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4 lntroduction 

Note that no characteristics of the position measurement device are inherent in 

( 8 2Q}. In particular its accuracy is not involved. In fact the probability distribution 

l 1/J<.q) 12 only results from an ideally accurate position measurement (in a certain sense 

it defines such a measurement). 

The UP bas been called "the most important principle of twentieth century physics". 

Laplacean determinism, the assertion that the future of the whole universe is deter­

mined by the specification of the positions and velocities of its constituents at a 

certaitl time, seemed at an end. The UP engendered a flurry of philosophizing about 

possible new world pictures6• lt was even claimed .that the existence of free will, 

which appeared to contradict the Laplacean world picture, was saved by QM. From a 

physicist's point of view, however, its importance is limited. In quantum mechanical 

calculations it is incorporated automatically. Explicit consideration of the UP is super­

fluous. Similarly, Lorentz contraction need not be explicitly introduced into relati­

vistic calculations, as these incorporate the effect automatically. But, whereas the UP 

is perhaps little used in actual practical calculations, its importance from a pedago­

gical point of view remains substantial. From the point of view of the conceptually 

familiar classical physics, the UP highlights one of the ways in which: QM is funda­

mentally "different". But precisely what it means, philosophically and otherwise, is 

not as simpte as suggested at the · beginning of this paragraph. The QM evolution 

equation (Schrödinger's equation) replacing Newton's laws, on which Laplace's views 

were based, is just as deterministic as the latter. To what extent this implies a deter­

ministic world, depends on the meaning of 11/J) itself. In other words, the philoso­

phical significance of QM can be judged only when the state vectors l 'l/J) are inter­

preted satisfactorily, and not through (5) alone. Tuis interpretation problem, closely 

connected to the notorious "measurement problem" is very complex and contro­

versial, however. Since this work is not directly concemed with it, we shall (apart 

from an occasional remark) not go into it any further. 

6M. Jammer (1974): The Philosophy of Quantum Mechanics (Wiley, NY); p. 7Sff; 
E. McMullin (1954): The Principle of Uncertainty (PhD thesis, University of Louvain, Belgium, 
wipublished). 
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But even on a pragmatic level, to which we shall limit ourselves, the meaning of the 

UP is less clear than it may seem. We saw how Bom's probabilistic interpretation 

gives (5) the meaning of a limit to the width of probability distributions. But 

Heisenberg, judging by the illustrations in bis 1927 paper, and Bohr, who subse­

quently studied the UP in depth, intended the UP to have a much wider significance. 

Thus, it bas been suggested that there are as many as three or four uncertainty 

principles7• Most notably, the UP was interpreted as a limit to the accuracy with which 

incompatible observables can be measured jointly. A consequence of this latter 

version of the UP was assumed to be the fact that a position meter must "disturb" 

incompatible observables, e.g. momentum, to an extent at least reciprocally related to 

its accuracy. However, as Bom's interpretation presupposes the measurement to be 

ideally accurate, so does (5). It does not at all address questions involving accuracy or 

disturbance. 

In the early days of QM the expansion of the domain of applicability of the new 

formalism was most important. It is therefore understandable that conceptual issues 

without direct practical relevance, were not thoroughly investigated (except by Bohr 

and Einstein). Moreover, measurement devices were for many years so inaccurate 

that a detailed consideration of quantum induced bounds to accuracy were academie. 

In recent years, especially the demand for accuracy by gravitational wave detectors 

and the rapid development of the field of quantum opties, have brought the 

(alleged ?) quantum bounds into sight. Indeed a number of investigations into these 

bounds have appeared8• It turned out that the conventional QM formalism, though 

suitable for all calculations, showed deficiencies as regards the description and 

characterization of measurements. An extended formalism was developed9• 

7y. Yamamoto el al. (1990): Progress in Opt. (ed. by B. Wolf, North Holland, Amsterdam) 28, 
p. 87 (see esp. p. 101); McMullin, op. dt. 

