ISAS - INTERNATIONAL SCHOOL
FOR ADVANCED STUDIES

AN APPROACH TO SUBQUANTUM PHYSICS

Thesis submitted for the degree of

"Magister Philosophiae"

Astrophysics Sector

Candidate: Supervisor:

Antony Valentini Prof. D.W. Sciama

October 1990

TRIESTE







ABSTRACT

We begin the development of a statistical mechanics based on the
de Broglie-Bohm pilot-wave formulation of quantum theory, without making
the assumption that the probability density P is equal to l%flg. Instead,
this relation is shown to arise statistically from an "H-theorem', based
on assumptions similar to those of classical statistical mechanics (rather
“than postulating subquantum "fluid fluctuations", as done by Bohm and
'Vigier). We construct a subquantum "entropy" which, when coarse-grained,
increases with time, reaching a maximum when P:l&flz. Further, the rela-
tion P=|‘jf|2 is shown to be necessary to avoid both instantaneous sigﬁais
and violations of the uncertainty principle. An intimate relation is thus
exhibited between the three "impossibility prineiples! of physics: The
absence of instantaneous signals, the uncertainfy principle, and the
statistical law of entropy increase. Essentially, the first two principles
may be seen as arising statistically from a subquantum version of the
thira. In addition to sketching some further developments, we discuss
certain problematical aspects of the philosophy commonly associated with

quantum theory.
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I. INTRODUCTION:

Quantum mechanics presents us with a set of abstract rules with which we may
calculate the probability distribution associated with various physical processes.
The predictions made are in remarkable agreement with experiment. However, for
historical reasons, there is associated with the theory a general philosophy
according to which a more detailed theory is impossible. This is perhaps the
first time in the history of science that the founders of a major: scientific
theory have themselves confidently claimed the theory to be "finally valid",
thereby erecting a dogmatic barrier to further research. ("Entgﬁltig” was the
word used by Heisenberg in reference to quantum mechanics, whose flavour is
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considered by Popper to be well-described as representing an "end-of-the-road
thesis").

By a "more detailed" theory, one might mean, for example, a theory with the
aid of which one may acquire a certain "understanding" of Nature. As stressed by
Bohm2 » science is, and always has been, concerned with understanding the world,
in a broad sense, and not merely with the prediction of experimental data. From
this viewpoint, the present quantum theory is a failure since, as stated by Feynman3 "
""nobody understands quantum mechanics'.

With regard to such "understanding'", most formulations of guantum theory offer
little, since they consist of little more than a set of abstract rules for calculating
probability distributions. One is not, for example, given an image of the world as
being "independently actual”z', where such images have; in the past, been the real
basis of physical understanding. Indeed, even today, many physicists find great value
in "naive physical pictures", such as, for example, the image of the vacuum as
containing virtual electron-positron pairs. Much of present-day discussion in physics
is in fact carried out, in practice, in terms of such simple pictures (though always
with the caveat that such pictures should not be taken "too seriously'"). Further,
realistic images are clearly of great value in suggesting new lines of research. (For

example, the flowering of quantum field theory since the late 1960s has been based




mainly on field theory, as opposed to the relatively imageless S-matrix scheme,

where the former is far more suggestive with regard to further developments).
Remarkably, an "independently actual" image of quantum theory has existed in

detailed form since 1952: The '"pilot-wave', or '"quantum potential’, formulation,
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constructed in detail by Bohm . The rudiments of this image were considered as
early as 1927 by deBrogliés’ﬁ and presented at the Fifth Solvay Congress in Brussels
However, despite Einstein's support -(who had similar ideas regarding ''ghost-
waves" guiding photeons , in the early 1920s), de Broglie's 'realist" ideas were,
as Bell:’~ has put it, "simply trampled on!". :The prevailing attitude at the time was
strongly opposed to the formulation of realistic images of the world, an attitude
which largely reflects the anti-realist mood of post-World War IL.:Europe.

Today, a more critical, questioning attitude towards quantum mechanics
is reviving. It seems inevitable that human curiosity will eventually lead to the
asking of questions which probe beyond the dogmatic barriers erected by Bohr
and Heisenberg. As recent examples, one might consider the theory of "quantum jumps"
by Ghirardi, Rimini and Weber7' , or the consideration of a nonlinear quantum
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mechanics by Weinberg . That such proposals have been taken seriously by the
mainstream physics community indicates that a subtle change in attitude towards
quantum mechanics is taking place.

The present work is based on the de Broglie — Bohm pilot-wave formulation of
guantum theory. As stressed repeatedly by Bellq , this formulation is completely
equivalent, as regards its predictions, to standard quantum mechanics. The fact
that it is not widely accepted as an alternative formulation, as is Feynman's
path-integral formulation, seems to be purely a matter of historical accident.

The pilot-wave formulation provides an "independently actual" image of quantum-—

mechanical processes. This in itself should be sufficient ground for giving the theory

serious attention. There is a further (related) reason for taking the theory
seriously: Contemplation of it leads immediately to the asking of probing physical
questions, in contrast to the "don't-ask-questions" attitude encouraged by the other

formulations. For the purposes of progressive research, the pilot-wave formulation is

by far the most richly suggestive. We hope this will be shown in what follows.



II. AN APPROACH TO SUBQUANTUM PHYSICS:

A. The three "impossibility principles'" of physics

Consider what might be termed the three fundamental 'impossibility principlesﬁ
of Physics: (i) The absence of instantaneous signals (''signal-locality"), (ii) The
uncertainty principle, and (iii) The statistical law of entropy increase. Each of
these principles may be put in the foém of statements as to the impossibility of
certain physical operations. Further, each involves, in one way or another, the
notion of "information". Given these facts, it’is natural to consider that there
might be a relationship between these three principles. We show here that just such
a relationship emerges, with no arbitrariness whatsoever, by straightforwardly
developing a statistical mechanics based on Bohm's 1952 pilot-wave formulation of
quantum theory (the beginnings of which were put forward by de Broglie in 1927).

B. The pilot-wave formulation and its mysterious features

Bohm's original (1952) formulation follows compellingly from standard wave
mechanics. The essential laws are the Schrﬁdinger equation, together with a ''guiding
equation" for ‘the particle, m& = EZS , where \¥ = Eie(i/ﬁ)s. (This latter guiding
equation seems preferable to the more complicated and rather inelegant analogue of
Newton's law for‘ég,‘with a "quantum potential"). A detailed discussion of the theory
of measurement has been given by Bohm . For various reasons, the original formulation
was later supplemented by Bohm and Vigieri? by the introduction of subquantum "fluid
fluctuations". In this paper, we consider only the original 1952 "pure" pilot-wave
theory.

The originml 1952 formulation contains the following mysterious (and, as we
shall see, related) features: (a) The theory is fundamentally nonlocal in construc—
tion (consider the relation mz;(‘ = g S , where v)»(e represents the system in a multi—l

dimensional configuration space). And yet, the theory does not lead to instantaneous

signals. This last fact surely deserves some explanation. (b) The probability density
Nl

e should logically be independent of |1Il2 in this theory, as pointed out by Pauli ,

One might then expect violations of the usual statistical dispersion ("uncertainty

principle"). Indeed, as stated by Bohméiand discussed further below, the uncertainty
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principle is obtained only if e = {‘JIZ. Qne may then ask: Why, exactly, in the
pilot-wave theory, should the uncertainty principle hold? (c) The field \¥ enters

as a guiding field for the motion of particles, but at the same time is required

{by the experimental facts) to emerge as a probability densitj |“|2. Given the
logical independence of Q and [\le, the relation Q = l‘l |2 is usually added as
an additional postulate (which, however, will automatically be valid for all time

if it is given as valid at some initial time). One may ask: Why does Q = I\YIZ hold?

C. Subquantum statistical mechanics

These mysterious features of the pilot-wave theory will be clarified here to
some extent, by the development of an analogue of classical statistical mechanics,
based on the de Broglie-Bohm theory rather than on Newton's mechanics. We then
derive the relation Q ==|\¥]2 as the result of a statistical !'subquantum H-theorem"
(based on statistical assumptions analogous to those of classical statistical
mechanics). We first show that, on a coarse-grained level, the relation P = |3f|2
will be obtained for a complicated system with a large number of degrees of freedom
(where P = |ﬁ:|2 maximises a subquantum "entropy', whose coarse-grained value
increases with time). It is then a simple matter to:.show that, on extracting a
single particle from the system, the relation Q = !\¥'2 will be obtained. We also
show that the relation e ==|‘¥|2 is essential for the validity of signal-locality
and of the uncertainty principle. The above three mysterious features of the pilot-
wave theory are then explained as being the statistical results of a principle of
increase of a subquantum "entropy". Further, this latter principle provides for the
first time a definite link between the three (until now unrelated) "impossibility

principles" referred to above.



