a great variety of micreo-states characterized

by the positions and momenta of the individual constituent molecules.
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X. MEASUREMENTS OF POSITION AND MOMENTUM

Although no observer is needed to define our theory measurements
are ﬁgeded to test it. In our conception thetre is not omne single type
of measurement process, rather there are different types which require
special treatment each, As representatives for the basic types we treat
in this secticn the measurement of the position of an event and the
measurement of the average momentum of a wave packet, and in the next
section the operation of a Stern—-Gerlach-type apparatus which can be
used for a spin-component measurement.

We begin with a measurement of the position of an event. For
definiteness we consider a wave packet that moves in y-direction towards
a thin layer of photographic emulsion and penetrates it. The layer is in
the x-z plane. We want to measure the point (x,z) where the wave packet
has induced an event. Notice that it is not the "position" of the wave
packet that we are talking about. The position of the event gives only
some probability that the center of the packet has moved through the
region of the event, as has already been explained in Section ITL. One
can determine the center of the packet if one can determine its shape
and that can only be done approximately, by measuring the position of
many events under the assumption that the shape is not altered signifi-
cantly by the interaction events. Only in the case where the width of
the packet is smaller than the (physical; i.e. extended) point (x,z) can
one say with a probability of 1 that the whole packet has passed through

this point, The wave packet undergoes an interaction with one of the
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emulsion packets and then leaves the emulsion. After that it is

completely separated from every emulsion packet, since every interaction

in ou;‘concept is effected by the basic interactions which lead to complete
separation.

The wave packet is modified to some extent by the interaction with
an emulsion packet. This modification may be mild or strong. When one
considers an electrom packet moving through the emulsion and leaving a
track of blackened spots behind, the modification, evidently, must be
relatively mild. It might even be neglected completely in special
situations or consideratioms. On the other hand, one may coaslder an
incoming pesitron wave packet which then is annihilated. This, of course,
means a strong modification.

According to what has been said in the preceding section the emulsion
layer is a macroscopic aggregate. After the wave packet has passed by,
the layer is developed and a black spot appears at the interaction point.
This particular state of the emulsion layer is a macroscopic state in
the thermodynamic sense of Section IX., It is macroscopically different
from a state describing an emulsion layer with a black spot at a dif-
ferent position or one with no black spot at all. We need quite specific
macroscopic bodies which are in some meta-stable state. Then the in-
coming wave packet can act like a snow ball triggering an avalanche—a
general feature of macroscopic apparatuses for measurements of events

induced by micro~0bjects.90
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The details of the avalanching process and the microsceopic details
of the final macroscopic state of the emulsion layer are unimportant;
what Ebunts is the resulting black spot at the position (x,z). Of course,
the problem of characterizing those macroscopic systems which are capable
of meta-stable states and transitions to other states remains. This, we
think, is net a proper problem of quantum theory but rather of statis-
tical mechanics, though quantum theory might contribute. We note that
in the attempts of Prigogine and his school to scolve this problem the
quantum superposition primciple has also been found not to be applicable
to macroscopic states.91

The measurement of the position of an event is a basic element in
the measurement of every physical quantity. Generally the measurement
of any quantity can be transposed into a (series of) position measure-
ment (s); pointers can be made to answer every question. This is done
by using physical laws according to which different values of the quantity
in question lead to different space-time positions eof the considered
cbject and hence to different positions of the observed events. From

any description, e.g.92

, of how real measurements in the realm of ele-
mentary particles are performed one sees, for example, that ample use is
made of conservation laws.

We consider the measurement of the momentum of a particle (wave
packet) by deflection in a constant magnetic field., According to what
has been said in Section II1, the deflection is interpreted to be the
result of a series of mild interactions with the wave packets that in

some way constitute the magnetic field. We notice that the device is

in no way, in principle, different from one that would be used for



—54—

measuring the momentum ¢f a macroscopic charged body. A physical law
(Newton's law with Lorentz force) connects momentum with the curvature
éf the trajectory, and from measuring the curvature by means of position
measurements the value of the momentum is derived. Only in the details
of the position measurements do quantum and classical mechanics differ
from each other. The Ehrenfest theorems then tell us that what is
measured here is the average of the absolute value of the wave packet's
momentum.

We do not assume that the production of the black spots in a photo-
graphic emulsion or of the bubbles in a bubble chamber has a fundamental
influence on the wave packet in the sense that every bubble would mean
a particle-position measurement, as in conventional guantum mechanics,
and hence would reduce the packet in size to at least the size of the
bubble. These interactions may or may not have an effect of this kind
but this does not play any role in our argument.

XI. SPIN OPERATIONS

Finally we consider the passage of a spin-fi/2 atom through a
Stern-Gerlach magnet. It is this situaticn,-we think, that has kept v.
Neumann's reduction postulate alive because it seems most difficult to
dispense with it here. Nevertheléss, we do dispense with that postulate,
but we shall also show that this can only be done with the help of the
basic interactions (discussed in Sections III and VII) which go beyond
the framework of traditional quantum mechanics.

We follow the description given in the Feynmann lectures because it
exhibits the essential points in a simple way. Actually, the described

operations of a Stern-Gerlach magnet on an atom are not equally valid
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93

for an electron. We do noit think that this difference between an atom

and an electron is unimportant in every respect; after all, the atom is
aﬁ agg;égate of wave packets whereas the electron is a single packet.
We think, however, that with respect to the fundamental considerations
to follow, this difiference is not important. We could replace the atoms
everywhere in the text by electrons or protons if at the same time we
replaced the Stern-Gerlach magnet by some more complicated (scattering)
device as described, e.g., by Mott and Massey93 and with experimental
details ingq. Let the magnetic field and its gradient both be in the
z~direction, and let the atom enter the Stern-Gerlach magnet in the
y-direction. Theory says that if the atom is deflected upward the z-
component of its spin is + /2 and that if it is deflected downward the
z—component is ~hf2, 1In general the single atom goes both up and down

because its wave function can be written as a coherent superposition of

a spin-up and a spin-down wave function
_ up downt
b=a; ¢ +ta, , (11.1)

the coefficients a; and a, being determined by the initial spin direction

of the atom.95

It is only in the case where either a; or a, is zero,

i.e. when the initial spin was either down or up, that the atom takes

only one way, either the lower or the upper one. In the general case

the atom is pushed into a definite path only by a further position measure-
ment. This has also the following consequence. Let an atom with spin

in x-direction enter the Stern-Gerlach magnet. It then covers the

upper and lower path with equal probabilities. Put additional magnets

behind the first one so that in the end the different paths are being
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brought together again, as described in the Feynman lectures or by
Bohm.74 Ordinary quantum mechanics says that if no position measure—
ment i; done the atom still has its spin in x-direction when it leaves
the whole arrangement. So, only when the atom is observed in the upper
path, it suddenly retires from the lower path and becomes a pure upper-
path atom, and its wave function becomes an eigenfuncﬁion of the operator
of the spin component in z—direction. This is v. Neumann's postulate
in this particular situation,

In our view observations do not have this special effect. 1In
accordance with the attitude of realism, observations observe what
already is, notwithstanding the fact that there might only be a finite
accuracy obtainable and that there might be some influence on the
measured reality. The fact that a wave packet has induced an event
which is 3ocalized in the spin-up path of some Stern-Gerlach-type appa-
ratus in our view does not imply that the wave packet becomes strongly
concentrated around the location of that event, as we already explained
in Section IITI. MNevertheless, we do assume that the wave packet (atom)
is pushed into a definite eigenstate of the operator of the spin compo-
nent. However, this iseffected by normal physical interactions which
act independently of whether there is a position measurement or not.
These interactions are the basic interactions of our considered wave
packet with the wave packets that in some way constitute the magnetic
field of the Stern-Gerlach magnet. Here, alsc cur concept of a macro-—
scopic apparatus as an aggregate enters. As we already explained in
Section ITI, VII and IX, the basic interactions cannot be described by

a Schréddinger equation. Only their combined action is described by a
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Schrddinger equation with external potential. The basic interactions
lead to complete separation of the outgoing wave packets from each other,
and here this leads to complete separation of the outgoing wave packet
from the packets of the magnetic field, i.e. the Stern-Gerlach apparatus.
It is interesting to note that it was in the same year (1922),when Stern
and Gerlach published their results,that Einstein and Ehrenfest revealed
serious difficulties in explaining how the atoms take up their orienta-
tions in a Stern-Gerlach magnet, when only those physical {radiation)
processes that are usually considered to be respounsibie for this are
taken into accouat.96 The basic interactions have already acted when the
measurement of the path by means of a position measurement is performed.
Thus, an atom that enters the above described combinaticon of normal and
reversed Stern—-Gerlach magnets in our view no longer leaves the whole
arrangement with its spin in x-direction, but rather in either +z or
-z direction. This might in principle, though perhaps not im practice,74
be decided by experiment. Actually, that particular assertion of quan-
tum mechanics has never been verified experimentally. By the way, our
assumption is sloppily made in many articles on quantum mechanics. The
priests of orthodox quantum mechanics can, however, only raise their
hands and warn us that we are in contrast to quantum mechaniecs, but they
cannot put their hands on facts that would be in contrast to our assump-
tiomn.