8See e.g. Yamamoto et al., op. cit •• 
9E. Davies (1976): Quantum Theory of Open Systems (Academie, NY); 0. Ludwig (1983): 
Foundations of Quantum Mechanics, 2 vols. (Springer, Berlin); A. Holevo (1982): Probabilislic and 
Statist/cal Aspects <d' Quantum Theory (North Holland, Amsterdam). 
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We will start this thesis with a concise overview of the inception of the standard 

formalism in general, and of the UP in particular. We will also study the relevance 

of (5) more closely, and see that it is indeed limited when compared to the intended 

meaning of the UP. Certain implicit assumptions in the setting up of the formalism 

are traced, assumptions that (may have) led to its later inadequacy for the description 

of measurements. The subject of eb. II is Bohr's complementarity. Bohr developed 

this philosophy in the years 1927-1939, and we shall study it with special regard for 

Bohr's views on the UP. 

Bohr, as we noted earlier, gave the UP a significance far beyond (5). This discre­

pancy between the content of the UP and its formalistic status needs clarification. 

Therefore we proceed with a mathematical investigation in ch. III, using the afore­

mentioned extended formalism. We show that, giving 'inaccuracy' a mathematically 

well-defined content, an inaccuracy bound can be derived. Next, in ch. IV the 

inaccuracy notion and the quantum inaccuracy bound are applied in certain experi­

ments, e.g. from quantum opties. In particular certain welH.mown results, such. as 

Heisenberg's ')'-microscope, are treated as consequences of the inaccuracy principle. 

lnequalities of the type (5) can be shown to have highly analogous consequences, hut 

for devices other than meters: for preparators, i.e. object sources. Thus a dualistic 

UP is proposed, consisting of a cluster of relations like (5) on the one hand, and of 

relations like the inaccuracy inequality of ch. III on the other. These two sub-prin­

ciples appear sufficient to justify the UP in its full Bohr/Heisenberg content. The 

results are summarized and evaluated in ch. V. 



Introduction 7 

In this thesis equations are numbered in each chapter separately. When an equation in 

another chapter is referred to, the chapter number is stated explicitly. For example, 

(III.20) means equation (20) of chapter m. As in the introduction, short remarks and 

references can be found in the footnotes, indicated by Arabic numerals. Roman nu­

merals indicate longer comments, which can be found at the end of each chapter. The 

appendices contain a more detailed justification of ch. II and ch. m, but are not 

directly involved in the line of argumentation of these chapters. 

The motto was taken from p. 590 of James Joyce by R. Ellman (rev. ed., Oxford Uni­

versity Press, 1982). 

The contents of chapters m and IV are contained in: 

H. Martens (1989): Phys. Lett. A. 137, p. 155 

H. Martens & W. de Muynck (1990a): Found. Phys. 20, p. 257 

H. Martens & W. de Muynck (1990b): Found. Phys. 20, p. 355 

H. Martens & W. de Muynck (1990c): submitted to Found. Phys. 

H. Martens & W. de Muynck (1990d): submitted to Phys. Lett. A 

Further elaborations (on neutron interferometry and Kerr QND measurement, respec­

tively) can be found in: 

W. de Muynck & H. Martens (1990): Phys. Rev. A. 42, p. 5079 

H. Martens & W. de Muynck (1990e): paper presented at the International 

Workshop on Quantum Aspects of Optical Communications, Paris (France), pro­

ceedings to be published by Springer, Berlin. 

This work was supported by the Foundation for Philosophical Research (SWON), 

which is subsidized by the Netherlands Organization for Scientific Research (NWO) 
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10 Chapter I 