5

IITI. SIGNAL-LOCALITY, UNCERTAINTY, AND THE SUBQUANTUM H~THEOREM:

A. Subquantum H-theorem

Consider a system with a lafge number of degrees of freedom, for example a
gas of N particles ("electrons") which interact with eachother. The system has a

wavefunction 3f(Xl,...§N,t), and a probability density P(X

X nl""éN’t) in configuration

space. We wish to prove that, on a coarse-grained statistical level, we will observe
P = l3f|2. As discussed below, if one extracts a singlé particle from the system,
and prepares it in a state with wavefunction %‘ , one will then find e =’|“(’|2

for the particle, provided P = Iﬂflz held beforehand for the large system. Since all
experiments deal with particles extracted from complex systems, a proof of P = Iﬂflz
for the complicated system is sufficient to demonstrate e = lv [2 for all single-
particle laboratory experiments. (This is similar to a view expressed by Bomgz).

We represent the system by a single point X in a 3N-dimensional configuration
W

space. It is important to note that, given the wavefunction

Y (X,t) = R(X,t)e(i/‘h)s(ﬁ’t)
- W

then specifying the position é{automatically fixes the velocity dﬁ/dt by

_ 95(x%,t) A (1)
X, |

1

mX
-1

(i = 1,...,3N). For this reason, our statistical mechanics will take place in
configuration space, rather than phase space.

We must con;ider, of course, an ensemble of such systems, so that the probability
density P(é,t) is meaningful. Each element of the ensemble is taken to have the
same wavefunction !{ , but of course not necessarily the same ﬁk

Let us begin then, at t=0, with a wavefunction 3!(&,0), and a probability
density P(ﬁgo), where the latter has no a priori relation to ]3{(&,0)]2. Following

i . . .
Bohm', it will be convenient to introduce a function f(X,t) defined by
e

P(X,t) = |¥ (ﬁ,t)fzf(gg,t) (2)




which measures the ratio of P to |Y [2 at the point ‘)'(“ at time t. (The definition (2)
may be made rigorous by assuming that |Y |2 is everywhere non-vanishing).

To fix our ideas, it may be helpful to point out clearly the dynamics: Firstly,
Y(')'(‘,t) will evolve according to Ehe Schrodinger equation. This evolution then
depends only on the initial value ‘j{ (');,O) (and on the form of the classical inter-
particle potential). It is completely independent of P(')'(‘,O). Secondly, being a

probability density, P(i(‘,t) necessarily evolves according to the continuity equation

3 P(X,t)

+ V(P(X,£)X) =0 (3)
at wa oA ww

Given P(X,0), this equation determines P(X,t) uniquely, once X(t) = (1/m)S(X,t)
W W va wa W
is known (which of course follows from knowledge of Y(a(',t)). Essentially, the
autonomous Schr'ddinger evolution of Y guides the particles via m'{(l =V S, and hence
w
determines the evolution of P(X,t).
w

Now it happens to follow from the Schrodinger equation that

21¥1?

+ V(Y 12(1/m¥s) = o | (4)
ot W v - ’

iZ
In view of (1), this is precisely similar to (3). As pointed out by Bohm , the fact
that P and |Y |2 happen to obey the same continuity equation implies that the
function f(X,t), being the ratio of P to |Y |2, is preserved along the system
WA

trajectories X(t):

W
af(X,t) . : .
—w = af + x-Yf=0 (5)
dt t "y

This property is crucial in what follows.

Now, in classical statistical mechanics, one de)f‘inesl3 a quantity Hclass

(essentially the negative of the entropy) by

class dfl p 1np ' (6)



where E;d(l is an integral over phase space, and p is the phase-space probability
density. Since dp/dt = O along the system trajectories (Liouville's theorem), it

follows from. the continuity equation for p that dHC /dt = 0, so that the exact-

lass

HClass is constant in time. However, if one divides phase~space into small cells,
one may define a toarse-grained density o) by averaging over each cell (where 5 is

defined as constant in each cell). The coarse-grained

Hclass = Sdﬂ' p lnp

[
may then be shownsdx)obey the classdical H-theorem

g £
Hclass/dt <0

The proof relies on just one crucial assumption: That p(0) = p(0), i.e. that the
initial coarse-grained density is equal to the initial exact fine-grained value.

This might be interpreted in terms of a "prinéiple of uniform local probability",
according to which the initial density may always be treated as uniform within a
sufficiently small cell in phase-space (see the book by Waldra&s). For our purposes,
it is sufficient to consider the assumption p(0) = p(0) as representing an absence of
detailed microstructure in the initial state. It is this assumption whichuintroduces
a diétinction between past and future: Essentially, it is assumed that there is no
special "conspiracy" in she initial conditions, which would lead to "unlikely"
entropy-decreasing behaviour.

To construct a subquantum analogue H of H , we note that the quantities

class

dfl and p appearing in the definition (6) of HC satisfy the Liouville property:

lass
They are both preserved along the system trajectories in phase space. What are the
subquantum analogues of df) and p ? We have already noted that df/dt = O along the
trajectories in configuration space. This suggests the replacement p —3 f . Further,
the number of systems which occupy a comoving volume dSNi‘must be constant in time,

so that PdaN')é = l\ylzf d3N§'a, and therefore also [ﬂIZdBN‘)&, is preserved along the
system trajectories. We then choose to replace af) ;——9 lﬁilzdﬁiA, where 4§ = dsiéy

is the volume element in configuration space. Thus, we are led to tentatively define




the subquantum analogue of H as
class

H = Sdz |¥1%f 1nf (7)

which may also be written as

H = gdz Pln(P/IYlZ) (8)

From the continuity equation for I‘flz, and the fact that df/dt = 0, it follows that
the exact H is constant; dH/dt = O, as for the classical case.

Since all physical measurements have a finite accuracy, it is reasonable to
work in terms of a coarse-grained probability depsity P (as suggested by P. and T.
Ehrenfest for .the classical case): We divi&e cohfiguration space into cellé of volume
&V , and define

P = (1/8V) dg P

sv

. = .. 2
(taking P as constant in each cell). Performing an analogous coarse-graining of ’EKI 3

Y12 - (/8w \ 4z 1YI?
&v

we define a coarse—-grained H by

= = - 2
A= Sdeln(P/I‘gl ) (9)
.. - 2
Defining the ratio f = P/Iﬂﬂ[ y we are now ready to prove that-
p— — A~
H = Sdz P 1nf
decreases with time.
The proof rests on the assumption of no "microstructure" for the initial state,

as for the classical case. Specifically, we assume the equality of coarse-grained

and fine-grained quantities at the initial time t = 0 , i.e. we assume

P(0) = P(0)
(10)

¥ ()% = |¥(0)]°

The proof now procedes along the lines of the classical case, but differs somewhat




due to the presence of the factor |ﬁf!2 in (7).

We have
— — — . LY — &
H(0) - H = Sdz P(0) 1nf(0) - de P 1nf
(where H = H(t), and .so on). From (10), and the fact that the exact H is constant

in time, it follows that

Sdz B(0) 1n'£"(o) = Sdz P(0) 1nf(0) = \d¥ P Inf

M B N
Further, since f is constant in each cell SV, it follows that

: - Af fad
Sds P 1nf = Sdi P Inf.
From these equalities we find that

Sd'z P In(£/T)

I
o]
!
T
1l

or

4% |W|%f 1n(£/9)

fa s
O
1
Tl
I

Again using the fact that g'is constant in each cell 6V, one easily shows that
aE [YIF -1 =0
so that
H0) - = \da® |¥|%(f1n(s/D) + T - 1)

Since x1n(x/y) + y - x 20 for all X,y¥, we have the subquantum H-theorem

dH/dt £ 0 - (11)

The above relies on the continuity equation for both P énd¢!&f{2, leading to
df/dt = 0, where f = P/lﬂE]g. However, one could ‘just as well have considered
g = !&le/P, where also dg/dt = 0, and one could then have made the alternative
replacéments in the classical definition (6), p —» g and*d{lL —> PdE , leading

to the alternative definition

H = Sdz Pglng = dt [YIzln(lelz/P)

whose coarse-grained value also decreases with time (the proof being similar to
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the above). Adding (8) and (12) leads to yet another definition,

H= Sd}:‘. (P- [¥]%) 1n(p/|¥ %) (13)

which is symmetrical under P &— | ¥ |2, and of course also .obeys the H-theorem,
diH/dt € 0 .

In the present paper, the ambiguity in the definition of H does not concern us,
and we choose the definition (13) on aesthetic grounds. As we shall _sée, the essential

point is the existence of some function H of P and |¥|®, whose coarse-grained value

. . . - = 2
decreases with time, reaching a minimum when P = |¥|% .