It is true that the whole process is nc longer time-reversal
invariant: in traditional quantum mechanics the atom enters and leaves
the arrangement with spin in x direction, and it even does so if one

lets it go through the arrangement in reversed direction. In our
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conception the atom enters the arrangement with spin in x direction
and leaves it with spin in * z direction. If we let the outgoing atom
with 42 spin go through the arrangement in reversed direction it does,
however, not come out with spin in the initial x direction but in +z
direction. This confirms the coasistency of our view where the whole
process is not one interaction but rather a result of many basic inter-
actions with wave packets that are to some degree distributed randomly.
With that assumption all further implications of our conception are the
same as those of conventional quantum mechanics with a position measure-
having been performed. The difference is that we assume these implica-
tions to hold even when the electron has left the Stern-Gerlach type
apparatus without a position measurement having been performed.
it also fits with this view that the atom must spend some minimum
time in the inhomogenous magnetic field so that the apparnatus can
accomplish the task for which it was constructed.g7 Also, the Stern-
Gerlach magnet is affected by the atom. The energy of the atom is
changed by * ﬁﬁ, where ﬁ'is the atom's magnetic moment and B is the
magnetic field in the apparatus. This energy must be exchanged with
the magnet. The magnet acts as a polarizer, and even a transfer of
angular momentum between the atom and the apparatus can be measured.
This transfer has been demonstrated in the analogous case of polarization
experiments with photon wave packets.98
We thus dispense with v. Neumann's reduction postulate, but we
do not dispense with the reduction process altogether. The reduction
process, however, is a physical process; it is the apparatus, not the

observation, that forces the wave packet to become a particular eigen-

function of the corresponding operator. Also, the reduction process
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does not occur in a proper measurement., One can of course expand any
wave function into a series of eigenfunctions of some Hermitian operator,
this is pure mathematics, However, whether the eigenfunctions in the
expansion acquitre a physical meaning, i.e. whether the system actually is
capable of developing into one of the eigenstates depends on the particular
physical situation. In conceiving the apprepriate physical situations in
quantum mechanics ample use is made of classical analogues. Accordingly,
we assume that the Stern-Gerlach apparatus indeed gives the described
physical meaning to the expansion (11.1). The eigenstates of the spin-
component operator are regarded as stationary states of the atom in the
magnetic field. It is perhaps worth remembering here the general faect
that if both ¢*¢ and the current ¢*8wf3t—¢3$*/8t are independent of time,
the Schrédinger equation is equivalent to an eigenvalue equation {Ref. 34
p. 40/41). This fact suggests that a large class of eigenvalue problems
are to be regarded as being similar to the described spin operation, and
this in turn is like the formation of standing sound waves. The latter,
in principle, is derivable from the intermolecular interaction laws.
Consider, for example, the process in which a hydrogen atom is formed by
the capture of an electron in the Coulemb field of a proton. The electron
wili settle down in one definite state out of the set of discrete eigen~
states offered by the Schrédinger equation. The process of the settling
down of the electron as well as its resulting stationary state are due to
basic interactions between the electron and proton wave packets. The
settiing down is accompanied by the emission of photons which is clearly
beyond the reach of the Schrédinger equation with its conservation of

particle number. Cf. the assumption of random phases between the different
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states of an atom when radiative tramsitions are treate This assump-
tion is equivalent to describing the atom by a miXture, i.e. as really
being in some definite state though one does not exactly know in which

state it 13.23

Indeed, the whole concept of transition amplitudes between
stationary states is based on this view, The concept of transition ampli-
tudes has been extended to include tramsitions between scattering states,
this is the S-matrix concept., In our view this extension means something
different, namely that there are definite and independent states of the
individual wave packets both before and after the interaction, whether one
measures them or not. This is one of the places, alluded to in the intro-~
duction, where physicists have tacitly abandoned the concepts of orthodox
guantum mechanics. And this is just the feature we ascribe to our basic
interactiouns.

The discrete eigenvalues of operators then are no more genuine quan-
tum effects than the discrete frequency values of sound waves. The real
quantum effects are represented by the guantization of action in units of
h as discussed in Section V.

We may tentatively assume that those apparatuses that canr be associated
with operators with a discrete eigenvalue gpectrum can force the wave
packet into an eigenstate. This is the general operation of such an
operator. However, we do not say that every apparatus whose operatoer has
a discrete spectrum forces the wave packet into an eigenstate. There
are charge measurements, for example, and we may associate with them a
charge operator, but we would regard this as a purely formal operation.

The operation of the Stern-Gerlach magnet in the described way is
often called a measurement of a spin component.mO We have carefully

avoided doing so. Sure, a position measurement on the atom when it leaves
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the apparatus measures its spin component, but this in general is not the
original spin component of the atom before it entered the apparatus.
Calling the above operation a measurement would be similar to calling
the process where a ball runs down a Galton pin board a measurement of
the ball's initial position. We suspect that the reason why the above
operation has been called a measurement is that this situation calls so
much for a "reduction". Since Schrddinger's equation, on closer inspec-

tion, is not able to give this reduction it was only V. Neumann's axiom

of measurement that provided it. In our view v. Neumann's postulate is
a misleading attempt to force the description of essentially different
situations into cone single scheme.

A proper measurement of the spin direction (in the quantum mechanical
sense) of the incoming atom can indeed be brought about with a Stern-
Gerlach magnet, but not by the operation described so far. A proper spin
measurement cannot be made on a single atom, rather a 1a;ge number of
equal atoms, i.e. an ensemble must be given. Then the direction of the
spin-reference axis of the Stern-Gerlach apparatus must be varied until
a position is reached in which all incoming atoms are deflected, say, up-
ward. This direction then is the spin direction of the incoming atoms.
We note that the necessary final position measurement influences the wave
function of the atom, but this influence is not longer relevant.

Also, the Stern-Gerlach apparatus can be used for what is called a
preparation. If, say, the lower of the two possible paths.is blocked
off, the apparatus prepares spin-up atoms irrespective of the spin orien-
tation of the incoming atoms {except in the degenerate case where the

incoming atoms all have spin down no atom would leave the apparatus.)
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Notice that in such a preparation the path of the atom actually is no
_longer measured by position measurements. Rather, earlier measurements
have shS;n that the apparatus works in the intended way. This preparation

is sometimes called a filterimg.m1

This is a misleading denomination
from ocur point of view since it suggests that the measuring apparatus
would do nothing more than let pass atoms having certain properties they
already had before entering the apparatus.
XII. THE EINSTEIN-PODOLSKY-ROSEN (EPR) PROBLEM

We now want to discuss the Einstein-Podolsky-Rosen (EPR) problem, or
paradox, as it is sometimes called. This will add new features to the
general conceptual framework. In their paper "Can Quantum-Mechanical

e?"loz EPR want to

Description of Physical Reality Be Considered Complet
demonstrate that the question has to be denied. Reality is defined by

the following (sufficient) criterion: "If, without in any way disturbing

a system, we can predict with certainty {(i.e., with probability equal to
unity) the value of a physical quantity, then there exists an element of
physical reality corresponding to this physical quantity". For a physical
theory to be complete it is necessary that "every element of the physical
reality must have a counterpart in the physical theory." 1In order to
prove their proposition they consider two systems, I and II (imagine two
particles), which have interacted from time t=0 to t=T, after which time
there is no longer any interaction between the two systems. .Let the
{calculable) wave function of the combined system I + II after the time

T be ?(xl,xz). x; stands for the variables used to describe the first

system and x, for the second system. However, the state in which eifher

2

of the two subsystems I or LI is left after the interactlion cannot be
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calculated. According to v. Neumann's postulate of conventional quantum
mechanics,69 that state can only be obtained with the help of a further
ﬁeasufgment in which the reduction of the wave packet must take place:
let u

1* Yo U3 ... be the eigenvalues of some physical quantity M per-

taining to system ¥ and v (x.), v (x.), 4 (x,) ... the corresponding
HI 1 l-lz 17 U3 1

orthonormal eigenfunctions. Then ?(xl,xz) can be expanded into a series

of these eigenfunctions with coefficients that are functions of X,
Y(x,x,) = T (x)u (x;) - (12.1)
172 e M 2 Wy 1

From (12.1) it follows that the system I + II is in the definite state
Y(Xl,xz) but there is no longer any independent state of system I or of
system II although the two have become correlated in a one-to-one manner,
The gituation is guite the same as that considered in the measurement
problem in Section VI. Indeed the som (12.1) is only a different nota-

tion of the sum (6.2). The coefficient functions gu'(xz) in general are
k

neither normalized nor orthogonal to each other., Suppose that the quantity
M is measured on svstem I and that the value p' is found. Tt is then
concluded that, (immediately) after the measurement, the first system 1s
left in the state with wave function uu,(xl), and from (12.1) it then
follows that the second system is left in the state with the wave function
given—apart from normalization—by cu,(xz). This is the reduction cf the
wave packet: the wave packet given by the sum (12.1) is reduced to a

single term Cu,(xz) up,(xl). The set of functions uu(xl) is determined

by the choice of the physical quantity M, If another quantity, say S,

is chosen, with eigenvalues 01, 02, 03 ... and orthonormal eigenfunctions

Vo (xl), Vg (Xl)’ Vg (xl) ... instead of (12.1) another expansion is obtained
1 2 3
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vix,,x%,) = E nok(xz)‘vck(xl) (12.2

-

where the n, (x2) are the new coefficient funections. If now the quantity

k

§ is measured on system I and the value ¢g' is found, then system I is left
in the state'vg,(xl) and system II in the state given—apart from normali-
zation—by ng,(xz).