Modem quantum mechanics (QM) is usually said to have started with Heisenberg's 

1925 paper "Über die quantentheoretische Umdeutung kinematischer und mecha-
' nischer Beziehungen" 1• As already indicated in this title, early views on the inter-

pretation of the new formalism were strongly tainted by the classical background 

from which it emerged. For this reason it seems worthwhile to explicitly state some 

of the interpretational presuppositions of classical (statistical) mechanics (CM), as 

they are commonly (but often implicitly) taken to be. In CM the "state" of the system 

at time t is given by a point W(t) in phase space 0. An n-particle system is, for 

example, described by 3n position coordinates and 3n momentum coordinates. This 

leads to a phase space 0 = IR6n. In general a given history of the system, or prepara­
tion procedure, will not uniquely determine the system's position in phase space. In 

such a case it is appropriate to use a probability distribution P(dw,t) to describe the 

system: P(!::..w,t) indicates the probability that the system can at timet be found in the 

region !::..w of the phase space. In the following we shall reserve the term state for this 

distribution, and speak of a C-state when we refer to a point in phase space. 

Note that the set of states is convex (fig. 1): whenever P
1
(dw,t) and P

2
(dw,t) are 

states, so is the mixture 

(1) (0 5 À 5 1). 

The mixed state P can be realized in a situation where we do not always use the same 

preparation device: we use the preparator that makes P
1 

with probability À, and the 

preparator that produces P
2 

with probability 1-À. Elements P of a convex set that 

cannot be decomposed into two other elements P
1 

and P
2 

as in (1) are called extreme 
(in this context the extreme elements are also called pure states). It is not difficult to 

verify that the 6--distributions P (dw,t) = D (dW), which are in 1-1 correspondence 
"'o "'o 

to C-states, are the pure states. Moreover, every non-extreme state can be written as 

a mixture of pure states in a unique way: in CM the set of states forms a simplex2• 

Therefore we may conceive the CM system as being at any time in some definite 

C-state, which may not be completely known. The non-extreme states are only 

1w. Heisenberg (1925): "On the quantumtheoretical reinterpretation of kinematic and mechanical 
relations", Zr. f. Phys. 33, p. 879 

2A. Holevo (1982): Probabilistic and Statistical Aspects of Quantum Theory (North Holland, 
Amsterdam), ch. I 
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(a) (b) 

fig. 1 1\vo convex sets. Extreme elements are indicated by open circles. The 
set (b) is a simplex, (a) is not. The line between the points x and y 
indicates the set of convex combinations of x and y. 

introduced to represent such a lack of knowledge and do not have any ontic 
significance. This is called the ignorance interpretation of mixtures. 

Classical quantities can be seen as properties independently possessed by the object 

system: for every quantity .5'there is a function /(W) determining the value of the 

quantity, given the C-state of the object system. The quantities supply information on 

the C-state. In fact, the C-state is no more than the set of values which the quantities 

assume at a given time. Thus the ultimate quantity is the phase point, and vice versa: 
there is no real conceptual difference between 'state' and 'quantities'. Accordingly, 

measurement of a quantity is ideally intended to see which value the quantity has. The 

nature of the classical measurement ideal follows from the ontological assumption 

inherent in classical theories that they are about independently possessed object 

properties. 

Of course this by no means implies that actual measurements achieve the ideal. On 

the contrary, real measurements will always be riddled with imperfections. An ana­

lysis of the measurement procedure will nevertheless show the precise influence of 

disturbances, allowing us to interpret our actually performed measurement in terms 

of the intended one. Thus, while it is not true that in CM all measurements are just 
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"seeing what value a certain quantity bas", it is true that all can be seen as derivatives 

of such measurementsi. Furthermore, the character of the classica! measurement ideal 

prompts the view that the property under investigation is well-defined (though 

perhaps not constant) throughout the measurement process. Consequently a measure­

ment can be used not only to gain information about the object's state just before the 

measurement (the determinative aspect of measurement), hut also to make predictions 

about values of the measured quantity in the object's state after measurement. Ideally, 

the post-measurement value of that quantity is equal to the measurement outcome. 

We shall call the aspect of measurement which deals with the state after 

measurement, the preparative aspect. Accordingly, in CM the preparative and 

determinative aspects of measurement are quite naturally connected conceptually. 