It is convenient to define &:subquantum "entropy"

S = -k Sdz (P- |¥I%) 1n(p/1¥ 15 (14)

(where k is Boltzmann's constant)-whose coarse-grained value increases with time.
How this '"entropy" relates to conventional notions of entropy will be explored

elsewhere. Here we require only the fact that dS/dat = 0 .
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B. P = ]S{lz as an entropy maximum

We have shown that the coarse-grained quantity

S = —kgdz (P = ]ﬂ|2) 1n(§/}\£12_~) , (15)

increases with time. Since (x - y) 1n(x/y) 2 0 for all x,y, we have

s<o (16)

so that S is bounded above. This fact, together with the fact that S cannot decrease,

will be regarded here as proof that § eventually approaches its maximum value, i.e.

: - = 2
S —> 0 . From (15) we see that § = 0 is attained if and only if B = [W < every-

where . (so that the distribution P = {38]2 maximises the subquantum entropy). This

leads us to the conclusion that the coarse-grained distribution P will eventually

approach the value IYIZ ,

This is our main result: For purely statistical reasons, the coarse-grained

probability density P will approach the value [Hflz. Thus, provided one performs

measurements of a sufficiently coarse accuracy with respect to configuration-space

volumes, one will see a distribution P = Iyl2

This purely statistical derivation of P = TEZIE, based on the original "pure"
pilot-wave theory, thus obviates the need to introduce arbitrary stochastic suﬁ—
quantum fluctuations (e.g. "fluid fluctuations"), as done by Bohm and Vigier“’and
by many authors since, where the stochastic fluctuations were introduced {(at least

. . ) 2
in part) in order to explain how the probability density approaches |¥ |“.

A heuristic understanding of how the result P = Iﬂﬁlz arises may be given as
follows: The exact (fine-grained) density is given by P = Iﬂﬁlgf . Now, starting
from an arbitrary f(é,o), the initial values of f are carried along the system
trajectories in configuration space. If the system is sufficiently complicated,
the chaotic wandering of the trajectories é;t) will distribute the f values in an
effectively random manner over the accessible region of configuration space. On
a coarse—grained level, P will then be indistinguishable from [&f{z. Another (equiva;

lent) picture sees the increase of subquantum entropy as associated with the
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effectively random mixing of two "fluids", with densities P and i“ﬁlz, each of which
obeys the same continuity equation, and is "stirred" by the same velocity field

& = (l/m)ELS . If tbe pattemnils of flow lines is sufficiently complicated, the
two "fluid" densities P and l\fl2 will be thoroughly mixed, making them indistin-

guishable on a coarse-grained level.
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c.® = [¥|% from P = |¥|°

We now show how, if a single pabticle is extracted from the large system, and

prepared in a state with wavefunction ? , then its probability density e will be-
equal to [“(5 |2, provided P = |¥ l2 holds fér the large system (subject to appropriate
coarse-graining).

The theory of state-preparation and of 'measurement'", in the pilot-wave
formulation, has been discussed quite thoroughly by Bohmél The article by Belll
containa a simple example, and notes that the ''singling out of a "systeh" is a
practical thing defined by circumstances, and is nbt already in the fundamental
formulation of the theory'.

We consider our complicated system above, consisting of N particles, with

wavefunction Sf , to be the "whole world'". From the above we know that, on a coarse-—

grained level, one will have 5: ‘§£|2_ We inow need a mathematical'representation
of the following '"practical thing defined by circumstances": The singling out of‘
a particular particle (say i=1) from the system, prepared in an eigenstate Iq)' of
some arbitrary 'observable' Q. Quite generally, such a process may be said to have

taken place when the wavefunction.fg of the world takes the:rform

f&{) = E C(q’mi)IQquyw:-L) . (17)

QJ wi

Here Aq is a variable belonging to the so-called "apparatus'" (which is assumed to
be made up of particles i=2,...,M), where the value Aq corresponds to a '"'measured
value'" q of the "observable" Q. The variables (ﬂi (i=M+1,...,N) describe the rest
of the world.

To see that this is a correct mathematical representation of the process, write

WX oo X t) = E c(q’“’i)Yq(fl)‘i"Aq(ze"'"ﬁa)Y@M+l(§M+1)"'?mN(§N) (18)

q, W,

1

The motion of the "extracted" particle i=1 is governed by
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X = (1/m)zls = (ﬁ/m)gllm-lny(‘)sl,...,a;N,t) (19)

which depends on X,_,...,X. (as well as on X ). However, if an observed value
w2 wN wl

meas

q= Aq of the apparatus variable is specified, this constrains “the vakues
14
of 52, - ,‘}.{M S0 #hat
\)‘('1 = (‘ﬁ/m)glIm InY iquAmeas

q

(ﬁ/m)zllm 1n queastr;eas Ew c(qmeas, Qi)\\)mbhl. . ‘Y"’N

i
" (i=M+1,...,N)

which leads to
X = (h/mzlrm 1n queas(,}il)

since only the factor queask depends on '};l
Thus, as far as v%l is concerned, the particle i=1 behaves as if it were '"guided"

purely by the wavefunction \?qmeas(zl).

Consider now the coarse-grained probability density for the partible,

— 3
Q(ﬁl't) = (1/6v)) d 35,1?(3.‘.1'“
6Vl
3 3 3
= (1/6vl) S dX \dX,..-\d &(NP(i(l,...,v)'(N,t)
&v,

where the coarse-graining volume &V in configuration-space is given by 6V=8V1. ..8VN.

This may be rewritten as

— 3 3, = 3 3 2
= o ye ey , = e X o yoes t
Q(gl,t) a"X, .. ATTX P(X Xyt X, a"Xy 1Y (%, Lt
where we have used P = |W|". This may then be recast as
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— 3 3 3 2
= oo 20
g(ggl,t) (1/78v)\ a X \d X,  \ X WX oo Xt (20)
Again, specifying Aq: Ageas leads to the vanishing of all terms in the superposition

(18) for &{ , except the term with q=qM®2%, The right-hand-side of (20) then

becomes
(1/ 6v.) d x ! (X )12 \ax | a3x | (X, .2
1 < \1) meas w2t X ‘{’Ameas w2’ " @M
V .
meas o 2
X iZ (@ 0¥y G “"YwN(%‘N)'
(1—M+l,...,N)
so that
Q(ggl,t) ot l‘{»’qmeas(ggl)l (21)

The proportionality factor is removed upon multiplying %)qmeas by an appropriate
constant, where \P ———)<3ﬁ)fbr arbitrary constant ¢ is a symmetry of the pilot-

wave theory.

For all practical purposes, the extracted particle may then be treated as an
. . . . 2
independent system, with wavefunction \?qmeas(él), the equality e(gl) = I\%queasl

2 ..
on a coarse-grained level, following immediately from P=|%£| for the original system.

&, 4

In the above, we have used the theory of measurement as outlined by Bohm
which relies on two crucial features. Firstly, the apparatus wavepackets %’Aq are
taken as non-overlapping in configuration space, for distinct Aq. Secondly, in
regions between such non-overlapping packets, the fact that |§£|2= 0 implies a
vanishing probability density P. This last fact ensures that, once the system has
entereq one of the packets, it is "trapped" (being. unable to cross the regions P=0).
Now, in the present approach, we do not assume P=|¥ |2 a priori. Rather, we derive
the coarse-grained relation P= Ti?Té. Nevertheless, the usual theory of measurement
remains intact. This is so because Iy ]2=O implies W = 0, and therefore also
P= 0. Since P is non-negative, we then have P = O in regions where ]3¢|2=o, which

is sufficient for the validity of the usual measurement theory.
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03 . . . . 2
D. Signal-locality and the uncertainty principle as consequences of Q = l‘PI

(i) Signal-locality: The pilot-wave formulation is fundamentally nonlocal in

structure. Having shown that, for statistical reasons, the observed probability
density e will equal IY |2, we now show that the absence of instantaneous signals
depends crucially on ‘the condition e = I‘fl2 This will complete our demonstration
that, in the pilot-wave formulation, effective locality on the statistical level
arises for purely statistical ("thermodynamic’) reasons.

We shall consider, for theoretical purposes, that Q is known, even when
Q # I\\)|2 How e could actually be known in practice will not be considered here,
where we are occupied only with the general theoretical point that a known e would
allow instantaneous signalling, only in situations where e # [‘? |2. One might, if
one wishes, consider that Q is "known" by an imaginary subquantum "demon'". Such
a viewpoint is useful for the present theoretical purpose, though its practical
content is as yet unknown.

Consider, then, two non-interacting spatially-separated systems A and B, which
are quantum-mechanically "entangled". We mean, of course, that the total Hamiltonian
is at all times a sum of two independent commuting Hamiltonians, while the total
wavefunction may not be factorised as “(A\\)B .