Therefore, as a consequence of two different measurements performed
upon the first system, the second system may be left in states with two
different wave functions (of course different by more than a proportion—
ality factor). On the other hand, at the time of measurement, the two
systems no longer interact, i.e. by defiaition ne real change can take
place in the second system as a result of anything that may be done to
the first system. Thus it is possible to assign twoe different wave func-
tions to the same reality—system II after the interaction—a rather para-
doxical situation.

The paradox is sharpened in an example in which the two sets of coef-
ficient functions cpk(xz) and nck(xz) are eigenfunctions of two non-commuting
operators corresponding, say, to the physical quantities of momentum P and
position Q, respectively. 8ince in our view no sharp position does exist
this EPR example using Q {and P) is not convincing at all., We may, how-
ever, replace ¢ and P by two different spin component operators; then
the EPR conclusions remain valid. EPR then show that by measuring either
the momentum or the coordinate of the first system, ome is in a position
to predict with certainty, and without in any way disturbing the second
system, either the value of the momentum or the value of the position

of the second system. According to the above criterion of reality, both



—65-

the momentum and the position of system II are elements of physical reality.
Therefore, the values of both of them must enter into the complete descrip-
tiﬁn of‘feality. On the other hand, in conventional quantum mechanics

no wave function can centain both an eigenvalue of some operator M and

an eigenvalue of an operator N which does not commute with M. Therefore
EPR conclude, that the quantum-mechanical description of reality by the
wave function is not complete.- As EPR remark, one would not arrive at

this conclusion if ome regarded the given criterion of reality as not
sufficiently restrictive. One might insist "that two or more physical
quantities can be regarded as simultaneous elements of reality only when
they can be simultaneously measured or predicted. On this point of view,
since either one or the other, but not both simultaneously, of the guanti-
ties P and Q can be predicted, they are not simultaneously real. This
makes the reality of P and Q depend upon the process of measurement

carried ocut on the first system, which does not disturb the second system
in any way. No reasonable definition of reality could be expected to
permit this.” See our example of a sclvable and burnable sugar cube in
Section XVIII.

XTIT. BOHR'S VIEW ON THE EPR PROBLEM

1G3 77

The EPR paper was immediately answered by Behr, Schrddinger

and Fur]’:}r.lmi Schrédinger was on Einstein’s side, stressing the con-
ceptual inconsistencies of quantum mechanics, whereas Bohr and Furry
rejected the conclusion of EPR. The arguments of Bohr and those of
Furry are of quite different natures. In this section we sketch Bobr's

view, 2nd in the next section we present the arguments of Furry, which

are those of orthodox guantum mechanics.
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The essential point of Bohr's argument on the EPR paper, we think,

1g5

lies in his statement that "no sharp separation can be made between an

in&epengént behaviour of the objects and their interaction with the meas-
uring instruments which define the reference frame.” In more detail this,
we think, can be expressed in the following way. There are properties

of particles that can only be defined relative to some coordinate system,
for example position and momentum. Only such properties are considered.
The coordinate system must be the same for all particles, and it has to
be defined experimentally with the help of some rigid body. Now a
measurement on particle I implies an interaction between it and this

body, possibly mediated by some instrument, and this will influence the
body to some degree. That this influence, according to Bohr, is not
completely controllable is the decisive point. This influence will then
implicitly enter into the future measurements on particle I1. 1In fact,

it will even enter into the definition of the properties of particie II
since these properties are only defined relative to the coordinate system,
i.e. the rigid body. Hence, due to these uncontrollable modifications

of the common coordinate system there are-in the last resort— no two
particles or systems that are completely independent of each other even
if they are well separated in space. Thus, Bohr arrives at the same
conclusion as Furry and the other proponents of orthodox guantum mechanics
as will be seen in the next section. However, the nonseparability of
Bohr is not due to the superposition nature or coherence of the state

of the two particles after the interaction, but is, in a way, more
fundamental. In fact, Bohr's argument, when driven to its extreme, would

mean, for example, that the very concept of a spatial coordinate,
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ascribed to any particular system, must be abandoned. However, even if
there is a fundamental uncertainty on the observational level this does

-

not necessarily imply an uncertainty on the level of the theoretical
deseription. Alchough our wave packets and their Compton wavelengths
set an upper limit on the accuracy of any physically possible localization,
the wave packets themselves nevertheless are conceived to be given as a
function of the space coordinates. In this way an accuracy is introduced
that goes beyond the possibilities of direct experimental verification.
This is done in order to be able to define and control the uncertainties
on the observational level. It is analogous to the procedure in quantum
mechanics where w(g) is used, and to relativistic quantum field theory
when the field operators are written as functions of the space coordi-
nates and yvet do net allow an exact localization of the field quanta.
Another point which we regard of fundamental importance is this:
Bohr's consideration, in principle, applies to micro- as well as to
macro-objects. The difference is that in the case of macro-objects the
disturbances due t¢ a measurement cause only a relatively small change
in the considered properties, and one is contented with the obtainable
aceuracy. The relatively small change in turn is due to the fact that
for measuring the properties of macro-objects, for example their coordi-
nates, one mostly uses micro-chbjects, namely photons, when one locks at
the objects. When measuring micro-objects one can ouly use micro-objects
again, and the disturbances will be relatively large though absolutely
they are of the same order as for the macro-objects. Imagine a world
whose basic constituents are billiard balls. One wants to measure the

path of a specific billiard ball. For this purpose one can only let the
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ball collide with other balls and observe the paths of these other balls.
However, one cannot measure their paths, say, by taking a film of the whole
proéess ;;d then measuring the tracks on the film. The film itself has to
consist of billiard balls as well as the film camera, one’s eves etc. This
drastic example shows that certain difficulties in measuring micro-objects
arise already from the fact that all measuring apparatuges and the investi-
- gators themselves are composed of micro-objects. This, we think, may
form the rcot for Bohr's assumption that the influence of a micro-object
on the measuring instrument is not completely centrollable. Is is good,
however, to conceptually separate this kind of difficulty from those that
arise from the specific nature of the micro-objects themselves.
XIv. REPLY OF QUANTUM MECHANICS TO EPR

The adherents of orthodox quantum mechanics point out that the
considerations of EPR only demonstrate that two systems cannot be con-
sidered to be independent even when there are no longer any dynawmical
interactions between them. We have here a new kind of correlation be-
tween systems that have formerly interacted. Before the appearance of
the EPR paper this correlation had not fully been noticed. Nowadays it
is also called non-locality, quantum interconnectedne58106 or quantum
nonseparability.m7 Since EPR do assume that the systems are completely
independent of one another they are, on this peint, not in accordance
with the rules of quantum mechanics. Hence they cannot maintain that
guantum mechanics gives only an incomplete description of reality.

The orthodox conception is that the two systems are not completely
separated until a measurement has been performed. Here again the ghost
of v. Neumann's postulate lurks. Since the time of this subsegquent

measurement is at the observer's disposal he or she may perform it an

arbitrarily long time after the interaction, so that the wave functions
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of the two systems can be taken to be well geparated from one another.
This non-separability would then seem to be a rather peculiar feature
of comventional guantum mechanics.

Therefore, now another question replaces the original one: is
quantum non-separability a feature of reality? Tﬁis question can, in
principle, be answered by experiment. The experimental tests are mostly
based on physical situations such as those proposed by Bohm and Aharonov.m9
Imagine, for iastance, the scattering of two protoms through an inter-
mediate state of zero angular momentum. When the protons are far apart
from each other we may force, by devices acting like Stern-Gerlach magnets,
the spin component of proton 1 into a given direction A ("measurement of
spin component® as it is often wrongly called). The result can only be
either + /2 or -K/2. Let the result be + Kf2. Then, according to quan—
tum mechanics, a Stern-Gerlach type apparatus with spin-reference axis
3 operating on proton Il must give the result ~h/2. Thus we can know
with certainty the spin component of proton IT by previously, and at a
very distant place, knowing the same spin component of proton I.