1 THE ADVENT OF QUANTUM MECHANICS 

Within the classica! conceptual framework QM carne into being around 1925. In those 

days atomie theory was phrased in terms of the "old quantum theory". This eventually 

evolved into discussing the atom in terms of some symbolic classica/ model 

("Ersatz"), to which the quantum rules were applied3• In this way Bohr's 

correspondence principle, which started out as the rule that quantum results should 

become classica! results for large quantum numbers, was sharpened into a more quan­

titative tool. When discussing the problem of radiation and atoms, the Ersatz consis­

ted of a set of mechanical oscillators associated with each atom4• These virtual oscil­

lators had the frequencies of the spectral lines of the atom as eigenfrequencies. The 

modeling of emission and absorption processes with the aid of these oscillators 

"solved" the problem of the difference between the mechanica! and the electro­

magnetic frequencies of an atom. An application of the model was the Bohr-Kramers-

3J. Mehra & H. Rechenberg (1982): The Historical development of Quantum Theory, 6 vols. 
(Springer, NY); see vol. II, p. 199 ff. 

4This model was due to Stater (Mehra & Rechenberg, op. cit., vol. I, part 2, ch. V and vol. II, 
p. 125). 
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Slater theory of radiation5• In the theory an atom in a stationary state generates, via 

the virtual oscillators, a virtual field consisting of components with those frequencies 

that can be emitted in a transition to lower levels. The pro/Jability that a given atom 

actually decays to a certain lower state, depends on the intensity of the virtual field 

component with the proper frequency at the site of the atom. In this theory there are 

no photons. Since the occurrence of the transition does not causally depend on 

whether any other atom makes a transition, energy and momentum are only conser­

ved in the mean. The Bohr-Kramers-Slater theory was soon disproved by experiment6, 

hut it nevertheless was an important point on the way towards true QM. It in 

particular formed the starting point for Kramers' theory of dispersion, in which 

Heisenberg collaborated. Heisenberg was still not satisfied with the status of the 

correspondence principle, and wanted to further sharpen it. The quantities a(n,m), 

which denoted the virtual amplitude associated with the transition from level n to 

level m in the old theory, became matrices. These matrices, obeying a non­

commutative multiplication rule11, were used by Heisenberg to "reinterpret mecha­

nica! relations quantum mechanically" (viz. the title of his paper). The theory was, 

however, still a radiation theory: the "position matrix" q(n,m) corresponded to line 

intensities in dipole transitions, ratlier than to electron position. "Heisenberg claimed 

that he had rid the theory of unobservables. For Heisenberg, e.g., electron position 

was not observable. Instead he referred primarily to line intensities as observable, as 

opposed to the unobservable mechanical models (such as that of the virtual 

oscillators) of the old QM. Born and Jordan, with Heisenberg7, developed 

Heisenberg's ansatz into the consistent formalism of matrix mechanics. A statistica! 

interpretation was added by Borns. This interpretation was, however, still toa large 

extent in line with Heisenberg's original theory as regards its observability notion: 

Born's interpretation referred to transition probabilities in collision and was intended 

onfy for momentum and energy, not for, e.g., position. 

5N. Bohr, H. Kramers & J. Slater (1924): Phil. Mag. 41, p. 785; see also Mehra & R.echenberg, op. 
cit" vol. I, part 2, § V.l 

6By the Comptoll"'\Simon and Bothe-Geiger experiments (Mehra & Rechenberg, op. cit., vol. I, part 2, 
§ V.l). 

7M. Bom, W. Heisenberg & P. Jordan (1926): b. f Phys. 35, p. 557 

SM. Bom (1926a): b. J Phys. 31, p. 863; (1926b): ibid. 38, p. 803 
For energy this interpretation was already inherent in the Born-Heisenberg-Jordan [Bom, Heisenberg 
& Jordan, op. cit.] paper (Mehra & Rechenberg, op. ciJ., vol. Il, p. 138). 
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Thus we see how QM explicitly originated in classical mechanics, was in fact seen as 

a reformulation of CM. Dirac puts it in bis formulation of the new theory9 as follows: 

"In a recent paper1D Heisenberg puts forward a new theory which suggests that it is not 

the equations of classical mechanics which are in any way at fault, hut that the mathe­

matical operations by which physical results are deduced from them requires modifi­

cation. All the information supplied by the classical theory can thus be made use of in 

the new theory". More or less as a by-productU, new QM used less unobservables than 

before [i.e. in the old QM]: mechanical models were dispensed with. 