For definiteness, we consider two (one-dimensional) "boxes" A and B, separated
by a large distance, each box containing a single particle with coordinate XA and

XB respectively. For all t$0, the total Hamiltonian is taken to be

where HA and HB are both independent of time. At t<£0, each box-plus-particle has
a ground state |E0> and an excited state IE1> . The total state-vector at

t = 0 is taken to ‘be
2 2,.-1/2
Vo> = (a%+ %) / (A|EE > + BIEE>)

For simplicity we take o, §, (XAIEi> and (xBlEi) (i = 0,1) to be real.

Having specified the initial Hamiltonian and wavefunction, it remains only to
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specify the initial probability density Q(Xﬁ,XB’O) We shall be interested in two
special cases: (a) Q(XA,XB,O) = )\{JO(XA,XB)I and (b) Q(XA,O) (= deBQ(XA’XB’O”

is sharply peaked near some value X =X, while- Q(XB,O) is arbitrary.

A
The question of interest is the following: If, at t>» 0, the Hamiltonian HB

of system B is suddenly altered to Hé # HB (for example, by suddenly moving the

walls of box B), will the probability density Q(X ,t) for the distant particle A

turn out to be

be affected? For the above cases (a) and (b), the answerskfns no and yes respectively.

The first case then shows that €c>= }%10[2 is sufficient to prevent instantaneous

signalling (as is already well-known from standard- quantum 'mechanics). The second

case shows that eo = I\g)oiz is, generally speaking, necessary, as well as sufficient.

First (a): The condition eo = ]\YOQE guarantees Q: I‘Y |2 for all t> 0. For

t> 0 take

where Hé is independent of time for t> 0 and Hé # HB (so that the Hamiltonian of B

changes suddenly across t=0). We then have

which gives . o —

V(0> = (a2 ?’2 -1/2 —(i/ﬁ)EOtIEC))e—(i/‘fi)HétlEl>
(22)
Be -(1/% )E 1 |E e -(i/h)H! t[E 5)
(noting of course that HélEi) # EiIEi) ). The fact that e~(i/h)Hét is unitary then

implies that
2 2 _2.~-1 2 2 2 2
deBKxAwa(t»I = (A B TR K 1D |7+ 37I< K, 18 > |
showing that Q(XA,t) is completely independent of the value of Hé . Thus, for this

case, the probability density of particle A is independent of any operations on the

distant system B, and no instantaneous signalling is possible. (It should be noted,
itself
however, that XA%%E affected nonlocally by Hé (see below). It is only the probae:

bility distribution of X, , for an ensemble of systems, which is not so affected).

A
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Now case (b): At t=0, Q(XA,O) is sharply peaked near XA =X We wish to show

that Q(XA,t) depends strongly on H! . Note first that if HY = H then

B b

which implies (taking ‘Vo as real)

S(X,,Xg,t) = ~(E+E, )t

so that iA= 5(}3 = 0 . Clearly, the continuity equation for e = e(xA’XB’t)

9Q/2t + B(QX,)/3X, + 3(QX,)/dXy =0

then implies that Q(XA,XB,’C) = Q(X 0) and Q(XA,t) = Q(XA,O) for all t.

A’xB’
Thus, if Hé= HB, then Q(XA,t) is static, and remains sharply peaked at X for all

t>0, so that a measurement of the particle position at t>» 0 would yield a value

near x . In contrast, if Hé # HB , we would have (from (22))

2 <X, B> R (x5, e

Yix,,x,t) = (s ?2) (i/ﬁ)(sl<XB,t)—Eot)

+ F (XA|E1> RO(XB,t)e(i/ﬁ)(SO(XB’t)—Elt))

where we have defined (for i=1,2)

<XB|e“(i/}ﬁ)Hé’° (1/h)8, (X, )

IEi) = Ri(XB,t)e

with Ri R Si real functions. Writing

we then have
oA <X, [E >R sin(5, -E t) /A + BCX,[ED Rosin(s,-E t)/h

tanS = — (23)
<K, |ES> Rlcos(sl-EOt)/h + €<XAIE1> Rocos(so-Elt)/h

The essential point is that, in general, the phase S(XA,X t) will depend on both

B’
XA and XB’ in a way that involves the functions Ri(XB,t) and Si(XB’t) (where the

latter depend on H}'B)' Thus the value of ).(A = (1/m) BS/EXA # 0 will depend on both

XA and XB and, more importantly, will depend on Ri and Si and therefore on Hé . The
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distribution Q(XA,t) will no longer be static, e (XA,t) ;AQ (XA,O) , and measure-
ment of XA will then yield a value which may differ significantly from X in a
way which depends on the value of Hé , i.e. on the sudden movement of the walls of
the distant box B. Thus, if X (i.e. Q(XA,O) ) were known, instantaneous signalling
would be possible. (For this simple example, the evolution of Q(XA,’G) will clearly
depend on the value of Hé).

We conclude that, if the initial distribution §20 is considered as known, then
the condition Qo = I\VOIZ is crucial for the validity of .signal—locality.

If ‘)o is not entangled (e.g. I%lo) = IEOEl)-), then of course no instantaneous

2

signalling is possible, whatever the relation between Qc)and I%iol . This follows

immediately from (23): Putting, for example, ? = 0 leads to
tan§ = tan(Sl(XB,t)—EOt)/‘ﬁ

which is independent of XA . Thus };{A = (1/m)aSsS/2 XA will vanish, so that Q(XA,At)

will be static, and therefore independent of Hé. (We note here that the continuity

equation for Q(XA,XB,‘C) implies
ae(XA,t)/at + o SdXBQ(XA,XB,t)kA)/aXA =0

where in general kA dependsron'XB).

The above conclusion with regard to instantaneous signalling also applies for -
momentum '""measurements". To discuss this, it is first of all crucial to note the
distinction, in the pilot-wave formulation, between "actual' and "measured" values
of momentumé)q. For the case of position, the following may be assumed: A so-called
"measurement" of X yields a value which is equal to the actual value which existed
prior to the "measurement". For the case of momentum, however, the result of what
is usually termed a '"measurement'" generally differs from the actual value m).(=3S/3X
which existed prior to the ''measurement'.

For example, for a single particle in the ground state of a box, S(X,t)= —Eot ;
and so mX = 85S/9X = 0. The particle is at rest, If one then "measures" the
momentum by, for example, opening the box, this physical action alters the phase

5 of the wavefunction, and thereby alters (via 2@ S/9X # 0) the position of the

particle in such a way that, as t —3 0 , the particle is found to be at

i
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1/2. The value (plus or minus) depends on the initial position of the

X =14 t(ZEO/m)
.particle in the box. Measurement of X at large t then yields a "measurement" of
momentum, with result % (2mEO)1/2, unrelated to the actual vanishing value at t=0.
As stressed by Bohm4'and by Bellq, the value of a momentum "measurement" is an
outcome of the whole "apparatus-plus-system" set-up, and is not a pre-existing
property of the system alone. The "measurement" must not be thought of as yielding
a result which is related in any simple way-to the true value prior to "measurement"?
Clearly, as stressed with -great clarity by Bellq, the word "measurement" is profoundly
inappropriate in quantum theory, and should perhaps be replaced by the word "experi-
ment". (The general confusion generated by mis-use of the word "measurementh, in
particular in leading to mistaken "impossibility proofs" regarding "hidden variables",
has been clearly shown by Bell ). For the present case; it might be more appropriate
to regard the "measured" momentum value as being in a sense emitted by the whole
process of opening the box. This emission has some associated probability distribu-~

~
tion e(pA).

Returning to the question of signalling for the momentum case, the question
becomes: Is the emitted distribution %’(pA) affected by the distant Hé ? For the
case Q = [ﬁllz, Bohm4 has shown that such "measured" values have the usual distri-
bution predicted by standard quantum mechanics (involving the Fourier transform of
the wavefunction). Thus, again, no instantaneous signalling would be possible for
this case, as in standard quantum mechanics. However, for our above example of
Q # I*JIZ, the value of"xO around which Q(D is peaked may be chosen so that, on
opening the box at t=0, X, —» - 00 rather than +00 (as t —» 00 ), yielding a

/2

"measured" value P, = -(2mEO)1 . But then, HB —> Hé for the distant box will alter

XA away from X, » 8O that opening the box would no longer necessarily yield XA——é

1/2)-

. . . 2 . . .
o0 (i.e. = —(ZmEO) Thus, if €c>£ |1)O| , we find instantaneous signals

Py

also with regard to momentum-related experiments, and a lack thereof when e(f=|YI]2’f
o .

just as for the case of position.
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(ii) Uncertainty principle: It is straightforward to show that the uncertainty

principle holds if e = I‘VIZ, but is generally violated otherwise, noting again
our viewpoint that Q be regarded as theoretically known, independently of ‘? .
Firstly, if Q = I‘P |2, it 1s known that4 momentum-related experiments yield
~N o5 )
"measured values" with a distribution l\i) |=, where ‘{! is the Fourier transform of

‘+I . The standard deviation Ap of these values then necessarily obeys the usual

statistical -dispersion relation ('"uncertainty principle')
ApAx = 4/2

where A x is the standard deviation of the distribution Q = I\P |2.