In order to contrast the separability hypothesis (ascribed to EPR),
fo quantum mechanics, a definite mathematical formulation must be given
to this hypothesis, This can be donme in several ways. We here discuss

104 that either of

a representative formulation in which it is assumed
the two systems in the interaction made a transition to a dgfinite state
in which it then is. In the proton-proton S-scattering .case this then
means that in any individual case the spin of each proton is definite
in some direction while that of the other proton is opposite. In order

to retain spherical symmetry in the statistical semse it is further

suppesed that in a large sample of similar cases there is the same
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probability for any dirvection of the spin axis. Bohm and Aharonovlo4
write: "It is true that in any single case, the tcotal angular momentum
Qill Q:t be conserved... . However, thus far, there has not been given
an experimental demonstratiocn of the detailed conservation of every
component of the angular momentum, for particles that are far apart and
not interacting. On the other hand, ... the uniform probability of all
directions will lead to the experimentally observed fact of conservation
on the average." It is clear that the separability hypothesis will give
predictions different from these of guantum mechanics when correlations
between the spin components of the two protons from the same scattering
interaction are considered,

In fact, such experimenis have been performed, as well as analegous
experiments with photons. Though some discrepancies appear to remain in
the experimental results, on the whole, and especially so- in recent

times, they confirm quantum non-separability.94’110_112

S0, we shall
base cur argumentation on the assumption that in the experimentally ex-
amined situations quantum non-~separability is a fact, although we shall
organize the facts using different concepts.
XV. NON-SEPARABILITY AND RELATIVISTIC CAUSALITY

Before we go on to explain our view on the observed quantum non-—
separability let us analyse more closely one specific aspect of the
situation. Let us again consider proton—-proton scattering through a J=0
intermediate state. In some distance from the place 0 of the interactiom
there is an observer A, and in the opposite direction from § there is an

observer B. Both the distance OA and OB are as large as one wishes but

the distance 0A is somewhat shorter than OB. The whole situation is



-71-

regarded in the center-of-momentum system. After the interaction, both
A and B operate with their respective Stern-Gerlach-type apparatus on
ﬁheir‘}espective proton, thereby pushing it either into the upper or into
the lower path, i.e. effecting it to become either a +A/2 or a “4&/2
proton with respect to the spin-reference axis of the apparatus. Let

A have the reference axis of his apparatus in the direction a. When

his operation is completed let B operate on the spin component of his
proton with respect to the same direction 4. If A has effected spin up
then B will effect spin down, because the intermediate state had zero
angular momentum, and angular momentum is conserved. One can always, in
principle, arrange the time and place of the operation of the two inde-
pendent spin apparatuses so that they are space-like to one another.

That would mean that the first operation could influence the result of
the second operation which takes place so early after the first one that
no light signal could have connected the two, and that there is some kind
of action-at-distance.

Does that mean that relativistic causality is violated, i.e. that
signals can be transmitted with overlight velocity? We want to demon-—
strate that this is not so: one has to take the random nature of the
quantum effects into account. The point is that B cannot be sure that
his result is caused by A's result; it might as well be a random result.
Conversely, A cannot cause with certainty that B effects spin down since
A cannot cause with certainty a spin-up effect. The spin—up and spin-
down results of A occur randomly, the respective probabilities being

1/2.
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One may try to compensate for the steochastic character of the single
event by using a large number of the described scattering arrangements
simultaneously. B may measure a large number of spin-up to spin-down
ratios, and so with respect to every direction. Nevertheless, the sta-
tistics of B will always be the same no matter what A does with his
proton. With any direction 2 of A's apparatus A produces an unpolarized
ensemble ("beam'') of protons, and an ensemble of protons consisting of
an equal number of spin-up and spin-down protons with respect to 3 is
equivalent, with regard to polarization (not with regard to any conceivable
measurement) to an ensemble of unpolarized protons made up in any other

way. 113

So, this method is aliso ineffective at transmitting any message
with over-light velocity. What can be established are certain correla-
tions between space-like events: A and B may register their respective
up/down results along with the time of their occurance, and A and B may
afterwards come together, compare their records and detect correlations.
For example, in the case when A and B both had chosen the same spin-
reference direction 2 they will notice that whenever A had obtained a
spin-up proton B had cobtained a correponding spin~down proton. But
eveidently these correlations are not sufficient to achieve signal trans-
mission with over-light velocity.

One might wonder whether there should not exist any possibility for
B to distinguish the case where A has done nothing, from the cage where
A has done a spin operation. In the first case B receives coherent
superpositions of spin-up and spin-down states and these superpositions
are equivalent to protons with spin axes oriented in all directions. In

the second case B receives protons with spin axes oriented randomly
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either up or down with respect to only one specific direction. However,
here again the above-mentioned fact applies that all ways of constructing
én ungglarized ensemble are equivalent.

Other devices might be invented with the aim of showing a possible
violation of relativistic causality by means of the correlations between
space-like events. We expect that, as in the case of the above protons,
all these attempts will finally fajil in that when one goes to work them
out in detail some features will always turn up which prevent one from
completing the demonstration.106 If this is true, then there is no
problem with the f[act that two space-like events may be seen in reversed
order of time by a moving observer, (Ref. 108, p. 86-91) since this does
not mean a reversed order of causally connected predictable effects.

The above considerations may also have some bearing on the postulate
of locality in relativistie quantum field theoryll4 which essentially
means that two fields must commute at space-like separations. The moti-
vation for this axiom is to guarantee that relativistic causality is pre-
served, OQur considerations suggest that relativistic causality may well
be preserved without that axiom so it probably is unduly restrictive.

XVI, PROPOSED INTERPRETATION OF THE EPR PROBLEM

Our proposed interpretation of the experimentally observed quantum
non-separability is this: first, it has nothing to do with the expansions
(12.1) or {(12.2) considered in the original discussions of the EPR problem
or the quantum non-separability problem. After an interaction the two

incoming wave packets are again completely separated from each other,

as has been discussed in the Sections IX — XI on the measurement problem
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and is accounted for by our basic interactions. How then, can gquantum
non—-separability come about? Well, realize that all existing experi-
mental confirmations of quantum non-separability are only concerned with
the special case of identical particles, namely with photons and with
protons, respectively. This gives the explanmation: quantum non-separa-
bility is the effect of coalescence of identical wave packets. In the
considered interaction the two packets coalesce into one siagle packet.
After the interaction there is only this coalesced packet which is a
function of really only omne set of variables pertaining to one single
system. It is only through a subsequent interaction with another wave
packet that the coalesced packet splits into several others. This
splitting interaction cannot be described by a Schrodinger-type equation,
but again belongs to the category of the basic interactions. It need
not be the very first interaction of the coalesced packet after its
creation. The coalesced packet may undergo several interactiocns before
it undergeces cne that induces splitting. In order to be inr accord with
the experimental findings, the coalesced packet must be supposed to be
split by a basic interaction that does not occur before the first Stern-
Gerlach-type apparatus has attained the "reduction'", i.e. the spin orien-

H

its"

tation of proton. Actually, since we regard the two protons as

really forming only cne single wave packet it is this coalesced packet
that is forced intc some stationary state. Though the coalesced packet
is in some definite state one cannot say this of each of the two proton
packets separately since two separate protons do not even exist at this

moment. This state then is such that when it is split by another inter-

action, perhaps during the necessary position {path) measurement, both
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emerging preton wave packets have their respective spin components
correlated in a definite way. This may not be the only way for the
"coalégced packet to become split. Ir fact, care must be taken in order
to avold unwanted splitting interactions, e.g. the apparatus must be
evacuated.

The coalesced state is a coherent wave packet. It is not always
necessary to imagine the packet as spatially connected. If there are
spatially disconnected parts we would count them as one wave packet if
they are coherent, i.e. if they can be brought to interferemce. This is
in line with the view that a wave packet can only interfere with itself
{Section IV). When the coalesced packet has split, the resulting wave
packets are separated in every respect and coherence between them is
lost. The idea of invoking coherence for the account of quantum non-—
separability has already been mentioned by Born (Ref. 11, letter no. 89);
see also Schrﬁdinger.llS The splitting of wave packets is a necessary
supplement to coalescence, because otherwise all identical wave packets
could coalesce into one single wave packet in the course of the evolu-
tion of the universe.

In ocur conception qﬁantum non—-separability can only occur between
formerly identical packets because only identical packets can coalesce.
Hence, if the proteon-proton scattering experimentgé were to be repeated
with the incoming proton replaced by an antiproton there should be no
effect of any quantum non-separability. Here we have another prediction

deviatiang from traditional quantum mechanics.
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The fact of quantum non-separability can then be expressed as a
general property of any wave packet, coalesced or not, namely that when
-it u;éergoes an interaction it is modified as a whole. It is not neces-—
sary that the modification be abrupt, i.e. take place within an infini-
tesimally small time interval; it is only necessary that any modification
extends simultaneously over the whole wave packet. Thus, in this respect.
the wave packet behaves like the rigid bedy of classical {not relativistic)
mechanics. The correlation over space-like distances is then expressed
as the possibility of a wave packet to induce events at space-like separa-
tions. We note that the contrasting hypothesis, namely that a wave
packet never induces events at space-like but only at time-ilike separa-
tions, means assuming that there is some causal propagation of signals
within a wave packet. This would not fit with our idea that wave packets
form the fundamental constituents, and that the extension of a wave
packet represents some kind of fundamental length, thus making any locali-
zation impossible that is more accurate than its extemnsion. Notice that
any possible localization of the space-like or time-like interaction
events of this wave packet is only given by the smaller extension of
the other wave packets with which it interacts.