2 HILBERTSPACE 

In the early papers observability was used in a different sense than the modern one, 

the latter being characterized by the name observables for self-adjoint operators. Tuis 

latter concept of observabilityiii emerged when the transformation theory12 established 

the equivalence of all representations of the quantum state vector, and made Born's 

statistical interpretation available for other quantities than momentum and energy13• 

The new formulation14 can be roughly summarized in a number of postulates1v: 

(2a) At a fixed time t the state of a physical system is represented by a posi­

tive operator with unit trace p(t) on a complex Hilbert space JI 
(operators are boldfaced). 

9P. Dirac (1925): Proc. R. Soc. A 109, p. 642 

tOHeisenberg, op. cit. 

11Mehra & Rechenberg, op. cit" vol. Il, p. 184 

12P. Dirac (1927): Proc. R. Soc. A 113, p. 621; P. Jordan (1927): Zr. F. Phys. 40, p. 809 

13cf. the letter from Pauli to Heisenberg d.d. October 191h, 1926 (y{. Pauli (1979): 
Wissenschaftlicher Briefwechsel, vol. I (ed. by A. Hermann, K. von Meyenn and V. Weisskopf; 
Springer, Berlin). Il [143]). 

14p. Dirac (1930): The Principles of Quantum Mechanics (lst ed.; Oxford Univ. Press); 
J. von Neumann (1932): Mathematische Grundlagen der Quantenmechanik (Springer, Berlin) 
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which is used in (2d), uniquely associates a spectra! family, or projection valued 
measure (PVM), {E(da)}o(A) with a given self-adjoint operator. Because (2c) and the 

expectation value rule 

(5) (A) = fa P(da) = f a Tr[p E(da)] = Tr(p A) 

are consequences of (2d), a PVM is a more fundamental object than a self-adjoint 

operator17• Starting from a PVM rather than a self-adjoint operator ·has additional 

advantages, such as the removal of the restriction to real eigenvalues18• These argu­

ments suggest the use of PVMs instead of self-adjoint operators. Indeed we shall use 

PVMs in the following, whenever appropriate. 

The wording of the postulates (2) is distinctly operationalistic. All classical talk about 

'properties' is absent, and replaced by such terms as 'measurement results'. Never­

theless, the classical roots of the new formalism surface in, e.g., (2e): the (natural) 

characteristics of an ideal measurement in CM are carried over into QM as a postu­

late. A measurement according to (2e) will give on repetition the same result with 

certainty. Such a measurement is called a measurement of the first kindVii. As it is 

impossible in QM, contrary to CM, to think of the outcome of the measurement as a 

property of the object counterfactually19 (i.e. one cannot assume that the object would 

have had the outcome as a property even if the instrument had not been present). the 

fact that the measurement of the first kind can be interpreted as creating a property to 

the object, may be seen as an argument in favor of it. After all, if a measurement 

cannot be thought of as revealing a pre-existing value, it would seem to need at least 

the preparative attribute (2e) in order to be properly called 'measurement'. There­

fore (2e) shifts the emphasis within the concept of 'measurement' from the deter­

minative aspect to the preparative aspect. This new usage of 'measurement' seems, 

17Cf. P. Dirac (1958): The Principks of Quanlum Mechanics (4th ed.; Oxford Univ. Press), p. 37 

18Holevo, op. cit.; J.-M. Levy-Leblond (1976): Ann. of Phys. 101, p. 319 

19The troubles which such an ignorance interpretation of the inevitable scatter in quantum 
measurements runs into, were known soon [M. Jammer (1974): The Philosophy of Quantum 
Mechanics (Wiley, NY), p. 43] 
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fig. 3 

19 

Heisenberg 's 1-ray micro­
scope. Light with wave­
length À is scattered off 
an electron E through a 
lens L onto a photogra­
phic plate P. The lens has 
aperture e. 