To show that Q # I\\s |2 may violate the uncertainty relation, consider-the:simple
case of a single particle in a box, with ground-state wavefunction \Vo(x), where the
particle position has a probability distribution (for an ensemble of similar systems)
which is sharply peaked at some x=xO . We again choose X, to be such that, on opening
the box, the particle position ¥ —3» -~ & as t —» 02 , yielding a '"measurement"

1/2

p = —-(2mE ) . For this simple case, the standard deviation of '"measured" momentum

0

values vanishes, while Ax is finite (and small compared to the size oyf the box).

This clearly violates the usual Heisenberg statistical dispersion relation.
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E. Discussion

We have shown how P = |§H82 arises from a statistical law of subquantum
"entropy" increase. We have also seen how P = I&flz is in general necessary for
the validity of signal-locality and of the uncertainty principle. Thus, within the
context of the de Broglie-Bohm pilot-wave formulation of quantum theory, one may
take the view that signal-locality and the uncertainty principle emerge only as
statistical laws, from an underlying subquantﬁm version of the law of entropy

increase.

The above developmenf demonstrates a definite link between signal-locality,
the uncertainty principle, and the statistical law of entropy increase. In this
context, it is interesting to note that Einstein regarded his basing of special
relativity on the constancy of the speed of light as analogous to basing classical
thermodynamics on the impossibility of perpetual motionJGOur results suggegt that
something more than a‘mere analogy may be involved. It may also be worth noting that
the principles of signal-locality and of entropy increase are linked by the fact
that both play a crucial role in ensuring a sensible theory of communication: The
first avoids thg paradox of signalling into the past, while the second provi&es’a

17

unique time-direction which, as pointed out by Wiener ", is necessary to give a

sensible meaning to communication‘s. (Essentially, in the absence of a unique time-

direction, one could signal into the past of a "ti%é—reversed” observer, and thereby
generate causal paradoxes similar to those associated with instantaneous signalling).
The central mystery of quantum theory, perhaps, is the nature of ther\ﬁield.-,y ,
which has more the character of a "guiding field of information" than of a conven-
tional mechanical force field‘q. Essentially, !{ somehow encodes::information from
the whole environment at each poiné in space. The particle then "reads" this inform
mation via the relation m& = SzS . (We stress again that the quasi-mechanical
interpretation in terms of a "quantum potential" seems unnaturally complicated

and inelegant, for which reason we prefer the "guiding equation" mi==‘7S ). The
W e
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work of Wootterst® gives a further hint that SE is indeed somehow information-
related. From such an information-related view of the pilot-wave formulation, it

is perhaps not so surprising to see the theory bringing forth a strong link between
the three "impossibility principles'" mentioned above, since these might also be
termed the three "information-related" principles of physics.

The above link between the three "impossibility principles'" may then be a hint
of something deeper. We suggest that further consideration of this link may lead to
a deeper understanding of quantum theory, especially as regards its relation to
relativity and locality, and possibly to a deeper understanding of 3{ as a ''guiding

field of information'.
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IV. FURTHER DEVELOPMENTS:

A. Explanation of locality as a subquantum "heat death"

As Ballentinen‘ has put it: "Perhaps what is needed is not an explanation of
nonlocality, but an explanation of locality. Why, if locality is not true, does it
work so well in so many different contexts?" In a sense to be defined below, our
explanation of locality is that the world is in a state of subquantum 'heat death",
where the nonlocal connections of quantum theory may no longer be used for signalling.

To begin with, we introduce a subquantum analogue of Maxwell's demon. The
Maxwell demon is an imaginary intelligent being who attempts to gain a detailed
knowledge of the trajectories of molecules in a classical gas, usually with the
intention of trying to violate the Second Law of Thermodynamics. In contrast, the
subquantum demon attempts to gain knowledge of the de Broglie-Bohm particle

trajectories, in an attempt to send instantaneous signals.

For the Maxwell demon, the process of gathering and using information regarding
molecular trajectories leads to an additional entropy increase by which, statistically
speaking, the Second Law is upheldzz. We may expect that some analogous considera-
tions will apply to the subquantum demon, preventing the demon from violating
signal-locality.

The case of the subquantum demon turns out, in fact, to be closely analogous
to that of a Maxwell demon whose equipment happens to be in thermal equilibrium
with the gas which he is attempting to study. The latter demon's activities would
be severely limited by the thermal fluctuations in his own equipment. The subquantum
demon's activities are limited, ultimately, by the fact that his own equipment is
subject to the relation P = lﬁf!z, and therefore to the uncertainty principle.

As we have shown above, relaxing the condition P = l&flz leads to the possibility
of instantaneous signalling. In particular, we considered an example where the
probability density Q for a particle in a box was narrowly peaked relative to IW’lz.
How could a subquantum demon ever construct such a situation? Clearly, only by
making measurements with equipment which is not limited by the uncertainty principle.

To see this, it is sufficient to consider Heisenberg's '"microscope'": As stressed by
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Heitler-23 , the result AxAp z ¥ for the "disturbed" electron depends crucially

on the assumption of the same statistical spread AxAp?, 4 for the photons which
are used to "see" the electron. Clearly, if the demon had access to photons which
were not subject to the relation P = 13312, so that the photon distribution could
satisfy AxAp$ 4 , then the demon could use these to "measure' an electron's
position, and thereby create an electron (ensemble) state of the form Q # |“‘) [2,

as required for instantaneous signalling. This is clearly analogous to the advantages
enjoyed by a Maxwell demon whose equipment is at a low temperature compared to that
of the gas whichbhe is studying.

Essentially, then, the situation seems to be as follows: The world presumably
begins in a state P # [3{!2, where instantaneous signalling would be possible. As
the maximum subquantum-"entropy" state P = |&£|2 is approached, the possibility of
instantaneous signalling fades away. This situation is maintained by the fact that
not only any '"system!, but also any "gpparatus', is subject to P = I&ilz and there-
fore to the uncertainty principle. Once P = |&£|2 ig reached everywhere, one is
"trapped" in a self-maintaining, self-consistent situation, and instantaneous
signalling is impossible.

This situation is strikingly analogous to that of a world in a state of uniform
thermal equilibrium, or '"heat death". In the classical heat death, while individual
molecules may continue their random motions, no more change takes place on the
macroscopic level (ignoring the unlikely possibility of macroscopic fluctuations).
In the subquantum heat death, while nonlocality is present for individual events,
all measureable probability distributions are local, and no instantaneous signalling

is possible.

According to the present approach our world is, to high accuracy, in such a
state of subguantum heat death. From one point of view, this may seem a satisfying
explanation of locality on the statistical level. From another point of view, the

situation seems infuriating.
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B. Interpreting the subquantum "entropy"

We have made use of the expression

s(p,¥Y) = -k \az (p - |Y 1) 1n (3/1¥ |9

for the subquantum "entropy'". The precise relation, if any, of this quantity to
conventional notions of entropy is as yet unknown. In particular, we have not yet
found a precise mathematical understanding of it in terms of probability theory,
as is done for the classical entropy. We wish to point out, however, what may be
the starting point for such an understanding: From the viewpoint developed above,
where signal-locality is seen as a state of maximum subquantum entropy, the sub-
quantum entropy. is closely associated with our inability to send instantaneous
signals. Now we have shown that the latter is due to our lack of detailed knowledge
of the de Broglie-Bohm trajectories. We see here the beginnings of an interpretation
of our entropy in terms of a lack of '"information'.

The ability to send instantaneous signals requires knowledge of regions of
configuration space where P # lﬂflz. We might then expect that only regions where

2 ;
P £ |§3! would contribute to the entropy. It is satisfying to see that our expression

above fulfils this expectation. Nevertheless, much remains to be understood as

regards the interpretation of what we have called the '"subquantum entropy".

C. Beyond quantum theory?

Our derivation of the result P = Iﬁf!z (on a coarse-grained level), together
with its two corollaries of signal-locality and the uncertainty principle, is
essentially statistical in nature. The probability distribution P = lﬂflz does
not arise as an exact law, but is only true as a "most likely" result, as is the
case for the Second Law of Thermodynamics. From this viewpoint, signal-locality
and the uncertainty principle also lose their status as exact laws, and become
merely statistical in nature, again like the Second Law of Thermodynamics.