XVII. THE OLD OBJECTIONS AGAINST WAVE PACKETS

We now have available the prerequisites to deal with the old objec~
tions that have been raised against the identification of the micro-
objects ("particles") with wave packets. These objections are often
formulated rather sloppily, and most of them refer to a very naive wave-
packet picture. One sometimes gets the impressien that they merely

represent rationalizations of a strong prejudice. Accordingly, they do
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not form a heavy obstacle for a determined attack. As we mentioned in
the introduction, Schrodinger has always stuck to the wave-packet idea,
and offr explanations might be regarded just as elaborations along the
lines proposed by him. 1167118

(i) The most popular ocbjection is that wave packets spread out
rapidiy.— A corresponding difficulty already exists in ordinary quantum
mechanics where the wave packet is to govern the behavior of a particie.
Even here the spreading of the wave packet must be slow otherwise there
would be no clear track but rather blobs or grains that are distributed
erratically over larger and larger regions of space. 9One treats this
difficulty in quantum mechanics by saying that the wave packet need not
have a smaller extension than the observed width of the track. This is
at least the dimension of a bubble (10_2 cm) or a grain (5 10"4 cm),
and a wave packet with a minimum extension that is that large does not
spread appreciably in normal experimental situations. Nothing prevents
us from carrying over this argument when we consider the wave packet
itself as the physical object. Difficulties would only arise if we identi-
fied an electron, say, with a wave packet of fixed size, and if this

packet had the dimension of the "electron radius" ezlmec2 = 2.8 x 10h13 cm

or the Compton wavelength of the electron XC =f{/mec2 = 7.7 % 10_1l cHm.
However, the Compton length is only the minimum extension; in principle,
a wave packel can have any size, and there is no compelling reasom to

give our wave packets a coastant size and to give them smaller dimensions

than the wave packets of ordinary quantum mechanics,
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As to high-energy particles, formulae (2.11) and (2.12) or (2.15)
and (2.16) show that the spreading ceases when the velocity of the packet
approaghes the velocity of light, viz. when the center energy 6bo becomes
large compared to me?.

Furthermore, wave packets that incessantly undergo interactions with
one another and form stationary aggregates do not spread out. Consider
for example the hydrogen atom. The stationary electron wave packet in
ocur conception is given by an eigenfunction of the Hamilton operator
under the usual conditions. It is net given by a still narrower packet
orbiting around the nueleus, 8Such a packet, at least for high gquantum
numbers, can be constructed by a superposition of the above atomic eigen-—

119

functions, as has been shown by Schrédinger. However, as Heisenberg

peinted out,lzo

this packet would inevitably spread out all arocund the
nucleus though the higher the quantum numbers of the contributing states,
the slower the spreading.

(i1) ¥ can tske on complex values.- This objection dissolves as socon
as one realizes that a complex function is nothing but a couple of real
functions united in a convenlent way, and as soon as one remembers other
situations in physics where complex quantities are used; e.,g. the imped-
ance of electric circuits Z=R + iX; see Bunge.121

(iii) ¢ undergoes a discontinuous change during a process of measure-
ment.~ This is v. Neumann's axiom and we have dispensed with it in
SectionXi. Nevertheless, we do have a physical reduction process, as
discussed for the Stern-~Gerlach apparatus. In this process, however, the

change of the incoming wave packet is considered to be the result of many

interactions with the wave packets of the magnetic fieid and hence is also
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not brought about instantaneocusly. We have not yet met with a compelling
reason for assuming that the basic interactions would have to occur
agrupti;. Actually, we cannot regard this objection as a seriocus one.
While it might constitute an argument against a naive wave packet model,
our model is certainly not naive; among other things, the wave packet is
changed simultaneously over its whele extension in an interaction, and

it can induce events at space-like separations.

There might be another difficulty. If the transition of the wave
packet from a discrete state to another discrete state takes some time,
one might question whether the idea of transitions between quasi-stationary
discrete states can be retained at all. On the other hand, Einstein's
semi—classical derivation of Planck's radiation law122 is based on that
idea. Setting aside the obvious possibility that the time for a transi-
tion may be very short compared with the time the packet spends in a
quasi-stationary discrete state, there still is cur idea that each wave
packet represents (action)3; that action is conserved and that it can
only be exchanged in units of h. This fact suffices to derive Planck’s
law, as shown in Section V. Planck’s law is essentially an effect of
quantization of action, not of the existence of stationary states, and
quantization of action is regarded as meaning field qguantization, i.e.
second, not first, quantization. Schrddinger explicitly stresses the

116 The

patamount importance of field quantization in this connection.
idea that quantization of action and not the existence of stationary
states is the basis of Planck's law fits with cur idea that (most)

operators with a discrete spectrum force the wave packet intc one of

their eigenstates by means of physical interactions with the corresponding
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apparatuses. There is no such apparatus in the case of blackbody radia-
tion. Shape and material of the box do not influence the Planck distri-
butiom, and the volume can,at most, determine the value of the tempera-
ture.

(iv) A wave function in a space of many dimensions makes a simple
interpretation impossible.— This objection can easily be encountered by
noticing that the coalesced state resulting from an interaction of twe
incoming wave packets is considered to describe a gingle system, and that
a many-particle system is considered to be an aggregate, not a pure
state of many variables. Again, we cannot regard this objection as a
serious one, In fact, the interpretation of our wave packet is not alto-
gether simple; for example, correlated ranges in coordinate and momentum
space atre ascribed to it (Section XVIII below).

There is another related difficulty. Consider a mapy—electron alkali
atom. This atom is an aggregate in our conception. When calculating
the state of the outer electron the charge of the nucleus can be fegarded
as shielded eor screened by the charge of the inner electrons. To regard
the whole system of electrons as one wave packet would mean that some parts
of the wave packet are screening or shielding other parts of the same
packet from the aucleus. This screening should then also apply when the
state of the hydrogen atom, with only one electron, is calculated. For
hydrogen, however, no such shielding must be applied if one wants to get
the correct state functions. Why shieiding must not be applied in the
case of the hydrogen atom is a different question. It arises, as we
think, from interpreting the Schrédinger equation as describing poiat
particles in a Coulomb field. In our view, the Coulomb law itself is

the collective result of many basic interactions,
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(v) Always "a whole particle" is observed, and never parts of it.
Schrﬁdingerll6 writes: "But I do not think they [ﬁhe argumenté] are Eon—
tlusiﬁé], provided only that one holds on to the wave aspect throughout
the whole process... . One must regard the "observation of an electron"
as an event that occurs within a train of de Broglie waves when a con-
traption is interposed in it which by its very nature cannot but answer
by discrete response: a photographic emulsion, a luminescent screen, a
Geiger counter." The fact that all interactions of some wave packet
carry the same features, the existence of stationary states and the
quantization of action we think is enough teo substantiate Schrddinger's
suggestion in any particular situation.

XVITI. REALISM AND HEISENBERG RELATION
In this section ye want to give an objective interpretation of the

Heisenberg relation

bp x bx > 412 . (18.1)

We presuppose that there is one reality, the same for all, existing in—
dependently of an observer, and that every real object has real proper—
ties. That means we express things in the language of philosophical
realism, i.e. in normal laanguage.

When a wave packet has passed a Stern-Gerlach-type apparatus we say
it has a definite spin component. It cannot, however, be said that the
wave packet has a definite position and momentum. To ask for any
definite value of position or momentum of a micro-cbject is to ask the
wrong question; it is as if a child asked whether "the Spain" is in Madrid
or in Barcelona. It is in order to make theée questions appear absurd

‘that we call the micro-object a wave packet., We think the basic reason
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for abandoning realism has been the difficulties encountered when trying
to attribute exact position and exact momentum to micro-objects. The
abandonment of realism was really unjustified. The difficulties with
position and momentum arise only from a misconception of the nature of
the microscopic objects.

We have already said that oanly ranges of momentum and position can
be ascribed to the micro-objects. With regard to micro-objects viz.
wave packets to which spin and angular momentum (and magnetic moment)
must also be ascribed, our view is that such a packet can be forced by
suitable experimental devices to become a stationary state described by
an eigenfunction of the operator of an angular momentum (spin) component
with respect to one particular space direction. Only ranges of angular
momentum components in the other directions can then be ascribed to this
wave packet, This is regarded as a quite general feature, not restricted
to angular momentum. Tt also applies to e.g., the discrete eigenvalues
of the energy operator (bound state Hamiltonian). Excepted are those
discrete values {(quantum numbers) which distinguish between different
super—selection subspaces.

What, then, is the meaning of the non-commutativity of two operators,
as of momentum and position operators, for example? In commenting on
the Einstein-Podolsky-Rosen paper, Bohr describes physical situations
where the experimental arrangement suited for measuring the exact
positions excludes the experimental arrangement suited for measuring the
exact momenta of some particles, and he writes (Ref. 105, p. 233): "As
repeatedly stressed, the principal point is here that such measurements

demand mutually exclusive experimental arrangements.” We do not think that
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this is a principal peint, characteristic of situvations in quantum
mechanics. Consider a sugar cube and the two properties of being soluble
and 6F being burnable. Evidently, measurements of these properties
demand mutually exclusive experimental arrangements. Yet nobody would
find anything unusual in this situation, and everybody would say that
the sugar cube is both burnable and scluble. The justification for
calling the individual cube both burnable and soluble rests on the fact
that one has at one's disposal many cubes which are presupposed to be
identical with respect to the considered properties. The language of
quantum mechanics would express this fact by saying that an ensemble of
sugar cubes must be given. It is easy to imagine cubes made up of a
mixture of geveral substances such that the cubes are easier to burn up
but more difficult to dissolve. Meoreover, it is easy to conceive of
substances that can be mixed in different proportions so that the degrees
of solubility and combustibility are in a certain complementary relation
to each other.