Lastly, Heisenberg shows that for states with a Gaussian position representation (viz. 
the ground' state of the harmonie oscillator) the variances in position and momentum 
satisfy (fi2Q) (ti2P) = t; {ti2P) denotes ((P-{P))2}. Later this result was exten­
ded to the now familiar Heisenberg inequality2& 

and Robertson inequality21: 

(1) 

Another common way2S of introducing the UP is through reference to the wave par­

ticle duality, which quantum mechanics allegedly entails. One notes that for classical 
light a wave packet of size ll.q must have a wave vector dispersion 

26H. Kennard (1927): Zr. f. Phys. 44, p. 326; H. Weyl (1928): Gruppentheorie und Quantenmechanik 
(Hirzel, Leipzig) 

27H. Robertson (1929): Phys. Rev. 34, p. 163; K. Kraus & J. Schroeter (1983): Int. J. Theor. 
Phys. 1, p. 431 

28Cf. L. Rosenfeld (1971): ArCh. Hist. Exact Sci. 1, p. 69 (quoted on p. 59 of Wbeeler & Zurek, op. 
cit.); Jammer, op. cit. 
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For Heisenberg, in accord with the operationalistic maxim36 "Wenn man sich darüber 

klar werden will, was unter dem Worte 'Ort des Gegenstandes', z.B. des Elektrons 

[ ... ], zu verstehen sei, so mufi man bestimmte Experimente angeben, mit deren Hilfe 

man den 'Ort des Elektrons' zu messen gedenkt", the experiments are important 

because they give content to the notion of 'position'. But then how can Heisenberg 

use the word 'momentum' in the discussion of the ')'-microscope experiment when 

momentum is not measured (hence not defined)? Heisenberg's operationalism is 

certainly not fully carried through, and Heisenberg can probably not be characterized 

as an operationalist37• From amore general methodological point of view, however, 

it is unclear whether these Gedanken experiments are intended38 as derivations, 

explanations or illustrations of the UP. A rigorous derivation of the UP from the 

formalism should, I think, take precedence over other types of reasoning. That would 

restrict the use of the thought experiments to illustrations of the failure of classical 

concepts in quantum mechanics/or pedagogical purposes only39• 

Therefore such assertions as the popular interpretations of the UP mentioned above 

(e.g. the disturbance and inaccuracy interpretations) must be formally justified in 

order to be acceptable. The only base of all of these claims in the formalism consists 

of the Heisenberg inequality (6) and the Robertson inequality (7). Heisenberg himself 

denotes the quantities 6 (measurement accuracy), D (disturbance) and (62Q) (wave q q 
function width) by the same symbol (namely q

1
), suggesting a conceptual 

identification of these notions. He was probably inspired by the classica! theory in 

which, as we saw, preparative and determinative aspects of measurement were 

merged. From the point of view of the analogy with CM then, the assumption that a 

measurement's determinative quality (i.e. 6 J conceptually equals its preparative 

quality (i.e. D , or (62Q) after measurement), is indeed tempting. q 

36•When one wants to be clear about wbat is to be understood by the words 'position of the object', 
for example of the electron [ ... ], then one must specify definite experiments with whose help one 
plans to measure the 'position of the electron' • (Heisenberg, op. cit. (1927); translation taken from 
Wheeler & Zurek, op. cil. ). 

37Jammer, op. cit" p. 58 

38K. Popper (1972): The Logic of Scientific Discovery (6th rev. impr.; Hutchinson, London), app. *xi 
39For Bohr the thougbt experiments were more important than this too, as is evident from a letter to 
Darwin in 1930 (N. Bohr (1985): Collected Works, vol. 6 (ed. by J. Kalckar; Nortb Holland, 
Amsterdam), p. 316). See also eb. II. 




















































































































































































































































































































































































































