On the basis of our approach, it is then reasonable to expect the existence
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of small statistical deviations from the usual results of quantum theory.

First of all, however, it is reasonable to expect the coarse-grained result
P = Iﬂflz to hold to high accuracy. This becomes clear if one considers what we
believe to be the complicated and chaotic past history of our observable universe.
One expects that our observable world has had ample opportunity\to thoroughly 'mix"
the guantities P and I&{lz in configuration space, in the sense discussed above.

It then seems likely that fine-grained deviations P # !32{2 would be inaccessible
to present experimental measurements. However, since we cannot as yet estimate the
scale below which fine-grained deviations would be present, the possibility should
be kept in mind that these could be detected in practice. (For P = I&ilz to become
valid on a coarse-graining scale évg one presumably needs a time since the
"beginning'" which increases in magnitude as 15V decreases. And presumably, for
large enough times, é\/nmy be taken as arbitrarily small).

To found a theory of statistical deviations of P from l%flz, and to then discuss
the physical conseqﬁences of such deviations, requires careful consideration of
certain subtle issues regarding the principles of statistical mechanics. An idea
of these issues may be gained by considering the analogous problem of classical

_E/RT, for

statistical mechanics: To derive corrections to>the Boltzmann factor e
a gas which is to high accuracy, but not exactly, in thermal equilibrium.

The subject will be developed elsewhere. Here we note only that, given the
pilot-wave formulation, it seems sensible to follow the theory to its logical
limits. If, on the basis of Bohm's 1952 "pure' pilot-wave theory, one may derive
statistical deviations from the results of standard quantum theory, then one may
be reasonably confident that such deviations actually exist in Nature. This is so
because the existence of such deviations would be predicted without any arbitrary
theoretical input - a rare situation in theoretical physics.

In the author's opinion, modifications to the "pure'" pilot-wave formulation

(such as subquantum stochastic fluctuations) should be considered only after sub-

quantum statistical mechanics, based on the pure pilot-wave formulation, has been

fully'developed. For only then can we be sure as tomWHat fhe eké&%bpfédiétibns4of
the pure pilot-wave formulation are, so that only then can a comparison with

precision experiments be made.
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V. GENERAL REMARKS:

A. On the objective existence of electrons, molecules, and pollen grains

(i) Introduction: It might seem disappointing that our '"subquantum statistical
mechanics" leads, to high accuracy, to just the usual statistical predictions of
standard quantum theory. One might have hoped for some easily-observable statistical
deviations from the usual results, which may have served as convincing evidence

for the objective existence of particle trajectories (if the predicted deviations
were seen experimentally). However, the situation is extremely peculiar philosoph-
ically, and deserves comment.

(ii) Do fluctuations demonstrate objective reality? Early in fhis century, the

existence of statistical fluctuations in liquids and gases was regarded as convincing
proof of the objective existence of atoms and molecules. However, the form and
magnitude of such fluctuations could be predicted essentially on the basis of

~E/KT

just the Boltzmann factor e . While this factor was deduced, historically, on

the basis of . the atomic hypothesis, in applications one requires only the
factor on its own. Its realistic basis is not needed. -

Now, the quantum theory relation P = ]!ﬂlz, which may be deduced, as we have
seen, on a realistic basis,‘predicts statistical fluctuations in, say, the position
of an electron in the grouﬁd state of Hydrogen - always with an ensemble in mind,

for this case
of course. (Note that W may be calculatedlfrom the Schritdinger equation). From our
point of view, these fluctuations are exactly analogous to those of classical

A . -E/kT
statistical mechanics based on the factor e .

Our point, then, is this: In an earlier era, the observation of effects due
to quantum fluctuations, which are accounted for in a realistic manner by the
pilot-wave formulation, would have been taken as convincing evidence in favour of

the assumed objective of, say, electrons. In our era, of course, this is not the

case. Why not?

From the present viewpoint, accepting standard quantum theory is very analogous
to accepting the results such as e—E/kT of classical statistical mechanics while
ignoring the realistic mechanical basis for those results. Clearly, with such an

attitude, the existence of quantum fluctuations, which may be predicted using
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only P = Igelz, is hardly going to be regarded as evidence for the objective
existence of the neglected mechanical basis (such as electron trajectories).
However, to be consistent, one must ask why fluctuation phenomena in liquids
and gases are nevertheless widely accepted as evidence for the objective existence
of atoms and molecules. One could '"explain' such phenomena simply on the basis of

the "fundamental law" e_E/kT

. The atomic hypothesis could be seen as '"unnecessary",
or '"metaphysical" . (Many physicists would take just such a view with regard to
the assumption of electron trajectories, which we have used to derive the "law"
P= Y%,

One might object that, in quantum theory, there exist fundamental limitations
on the definable meaning of "complementary" quantities, embodied in the uncertainty
relations, while no such limits exist in classical statistical physics. This,

however, is not correct.

(iii) Complementarity and uncertainty in classical statistical physics: The analogy

between quantum theory and classical statistical mechanics may be refined so as

to incorporate, into classical statistical mechanics, a precise analogue of Bohr's
"complementarity'". Bohr's views against the objective existence of electron trajec-
tories may then be used, in a precisely analogous manner, to "disprove" the
objective existence of atoms, molecules, and even pollen grains.

We base our argument on a paper by Rosenfeldzir, which consists essentially of
an outline of Bohr's viewpoints. In an attempt to show the wide application of the
"logic of complementarity", Rosenfeld draws attention to the following remarkable
fact: In statistical thermodynamics, there exists a precisely definable 'complemen-
tarity" between (a) quantities such as the energy of a system, '"the detailed motion
of its parts”z’ , and so on, and (b) macroscopic quantitieé such as pressure,
temperature, and entropy. For example, energy and temperature are clearly
complementary: To have a well-defined energy, a system must be thermally isolated,
making its temperature meaningless. If the temperature is defined, by thermal

contact, then the energy is not determined - it has instead a statistical distribu-
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tion.

It is stated by Rosenfeld that this latter complementarity is precisely
equivalent, logically speaking, to that of quantum theory. One may even derive
"uncertainty relations'", analogous to those of quantum theory, where Boltzmann's
constant k plays a role analogous to Planck's constant ho. (For example, fluctu-
ations in energy are a:Nl/Z, while those of temperature are A'N—l/g, where N is the
number of independent elements in the system (atoms, molecules, or pollen grains -
where the behaviour of the latter is just that of 'large molecules™). The product
[SE[ST is then independent of N, and is found to be of the form kC, where C depends
only on the physical properties of the system, and not on its size).

According to Bohr, the "uncertainty" in complementary quantities should not be
seen as merely a statistical spread, or asrepresenting a disturbance due to the
measurement process (this latter point being made with particular reference to the
EPR thought experiment). Rather, the uncertainty relations express fundamental
"ambiguities" in the definition of complementary quantities within the context
of an '"entire experimental arrangement'.

One might raise the following objection: One could measure the position and
Speed of each molecule to arbitrary accuracy, using feeble (classical) light, and
thus determine the energy, without disturbing the systemlin any way. However, one
may take the view that, by this act, the temperature necessarily becomes undefined.
That this latter occurs without any physical "disturbance'" is of no concern from
the point of view of complementarity: For as Bohr argued for the EPR case, the
changes in "ambiguity" of various spin components may occur without any physical
disturbance. They occur rather by changes in the '"whole experimental set-up", even
if these changes take place far away from a given spin (so that the possibility of
a direct disturbance is excluded). Thus, the situation in classical statistical
physics is indeed governed by the "logic of complementarity'", just as in quantum
theory, as claimed by Rosenfeld.

Thus, it is clear that, by appropriately choosing the '"whole experimental
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arrangement', we as experimenters are free to decide whether our system shall have
a precisely defined energy, or a precisely defined temperature. Should one now
follow Bohr and Heisenberg, and conclude from this that we are playing a part in
"creating reality", even at the level of gases and liquids in the laboratory? Isn't
the logic just the same as in quantum theory, as stated by Rosenfeld?

If so, then we arrive at the following remarkable conclusion: If one neglects
quantum effects, and considers just the classical statistical mechanics of Brownian
motion of pollen grains in a liquid, then the '"detailed motion" of the liquid is
"complementary'" to its temperature. In other words, if the temperature of the liquid
is well-defined, then it is "meaningless" to even think of the objective existence
of the detailed motion of the molecules of the liquid, or of the pollen grains
suspended in it-(since a well-defined detailed motion would imply a definite energy
value, and therefore a contradiction).