According to the general relation123

AA % AB 3_-%|<[A,B]>| . (18.2)

the non—commutativity of two operators then means that to the micro-

object only a range of {discrete or continuous) eigenvalues of each of
the respective operators can be attributed, and that these two ranges
are interrelated in a definite way, given by the commutation relation
between the eperators. In the case of operators with discrete eigen-
value spectrum this is to be understood to mean that the micro-object

cannot, in the given situation, be forced to become one definite state
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out of the considered spectrum of stationary states. All these state-
ments are about how Nature acts and not about how we mutually disturb
-ourséives in our respective measurements.

The interrelation of the ranges of two quantities may be called
complementarity. This could give Bohr's principle of complementarity a
sharp formulation. Such a complementarity is mot, however, a character-
istic feature of the micro-cbjects, as the sugar-cube example shows,
Those properties that are complementary in macro-physics are different
from those properties that are complementary im quantum physics. 1In
macroscopic theories there is no complementarity in the above sense
between position and momentum, or between two components of angular
momenttum. The complementarity between these particular quantites is the
characteristic and unexpected feature of the micro-objects considered in
quantum mechanics. Again, it is a matter of experimental verificatiom
as to which properties (Mflavors') can be attributed to the micro-cbjects
and which of them are complementary to which.

Accordingly, Heisenberg's relation (18.1) expresses neither more nor
less than a property of wave packets. It has nothing whatever to do with
any measurement. It obtains its central importance from the central
importance of the wave packets. Though one cannot ascribe the wave packet
a definite value of position and of momentum ome can ascribe to it a
definite ranpe of positions Ax and a definite range of momenta Ap,
and one can ascribe to it these two ranges simultaneously.lz4 Thus, with
regard to the EPR problem one can say that the description of micro-
objects by means of wave packets is as complete as it can physically be.

Heisenberg’s "uncertainty' relation actually does not refer to any
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uncertainty, It would be more appropriate to call it a complementarity
relation, namely a special case of the general complementarity relation

. -

(18.2}).

The concept of wave packets as real physical objects with correlated
ranges in coordinate and momentum space might sugpest an explanation of
some effects observed with lLaser beams, namely that a focused beam seems
to have a broader spread in the absolute value of wmomentum than the un-

focused beam.125

This would be a third experimental test ¢f our ideas,
besides the tests mentioned in Sections XTI and XVE.
XIX. DETERMINISM

Einstein's principal objections against quantum mechanics were of
twofqld nature. First, he held up the belief that real progress would
only be possible when quantum mechanics is re~formulated in the language
of realism.8’10’12’13

Second, FEinstein refused to accept that the statistical description
of physical processes is really fundamental and would nevetr be super-

126 In fact, to regard the world not as

seded by a causal description.
a three—-dimensional spatial structure that develops in the course of time
but rather "sub specie aeternitatis", as a four—-dimensional space-time
structure, means to regard it as existing in the time directions of both
past and future, just as it exists in the six space directions. Efforts
made towards developing a causal theory include the theories of hidden
variables, which conceive the stochastic appearance of quantum phenomena
to be really determined in a causal way by the values of some extra

variables, either carried by the measured object itself or by the meas-

uring device. These variables are called hidden because so far they
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have escaped detection. Einstein, was not, however, satisfied with the
proposed theories. We do not give here a proper account of the hidden-
variables theories.IZT Rather we want to mention some other viewpoints
that, to our knowledge, are not taken into account in the existing
theories. f

Cf course there is no indeterminism in the sense that momentum or
position are undetermined within some ranges. The indeterminism con-
cerns the behavior of the wave packets as such, their interactions, their
transmutations. Imagine that the hidden variables are to be found in the
surroundings of the considered wave packet. Consider an individual
electron wave packet entering a Stern-Gerlach-type apparatus. It is
then forced into one of two possible stationary states. Which of the
two states is chosen is thought to be pre—-determined by some very mild
interactions the wave packet has undergeone on its way te the magnetic
field or upon just entering it. We may say that the electron packet
becomes unstable when placed in that apparatus. Actually, the problem
concerns a wide range of phenomena including "spontanecus' symmetry
breaking in various gauge field theories, "spontaneous’ emission of
radiation from atoms, as well as decay of nuclei and all the unstable
particles. 1t is impossible to keep away all outside influences; it is
hardly possible to keep away neutrines and photons, and it is absolutely
impossible to keep away the gravitational field.

Congsider the unstable state of a pencil standing on its point. In
classical mechanics it is assumed that the unstable state will decay
sooner or later due to tiny disturbances: air movements, vibrations of

the support etc. Or consider the disturbances that cause what is called
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the statistical error in classical {(non quantum) measurements. Often
the measurement can be improved, with the result of smaller error bars.
An essential part of this improvement consists in getting control over
more and more disturbing effects sc¢ that what formerly had te be counted
among the causes for the statistical errors now can be treated system-
atically, or caan be kept away. Correspondingly, one may conceive the
idea that one can get the outside disturbances that determine the be-
havier of an individual wave packet under contrel, and that this contrel
in principle can be made complete. That this is not the case, not even
in principle, has been pointed out by JaneS.lzg Consider the space-time
diagram of Fig. 1. An observer at 0 can at most have a knowledge of the
events within his past light cone. He can predict anything occurring
in his future light cone only on the basis of what he knows. However,
the event at A obviously can be influenced by events lying outside his
past cone, fer instance at B. Hence, as a matter of principle, the
future may be completely determined but still it is not completely pre-
dictable.

One might try to regain predictability be extending the past light
cone far backward in time. If one assumes an appropriate cosmological
model of the world the space~time diagram will be deformed as a result
of non-zero space-time curvature and the past light cone will eventually
include all of the world, and no events such as even B in Fig. 1 will be

left cutside it.130

But even so one cannot obtain complete predictability
for one has to observe that all things consist of wave packets. If one

wants to fully describe one specific wave packet at one particular time

{or time interval)} one can do this only with the help of macyoscopic
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stable aggregates such as books, microfilms, magnetiec tapes, etc. All
of these aggregates consist of a large number of wave packets. 8o, for
noticing and registering one wave packet many other wave packets are
needed. Only a part of the world can thus be "known", the other part
is used in representing the "knowledge". On the other hand, some wave
packet from tﬁe registering aggregate may well influence the registered
wave packet at some. later time.
XX. CONVARTANT FORMULATION

Wigner writes:52 "The greatest conceptual difficulty in the recon-
ciliation of the quantum mechanics with the general theory of relativity
is the basic difference in the observables they consider. This is the
coincidence of two particles in géneral relativity, that is an event,
whereas the quantum mechanical scattering and reacticn theories do not
attribute a space-time point to such an event.' Wigner alsc points out
that there are two types of position operators which have been discussed.
The one type refers to the position of a particle at a definite time.
These are the conventional position operators, determined by Newton,
Wigner, Wightman and Fleming. Wigner expresses reservations concerning
the basic nature of these. The other type of position operaters refers
to a position in space-time, This localization refers not to a particle
but to an event. The search for the corresponding operators coastitutes
a departure from the now accepted concepts of quantum mechanics. The
physical meaning of these operators, according to Wigner, was most clearly

explained by A. Broyles.131

Nevertheless, Wigner concludes "A conceptual
problem remains to be solved here—apparently, the mathematical problem

is easier in this case than the interpretation of the formulae obtained."
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We think that our events can be identified with the events dealt
with in the formalism of Broyles. Therefore, we shall report here on
Some ogithe basic features of this work, using as far as possible the
author’s own words. Broyles only considers the case of zero spin. We
think that the essential features are already revealed in this case.

A prcbability amplitude P(x} for observing an event at a space-time
point x = (xg, xl, xz, x3) is considered. (In this section, X means a
four vector, pot the x-component of a three-vector). This is already an
essential point. Tor the process of conventional quantum theory of looking
at space at each instant of time and watching the development of systems
with time puts time on a different basis than space. This lies already
in the very kind of the questions that are asked and is further expressed
by treating time as a parameter whereas for space-coordinates operators
are required. Although relativistic gquantum mechanics today is covariant,
this distinection between time and space coordinates is contrary te the
spirit of Einstein's theory of relativity.132

For this reason, an operator corresponding to the time coordinate is
added to those for the space coordinates. A Hilbert space is defined in
which the wave function P{x) is the result of a scalar product
Pix) = <?|§>, with Iﬁ> = general state vector and Ix>>= simul taneous
eigenvector of the four space-time position operators XO, Xl, Xz, X3,
[Xu, Xv} = 0 is required, where u,v = 0, 1, 2, 3. These operators can
be related to the displacement generators (18.2) below so that they
transform like the components of a four vector. The space-time position

vectors |%> are taken to be orthogonal and normalized so that

<§[xt>= §(x-x'). This orthonormality of the eigenfunctions of the
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quartet of position operators already means that the position in question
is not the position of a particle. If it were, and if one had observed
the pazpicle at pesition t, x, ¥, 2, the probability of observing it at
any point t', x', y', z' different from t, x, vy, z would be zero. This
is surely not the case: if one finds the particle somewhere at time &,
it will be somewhere also at time t'#t.>%

In the conventional particle picture it is meaningful to ask about
the probability that a particie is found within d3x at the time t. 1In
the event picture the probability for am event to occur within 43x at
the time t is zero. Therefore one can only ask about the probability
that an event occurs within d3x and within the time imterval dt.

One may define a quantity ps(x) that is formally equivalent to the

conventional particle probability by

ps(x) = 1lim (p*(x)i;;(x)dxo/f q;*w d3x' dx0 , {(20.1)
dx9-0 e -

that is, by first counting the number of events eccurring in a very small
volume of size d3x around the point % in the time interval of length

dx? around xG, then dividing this number by the total number of events
occurring throughout the whole space in this time interval, and then
letting dx? > 0. The quantity p{x) ¥ ¢*(x) ¥{(x) transforms as a Lorentz-
scalar since the number of events in space~time volume d*x is propor-—
tional to D(x)dqx. This number will not change when viewed from a
different inertial frame, and the volume size d%x also is an.invariant.
The space probability distribution Ds(x) can be shown to transform like
the zeroth component of a four-vector, provided the space integral
jb(x)d?x ﬂjﬂ¢*¢ d3% is constant in time.133 This condition ceorresponds

to setting the normalization integral (4.1) independent of time and equal
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to one., This is self-evident in the conventional interpretation. Broyles
considers the states in his extended Hilbert space as referring to one
avent, This would mean putting_[ﬁ*w d%x = 1, and this implies
‘f@*¢ d% = 0. At this peint we deviate from the interpretation of Broyles.
In our conception, the vectors are for an indefinite number of events.

Even if the vector is modified te¢ some extent by inducing an event, we
want to regard it as the same vector before and after that event, at
least for mild events. We have instead motivated the time independence
of the space integral {(not the value l) by conservation of action, see
Section IV on normalization. In any case we have to put up with the
inconvenience that the integral over space and time-fp(x) dx diverges
as long as ¥(x) extends throughout all time, as is the case for any con-
served quantity.

In the extended Hilbert space of Broyles, displacement generators

can then be defined by
. . -1 .
Pl =i }112 g (|x + lug>-|x>) (20.2)

where :'Lu is the unit vector in the yth direction of space-time. One has
then

<x|Pu|w> = -i3/ax*y(x) (20.3)

and the Pu are generators of the inhomogenous Lorentz or Poincaré group.
The space components Pj {j=1,2,3) can be shown to be the familiar three—
vector momentum operators and P the energy operator {(# Hamiltonian,
however}. PuPu is interpreted as the rest-mass operator in Broyles'
Hilbert space. It is an invariant operator of the Poincaré group. State

vectors in Broyles' Hilbert space that are eigenvectors of the mass
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operator produce position amplitudes satisfying the Klein-Gordoa equation:
let |wﬁ> be defined as an eigenvector of ?U?u so that PuPu]¢K> = —k? |¢§>.

.Projecting this equation on to <?‘ and using (20.3) gives

I - 12
2,8 Gl = kK& k> . (20.4)
This is the Kiein-Gordon equation if one makes the identification

k=mc /4 = IIAC, A

c = Compton length.

The state vector lﬁ) is specified when all of its projections
<§[Q> on the |%> vectors are given. Thus a knowledge of \Q) is equivalent
to the knowledge of the wave function y(x) at all points of space-time.
However, the knowledge of the values {x|y) and its time derivative at
one time is equivalent to the knowledge of <%|$> at all space-time points,
provided |¢> is known to be am eigenvector of the mass operator, i.e., to
lie on a mass Shell.l34

it can, however, be shown that the mass operator does not commute
with any of the space-time position operators. That is, the space—time
position eigenvectors |g> do not belong to a definite rest mass and hence
cannot be contained in a Hilbert space confined to sclutions of a
Schrédinger type equation with a given rest-mass parameter. Such a
Hilbert space is, however, always considered in conventional quantum
mechanics, since quantum mechanics was conceived to describe particles
and particles are conceived to have a mass. Thus, in order to put
Broyles' formalism in contact with the more standard treatment, pro-
jection operators into a subspace belenging to a given non—negative real
mass, i.e. into the familiar Dirac Hilbert space, are introduced. With

the aid of the projector

_ 1 -1 ,3 -4
Uy = 7 [ odie ey @ 2m) (20.5)
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1

where Prr = P7o By T TEL, B (pjp k4Y*4, v 1, 3=1, 2, 3, k=mc/fh,

the position vectors

ri|x>» (20.6)

can be defined, being simulitaneocus eigenvectors of mass and position
operators. These vectors transform properly under Lorentz transferma-

tions; they are, however, not orthogonal. Instead they give
1 . -1 3 -4
<#'|Qk'r'ri|£> - E:[exP[}pkr(x'“xﬂ & 4P (4m)

12_1,.2
X6 (k' 2-kD) s, (20.7)

2

= iren V2 xtex) 8k 2k 8,
r,r

where AT=p* are singular functions well known in relativistic quantum
field theory.137 These functions contain a S-functiom singularitylon
the light cone and decrease exponentially outside of it for spacelike
separations x'-x. TFor example, for t=0 they behave as

+ - im - >
AT(O,RTR) = - — g (X=X (20.8)
gm | -F| 1 c

138

where K; = modified Bessel function of order 1. For large |§'~§|/lc

this can be approximated by

. ﬁkc
ﬂ+ - _ im

Sy > >y >
Wlx'—x| 2|%"- |

exp(—I;’—glka) {(20.9)

>, >

At IX'—xlfkc > 2 the error Qf formula (20.9) is already smaller than
+ .

15%. Hence, # 1is differeat from zero practically only in a region

S

|x'—x| of the order of a Compton length AC. The vectors ri|ﬁ> may

be called "almost orthogonal' for space points at a distance greater

than AC' In view of our considerations of the spreading of wave packets
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in Section II this would seem an acceptable property of position eigen-
vectors. In the non-relativistic limit ¢ - « one has AC =.#ffme + 0, and
the position vectors become strictly orthogonal. In fact, the whole
formalism of Broyles reduces to the usual non-relativistic quantum theory,
since the Klein-Gordon equation reduces to the Schrodinger equation in
the iimit as ¢ + .

When we confine ourselves to a consideration of the mass-shell
eigenvectors, i.e. the particle states considered in standard quantum
mechanics, we would take the operators rixj as the most reasonable
position operators for these states. They reduce to the position opera-
tors in non-relativistic guantum mechanics as ¢ =+ «, Their eigenvectors
are almost orthogonal and transform properly under Lorentz transforma-—
tions. On the other hand, the Newton-Wigner position operators do have
exactly orthogonal eigenvectors, but these do not transform properly
under Lorentz transformations. Also, the Newton-Wigner oferators de not
reduce to the expressions of non-relativistic quantum theory. All
efforts to define position eigenstates in relativistic quantum mechanics
that are (1) orthogonal, (2) possible particle states (on a mass shell),
and (3) transform properly under Lorentz transformations have failed.

It is necessary, therefore, to give up one of these conditions. Newton
and Wigner gave up (3). In Broyles' Hilbert space it is possible to
give up (2). For the conventional particle states we propose to give
up (1).
We mention that the non-localizability of the field quanta, mentioned

in Section II on wave packets, alsoc follows naturally from Broyles'

formalism.
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The vectors lefﬁ> belonging to positive-energy (r=1) mass shell are
considered as the vectors most closely related to the usual kets in
Dirac's Hilbert space. There is one inconvenience, namely the S-distributiom

8 (k'2-k%) appearing in scalar products such as (20.7) or

G Q@ 19 = 5 [ o Doy [Derla% (4my™

x 6(k'2—k2)6r

] -
W F

(20.10)

However, this might be dealt with in the same way as e.g. the scalar
product of conventional momentum eigenvectors, i.e. plane waves, in
Dirac’s Hilbert space. It might perhaps be worthwhile to consider the
question of whether the states that conventionally are to describe a
particle, are really states from Brovles' Hilbert space that belong to
a definite mass value. Consider the elementary-particle resonances with
their finite life time and a corresponding rest-mass dist;ibution of
width I'>0. These resonances might perhaps be better described by a
superposition of different mass eigenvectors from Broyles' Hilbert space,
the stable particles then being the limiting cases I' + 0. The mass
parameter of a wave packet then would play a different role than, say,
the charge parameter; the mass parameter seems more comparable with
momentum. There are other hiunts, as we think, at the special role of the
mass parameter, for example the photon-like behavior of the neutral
vector mesons p, w, ¢ ... as described in the vector—dominanée model.139
Of course, Broyles' Hilbert space can only form a possible framework
for an elaboration and covariant formulation of the wave-packet picture
presented here. Nevertheless, it demonstrates that such a possibility

exists and moreover that it exhibits, as we think, several very satis-

factory features.
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XXI. SUMMARY

A novel conceptual framework for quantum physics has been presented.
The baggc constituents are taken to be wave packets, not point particles.
Matter is thus explained by a field concept. The wave packets in the
first instance are the usual wave packets of non-relativistic or rela-
tivistic quantum mechanics. They are, however, interpreted differently,
namely as real physical objects, and they are endowed with additional
features so as to allow a consistent account of the known facts.