How one responds to this conclusion seems to be a personal choice, since the
logic of complementarity is, as even Einstein admitted, quite self-consistent,
and therefore irrefutable on purely logical grounds. One might agree with Bohr
and Rosenfeld that complementarity reaches beyond the confines of quantum theory,
having applications to thermodynamics, and even to biologyzqz But then one must
give up, for certain situations, the idea of the objective existence of, for
example, the motion of pollen grains, even in the '"classical" (B —» 0) limit,
just as many physicists long ago gave up the objective existence of electron motion
in the quantum domain. Such a viewpoint would, from a logical standpoint, be perfectly
consistent. On the other hand, the necessity of such a far-reaching renunciation
- of commonly-held notions of reality, at the macroscopic level, might instead be seen
as evidence that the logic of complementarity is, while self-consistent, not
scientifically credible. One would then have no choice but to regard the position
of an electron in an eigenstate of momentum as being just as real, objectively,
as the detailed motion of a pollen grain in a liquid which is in an "eigenstate"

of temperature.
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(iv) Conclusion: One might try to prove the existence of electron trajectories

by means of some statistical deviations from the results of standard quantum theory.
However, while such deviations may exist, such an approach would be like trying to
demonstrate the existence of atoms by deriving deviations from the Boltzmann factor
e—E/kT_

Much of the problem really lies with the general philosophy associated with
quantum theory, according to which any realistic basis for its statistical laws
is to be regarded as ''meaningless". This is a severe problem since, with such
attitudes, experimental confirmation of the predicted statistical laws will never
be regarded as evidence for the realistic basis of those predictions - unless the
predictions differ from the results of standard quantum theory. But even then,
such deviations, for example of the form P # Iﬁ£|2, might be seen in terms of a
new fundamental law, and the realistic basis again forgotten. This last actually
has historical precedent: In an essay on Qstwald’s "Energetics'", published in 1896,
Boltzmann points out how certain developments in electro-chemical theory originated
in a purely molecular view due to Nernst, but that later '"these propositions were
severed from their molecular justification and presented as pure facts";

In the face of the still widespread philosophy, it then seems a difficult
task to demonstrate the objective existence of electrons. And also, perhaps, of
pollen grains. In addition to working towards a realistic understanding of quantum
theory, it is then important to carefully reconsider the philosophy of quantum

theory as laid out by Bohr, Heisenberg, and others.
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B. On the '"instability" of the Bohr-Heisenberg philosophy

The present philosophy of quantum physics maintains that one should not try
to look "behind the scenes', that it is not possible to gé beyond the present
statistical predictions of quantum mechanics. This philosophy rests essentially
on Heisenberg's uncertainty principle. It is held that the impossibility of a
simultaneous '"measurement' of position and momentum renders the notion of a particle
trajectory '"meaningless'". Closely related is Bohr's principle of "complementarity",
which rests on the apparent fact that, in a certain sense, particle and wave aspects
may not be observed simultaneously.

We wish to point out here the great danger in basing one's philosophy of science
on principles whose basis is ultimately empirical.

Consider, for example, the linearity of the Schrodinger equation. The property
of linearity may only be justified, ultimately, by experiment. It cannot be ruled
out that, in the future, experiment will uncover small nonlinearities in the
Schrodinger equation, as was hinted at by Wignerzé in 1939, developed more recently
by Weinberg8 , and recently tested experimentally by Bollinger et al?7.~Now it has
been shownzs that such nonlinearities will in general allow a simultaneous measure-
ment of particle paths and interference in a double-slit experiment, thus destroying
Bohr's mutually-exclusive wave-particle complementarity. Thus, if even minute
departures from linearity are present in Nature, the entire philosophy of Bohr
and Heisenberg (as applied to Physics) will collapse.

One wonders if it is wise to believe in a philosophy of science whose validity
depends so sensitively on the empirical content of that science. Any sensible
philosophy of science must surely be capable of surviving at least small changes

in the empirical content of science itself. The present situation in quantum theory

seems similar to that of a physicist in the year 1700 basing his world-view on

the linearity of Hooke's law.

Acceptance of such an unstable philosophy can only lead to dogmatism (for
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example the ruling out of nonlinearities a priori). It is striking to note that
Bohr, while arguing against an attempt by Einstein to circumvent the uncertainty
principle (at the Sixth Solvay Congress in 1930), is reported to have said that

) .29 )
it would be '"the end of Physics" if Einstein were right . If the recent experi-
mental search for nonlinearities in the Schrodinger equation, by Bollinger et al.,

had yielded a positive result, would this really have been 'the end of Physics"?

C. Can realistic science be nonlocal?

Assuming the exact validity of the statistical predictions of quantum mechanics,
Bell's theorem seems to rule out any local realistic theory lurking "pehind the
scenes". It seems that one must reject at least one of (a) locality, and (b) realism.

It is remarkable that many physicists seem to choose option (b) with little
hesitation. It is élaimed that the ideal of describing the world as “independently
actual" is mistaken. Instead, one should only deal with "observations". One must
not even think of "elements of reality". As pointed out below, there is little
doubt that the current popularity of this choice may be traced back to anti-rational
and anti-realist movements in early twentieth-century Europe.

If -one forgets, for a moment, the historical debris by which we are still
surrounded and influenced, one immediately asks: What really concrete arguments

are there against nonlocal realism?

There seems to be only one clearly articulated argument against nonlocal
realism, and this is the idea that a nonlocal reality could not be studied by
scientific methods. It might be claimed that if, for example, the real state of
affairs inside a Hydrogen atom in a laboratory in Rome depends on the situation in
Venice, on Mars, and on the other side of our Galaxy, then application of the
ngcientific method", with its basis in experiment, will be hopeless. It is this
claim which we wish to refute here.

The above claim states essentially that Physics can only develop if it is

possible to isolate simple systems from the rest of the Universe. For only then
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will the experimentally-observed behaviour be simple enough for the discovery of
physical laws to be possible. However, this rests on a naive view of the role of
experiment in Physics. In particular, it rests on the mistaken idea that physical
theories are constructed mainly on the basis of experimental facts.

While experiment is of course of fundamental importance, the above view misses
the fact that physical thecries are often constructed on the basis of appealing
theoretical principles, which rely on just a very few experimental facts. The
General Theory of Relativity is the classic example, as well as Schrodinger's
construction of Wave Mechanics. As a more recent example, one might consider the
theory of Quantum Chromodynamics, which was constructed on the basis of little
more than local gauge-invariance. In this theory, the gquantised quark and glucn
fields are only very distantly related to the scattering -cross-sections which are
actually "observed" in laboratory experiments. Indeed, it is Widely believed that
quarks themselves will be forever hidden from 'direct observation'". Clearly, it
would be absurd to claim that the theory of Quantum Chromodynamics was constructed
mainly on the basis of experimental facts. Indeed, it is by now widely realised
that experimental '"facts'" cannot even be stated or interpreted in the absence of
some theoretical structure (see below).

Our point, then, is that the development of Physics in a nonlocal world would
be possible by building theories on the basis of some (as yet unknown) general
principles. Of course, one must then find some prediction of the theory which may
be tested experimentally. But the construction of the theory cannot proceed on the
basis of experimental facts alone. This situation is of course not new, and was
clearly understood by Einstein, who stated that "A theory can be tested by experience,
but there is no way from experience to the construction of a theory'-

In fact, the difficulties presented to the '"scientific method" by nonlocality

show a similarity to those presented by nonlinearity. As Einstein put itls, regarding

the nonlinear equations of the gravitational field: '"No collection of empirical

facts however comprehensive can ever lead to the setting up of such complicated
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equations...", which "...can be found only through the discovery of a logically
simple mathematical condition that determines the equations completely or almost
completely. Once one has obtained those sufficiently strong formal conditions, one
requires only little knowledge of facts for the construction of the theory".

Clearly, the above argument against nonlocal realism is based on a misconception
as to the role of experiment in Physics, and could just as well be aimed against
nonlinear realism.

In a letter to de:Broglie in 1954, Einsteir;30 made some related remarks regarding
the search for a ''substructure" beneath quantum mechanics: "T have long been con-
vinced that this substructure cannot be found in a constructive way, starting from
the empirically established behaviour of objects, because the efforts necessary for
this would exceed human possibilities. I have arrived at this conclusion....because
of my experience in the theory of gravitation. The equations of the theory of
gravitation could be discovered ggiz on the basis of a purely formal principle
(of general covariance)...". Einstein expected the substructure to be nonlinear
in character, and saw clearly the implications against naive notions of '"scientific
method". Today, there are good reasons to expect that the substructure is nonlocal
(and perhaps also nonlinear), which has pather similar implications for scientific
method. One must then try to proceed, following Einstein, on the basis of some
general formal principle or principles, which are as yet unknown. Certainly, there
is no reason to believe that a nonlocal reality is inaccessible to science, no more

than is a nonlinear one.
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D. Quantum theory: A historical perspective

3l

(i) General remarks: In his book "Physics and Beyond" , Heisenberg takes great

pains to show how his work in physics was intimately bound up with the cultural
developments of the time, a fact which Heisenberg clearly found satisfying. This
attitude is indicated by the original German title "Das Teil und das Ganze" ("The
Part and the Whole"). The mood of post-World War One Germany, and its influence on
physics, is presented in considerable detail.