In partieular, these basic constituents do not have a fixed size.
We have shown, however, that 1f we postulate that the spreading velocity
of free wave packets be less than the velocity of light, it follows that
the spatial extension of any wave packet must be larger than half its
Compton length_hc = H/(mc). Hence any localization within a region
smaller than half a Compton length is devoid of physical meaning.

The mathematical formalism of non-relativistic guantum mechanics
is given a new interpretation. In traditional quantum mechanics the
quantity !¢j2 d3x gives the probability for observing the particle in
d3x. In our interpretation, the similar quantity |¢|? d3x dt is pro-
pertional to the probability that the wave packet interacts with another
one within d3x and within dt. The connection with the conventional
interpretation is established by defining localization by means of an
interaction of the wave packet under consideration with a wave packet
of some detecting device. This latter wave packet must initiate a ecas-
cade process which leads to a macroscopic effect, say a black spot in a
photographic emulsion. This spot then defines, as accurately as it can,

the location of the original interaction, and from the location of
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this interaction event the presence of the initiating wave packet can
be concluded.

SThce |1,b|2 is no longer considered to be the probability for the
detecticn of one particle, the time-independent quantity A: = H[]¢Izd3x
can ne longer be interpreted as conserved probability and hence put
equal to cne. Instead, it is proposed to interpret it as conserved
action. Of course, we assume that action is quantized in units of h.

The quantity A is then proportional to the number of "three-dimensionai®
action guanta h3 carried by the wave packet.

Generally, the guantity A is conserved if the Lagrangian is gauge
invariant. The postulate of global gauge invariance for free as well as
interaction Lagrangians is interpreted to mean conservation of action in
any type of interaction. 1In the postulate of local gauge invariance,
the feature that the gauge parameters are allowed to vary from one space
point to the other means that they are allowed to vary from one wave
packet to the other. This is in line with our idea that the extension
of wave packets in some sense represent fundamental lengths, and with
the absence of any phase relations between different wave packets.

The (anti)symmetrization postulate for states of identical particles
{wave packets) is interpreted as expressing the existence of coalesced
states in which the original wave packets completely loose their
individuality. The coalesced packet is a function of variables that
really pertain to one single system only. In the case of identical bose
packets the coalesced packet is essentially the same as the original non-
coalesced packets. In the case of identical fermi packets the coalesced

packet is essentially different from any of the original non-coalesced
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packets. This is Pauli's exclusion prineiple in our interpretation.
The quantization of acticn in units of h then allows the derivation of
Planck:; formula by the standard method, where we only have to reinterpret
the distribution of photons over phase-space cells as meaning the distri-
bution of (three-dimensional) action quanta of size h? over the photon
packets.

The problem of the measurement process in conventional quantum
mechanics arises when, as usual, the measurement is conceived to be an
interaction between two systems, object and measuring apparatus, which
are described by one wave function each (or by mixtures}, and when the
interaction is described by the Schrddinger equation. The state of the
combined system then is such that the cobject cannot be regarded to be
in a definite eigenstate of the operator substantiated by the measuring
apparatus. According to v. Neumann's reduction postulate; the system
is thrown into an eigenstate only in an observation. In this connection
Wigner has conjectured that the equations of motion must cease &G be
linear, as is the Schrodinger equation, when conscious beings enter the
picture. ©Our conception is based on this conjecture. We only modify it
in that we assume that the interactions that are described by the non-
linear laws are the core of every physical iInteraction, and that the
Schrédinger equation with potential, actually, is only a phenomenological
account of a series of these basic interactions. The wave packets emerging
from a basic interaction are again completely independent of each other.
The basic interactions have this property in common with the interactioas
conceived in the S-matrix approach. A mathematical specification cannot,

however, be presented.
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In our concept a measurement is completed when a macroscopic record
of the result has been achieved. Some macrescopic bedy must be brought
iﬁto a‘;articular state from several possible different macroscopic states.
A macroscopic body is conceived to be an aggregate. By an aggregate we
mean a set of independent wave packets which incessantly undergo basic
interactions with one another. Actually, not only a macroscopic body,
but every system that can be described as a stable bound state,is an
aggrepgate. Hence aggregates include also nuclei, atoms and molecules
but exclude the elementary particles and resonances listed in the Rosen-
feld tables. The concept of an aggregate means a violation of the super-
position principle and hence gees beyond the framework of conventional
quantum mechanics. This concept has, however, been shown to be essential
for sclving the problems of measurement, of spreading of macroscopic
bodies and of screening in many-electron atoms.

In our conception there are different types of measurements. We
have discussed three representative examples: a measurement of a position,
of a momentum and of a spin component. (i) In the position measurement,
the position of an event in a photographic emulsion is measured. The con-
cepts of a macroscopic record, of an aggregate, of basic interactions and
of macroscopic states are invoked here. (ii) The measurement of any
physical quantity can be reduced to position measurements with the help
of physical laws relating the quantity in question with the path the sys-
tem will take. In the ﬁomentum measutrement the average of the absolute
value of a wave packet's momentum is determined by measuring the curva-
ture of its track in a constant magnetic field., (iii) In the spin compo-

nent measurement we consider a spin-1/2 atom passing through a Stern-Gerlach
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magnet. In our conception the atom is forced into a definite path,
either the upper or the lower one. This, however, is not effected by an
observation but by the apparatus itself, by basic interactions of the in-
coming wave packet with the wave packets that in some way constitute the
magnetic field. That the whole process is no longer time reversal in-
variant confirms this view. The Stern-Gerlach apparatus in this way acts
as a polarizer, not as a proper measuring instrument. This apparatus can
be employed for a spin component measurement by varying its orientation
in space when one is given an ensemble of incoming wave packets, and it
can be employed for a preparation if one of its two possible paths is
blecked off. That the apparatus forces the incoming wave packet to be-
come a definite eigenfunction of the spin component operator is regarded
as a general feature of operators with discrete eigenvalue spectrum pro-
vided the operator can be substantiated by a physical apparatus.

The Einstein-Podolsky-Rosen problem in the view of orthodox quantum
mechanics means that two particles, which after an interaction are
completely separated beyond any possibility of dynamical influence, are
nevertheless correlated: a measurement on the one particle will influence
the outcome of a measurement on the other particle even if the two
measurements are separated by a space-liike interval. This peculiar
quantum non-separability has been verified experimentally with photons
and with protons, respectively. In our interpretation the experimentally
observed quantum non-separability has, however, nothing te do with the

EPR problem. The EPR problem arises from a description of the interaction
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based on the Schrddinger equation. As already mentioned, in our view the
Schridinger equation with potential merely accounts for a series of basic
interactions which are conceived to lead to complete separation of the
cutgeing wave packets. Hence these basic interactions cannot lead to
the obsgerved effect. Instead, the experimentally observed non-separability
is ascribed to the additional process of coalescence of the incoming
identical wave packets. The concept of ccalescence was already intro-
duced in connection with {(anti)symmetrization. Thus, we predict that
quantum non-separability will not be observed after the interaction of
non—identical packets,

The existence of non-separability between identical wave packets
is then taken as indicative of a general property of a wave packet,
coalesced or net, namely that when it undergoes an interaction it is
modified simultaneously over its whole extension. This property also
means that a wave packet can induce correlated events at space-like
separations. These features are in accord with the idea that the
extensions of the wave packets in some sense represent fundamental
lengths.

We have described in some detail why the possibility that a wave
packet induces correlations over space-like distances does not necessarily
mean that relativistic causality is violated, i.e. that signals can be
transmitted with over-light velocity. Basic for the argumentation is
the fact that one canncot predict with certainty the outcome of a quantum
measurement.

All phenomena of quantum physics have been formulated in the language

of philosophical realism, as repeatedly postulated by Einstein. No
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observer is logically necessary. Our wave packets are real things with
real properties, not merely observables. However, exact values of positiom
and momentum are not counted among the properties of micro-objects, only
ranges of these quantities are. Moreover, both a range of positioms
and a range of momenta are simultaneously éscribed to one micro-object.
The difficulties that cenventional guantum mechanics has with position
and momentum arise from a misconception of the nature of the microscopic
objects. Heisenberg's relation and any non-commutativity of operators
have nothing to do with any measurement. They express the existence of
correlations between properties of micro-objects. We have proposed to
call this compliementarity. It has been shown that such a complementarity
is not a characteristic feature of quantum physics, but that those pro-
perties which are complementary in macro-physics are different from those
properties which are complementary in quantum physics. ;t is a matter
of experimental verification as to which properties can be attributed to
the micro-objects and which of them are complementary to which.

With regard to determinism, the other basic postulate of Einstein,
we have pointed out that, due to the finite velocity of signal trans-
mission and the consumption of a large number of wave packets in the
description of a few others, the future may be completely determined
but still is not completely predictable, even if one knew all physical
laws.

Finally we have pointed out that a Hilbert space exists, as proposed
by Broyles, in which time and space are treated on equal footing and in
which the wave function ¢ used in the expressiomn |1{J|2 d3x dt is the re-

sult of a scalar product. We have reported on some of the basic
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properties of Broyles' Hilbert space, and have shown that it is likely
to provide a suitable covariant framework for a mathematical elaboration
of the wave-packet picture.
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FIGURE CAPTION
The event at A can be influenced by an event at B iying outside the

-

observer's § past light cone (cone of maximal knowledge).



light cone

3467 AL

g -~78

Fig. |