Since the present form of quantum theory reflects in part the mood of Europe
in the 1920s, in particular, perhaps, of the German-speaking world, it is important
to have some idea of the character of that mood.

Even a cursory survey shows a general anti-realist tendency, with roots in
the late nineteenth century, strongly manifest in Art, Poetry, and Literature, a
tendency which became more pronounced under the impact of the First World War.
Regarding the latter: '"The shock and disillusionment of war shook all faith in
meaningful reality”gﬁﬂ The atmosphere is in fact well-documented by Heisenberg
himself33 . As in physics, the history of nineteenth and twentieth century Art
is, more than that gflany other era, "the visible token of the central problem
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of the modern age, the quest for a meaningful image of reality"” The post-World
War One atmosphere saw philosophers and writers calling for "the mobilisation of

the spirit against the mechanism and determinism of the natural sciences! .

We do not wish to in any way question these tendencies from a purely humanistic

point of view. It is their effect on physics which seems disturbing.

The effect of these tendencies on science itself is seen remarkably, for
example, in the attitudes taken towards Einstein's theories of "relativity", not
only by the general public, but by physicists themselvesgs. "Relativity'" was widely
taken to imply that reality is in some way subjective and observer-dependent,
even by physicists such as Bohr, Heisenberg, and Born. To arrive at such views,
the observer—dependence of space and time measurements, and of simultaneity, was

stressed. However, the invariance of natural laws, their universality for all

N4
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"observers'", was ignored (where such invariance shows that the theory of
"relativity" could just as well have been called the theory of "invariants').
There is no doubt that relativity was widely perceived as indicating an end to
the old order, and as discrediting the '"materialist'" ideals of an earlier
generatiogas . This is seen in the fact that the popularity of "Einstein's"
ideas led to a counter-reaction in Germany, where Einstein was accused, in
a wave of anti-Semitism, of being a "scientific Dadaist"

Such post-World War One trends of thought may not seem very relevant
today (1990). However, the informal language of present-day physics is pervaded
by a subtle observer-centred philosophy, whose roots lie in the late-nineteenth
and early twentieth centuries. Regarding the effect of the latter era on contemporar:

North
thought, it is striking to note the extent to which present—daylfmerican popular

culture has its roots in the German philosophy of the 1920s and 1930s .37.

From our point of view, Heisenberg's book '"Physics and Beyond" may be seen
as a frank admission that, indeed, the approach to physics taken by himself and
others was greatly influenced by the anti-realist, and even anti-rational, atmospher:
of the times. In a letter to Heidi Born in 1927, Einstein pointed to the invasion -
of irrationalism in physics at the time, with its "tragic corise'quences”zg7 Given
such an atmosphere, it is hardly surprising that Bohr, Heisenberg, and others, were
so ready to conclude that, for example, spontaneous emission is a "fundamentally
acausal process'".

As discussed clearly by Heisenbergs' , Bohr's abandonment of the classical
causal viewpoint, of objective processes taking place in space and time, was based
largely on the puzzle of the "recurrence of forms": The fact that "even after a
host of changes due to external influences, an iron atom will always remain an
iron atom, with exactly the same properties as before" l. According to Bohr, this
is "quite inexplicable in terms of the basic principle of Newtonian physics,

according to which all effects have precisely determined causes"

Given the "miracle of the stability of matter", and the fact that "we can see
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the inconstancies, the sudden jumps in atomic phenomena quite directly, for instance
when we watch sudden flashes of light on a scintillation screen...“si, given all
that, one may understand the puzzlement felt by Bohr and others early in this
century. Why, though, should all this lead one to the conclusion that it is
""impossible to build up a descriptive time-space model of interatomic processes'"?

Why should such a conclusion follow from the '"discontinuous element.... of atomic

phenomena”s‘, as Heisenberg claimed (under the influence of Bohr)?

9

As stressed by Bell , the mere existence of the pilot-wave formulation
demolishes such views. We might add further that the ability of classical determin-
istic physics to generate complex, recurrent, and stable structures has been
vastly underestimated. This is shown by the development in recent years of the

theory of complex dynamical systems, and of "disgipative structures" far from

equilibrium, essentially on the basis of classical (i.e. nonquantum) theory

(ii) Against "historicism'' in physics: The example of Boltzmann: As stressed by

Heisenberg, any creative scientific work is necessarily influenced by the mood of
the times. However, it is dangerous to claim that science must always take its cue
from attitudes prevailing in society at large. As stressed in another context by
Poppergq, such "historicist" attitudes tend to undermine belief in human ingenuity.
From the point of view of physics, the scientific researcher becomes, in the
historicist view, a pawn subject to overpowering historical forces. For example,
many contemporary physicists would say that the trend of our century is away from
determinism, and even from realism, with the implication that a step backwards is
unthinkable.

Such a historicist view of science is easily discredited by considering the
case of Boltzmann, whose life's work was based on the (at that time undemonstrated)
atomic hypothesis. Assuming the =xistence of atoms, Boltzmann (together with Maxwell,
Gibbs, and others) was able to account for the observed properties of gases, and
to deduce the Second Law of Thermodynamics (to within certain controversial points

regarding time reversal, which persist to this day). However, it would be difficult
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to imagine a more hostile atmosphere into which Boltzmann's "materialist'" ideas
could have been introduced: In his book "Appearance and Reality", published in

1893, Bradley32nwdntained that "Nature by itself has no reality", and that the
idea of Nature being '"made up of solid matter interspaced with an absolute void"
has to be abandoned. The "phenomenalism" of Mach, and the "energetics" of Ostwald,
dominated the scene. As Bunge has put it: "Thermodynamics.... was regarded as the
paradigm to be imitated. Physical theory was required to stick to observation,......
The hypothesizing of hidden entities and inner structures became taboo...;§6.

It is likely that this hostile atmosphere was partly responsible for Boltzmann's
suicide in 1806. Ironically, shortly afterwards, the atomic hypothesis was confirmed
by the observation of fluctuation phenomena predicted by the statistical mechanics
whose development had begun with Boltzmann decades earlier. Remarkably, despite the
experimental verification of the predicted properties of Brownian motion, Mach
maintained his disbelief in the existence of atoms until his death in 1916.

The fact that, in spite of the hostile mood of the times, Boltzmann's ideas
survived and conquered, should lay to rest any notions that the path taken by
physical theory must be in accordance with the prevailing cultural atmosphere. -

(iii) Boltzmann and Bohm, Mach and Heisenberg: There is of course a clear historical

parallel between the work of Boltzmann, and that of Bohm, where Bohm has given a
fully realistic account of the results of quantum theory, just as Boltzmann did

for thermodynamics. The question of the real existence of electron trajectories
recalls discussions concerning the existence of atoms at the turn of this century.
Indeed, the "operationalist'" arguments of Heisenberg against the meaningful existence
of electron trajectories are strikingly reminiscent of the arguments of Mach et al.
against the existence of atoms. The basic philosophy behind these arguments is,

of course, that one should not speak of that which cannot be "directly observed".
This philosophy evaporates when one realises that "direct observations'" do not exist,
since "observations" are impossible, and indeed meaningless, without some prior

body of theory. For instance, even today, nobody has "directly observed" an atom.-
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One might point to the images generated by electron microscopes. But these are
just patterns of light and shade on photographic paper. Their interpretation in
terms of "atoms" depends on an extensive theoretical structure. As Einstein said
to Heisenberg, 'we must know the natural laws at least in pracfical terms, before
we can claim to have observed anything at all“g‘. We would agree with Einstein that
"The prejudice [of Mach and Ostwald] ~ which has by no means disappeared - consists
in the belief that facts by themselves can and should yield scientific knowledge
without free conceptual construction. Such a misconception is possible only because
one does not easily become aware of the free choice of such concepts, which, through
success and long usage, appear to be immediately connected with the empirical
material"‘5 . We might agree further that Mach was '"a good mechanic but a deplorable
philosopher" 35 A sensible viewpoint was advocated by Boltzmann himself: "One ought
not to say, with Ostwald, '"Thou shalt not make any image", but only "Thou shalt
admit in it as little of the arbitrary as is possible" "{ro.

Philosophical debates aside, it is a fact of history that, in the case of
Boltzmann versus Mach, imaginative physical thinking of a realistic nature won
the battle against naive operationalism.

It is the author's hope that a similar breakthrough will occur in quantum theory.
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