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ESSAY REVIEW 

Interpreting Quantum Field Theory 

Fritz Rohrlich * 

Paul Teller, An Interpretive Introduction to Quantum Field Theory (Princeton, 
NJ: Princeton University Press, 1995), 176 pp., ISBN O-691-07408-9. 

A scientific theory is not a rigid body of knowledge chiselled in stone. Like a 
living organism, it has a growing period followed by a state of maturity. 
Eventually, it becomes an established theory whose validity limits are deline- 
ated by a ‘superseding’ theory which however (in most cases since at least the 
19th century) does not call for the discarding of the old theory. In addition to 
specifying the validity limits, the superseding theory usually requires certain 
changes in the ‘old’ theory which often modify seemingly well-established 
views. 

With this constant change in mind, it becomes a difficult task for the 
philosopher of science to study the ontology and methodology of a scientific 
theory; he must determine which aspects of the theory to take seriously, which 
ones to recognize as only preliminary and which ones to ignore completely. As 
the formulation of a theory changes, new terms enter the vocabulary, old terms 
are discarded and often the whole structure is seen in a new light. Anyone 
recalling the history of Newtonian mechanics from the Principiu via Euler, 
Laplace, Hamilton, Poincare and many others to what it is today will 
appreciate the interpretation problems faced by the philosopher. 

It is with this in mind that one must view Paul Teller’s An Interpretive 

Introduction to Quantum Field Theory. In addition to the fast changing 
development of this theory since the second world war, he had to work under 
the serious handicap that, being trained as a philosopher, he has only a 
rudimentary acquaintance with this notoriously difficult subject matter. In 
order to appreciate fully the problem at hand, the history of quantum field 
theory must be sketched very briefly. 
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Quantum field theory (QFT) started in the late 1920s soon after quantum 
mechanics (QM) was developed.’ It was motivated by the desire to generalize 
QM so as to become consistent with the special theory of relativity, as well 
as by the fact that QM became increasingly unable to account for experimen- 
tal results of improved accuracy (effects of spin and fast motion). In QM the 
motion of particles is restricted to speeds that are small compared to that of 
light; it is the quantum form of Newtonian mechanics. But electromagnetic 
theory is an intrinsically relativistic theory. The quantum mechanical treat- 
ment of particles in electromagnetic interaction (the basis of atomic physics) 
is therefore strictly inconsistent from a symmetry point of view. (It does not 
have a consistent symmetry under space-time transformations). A new 
relativistic QM was therefore to be developed that would be valid for all 
speeds v4 c. And, within that new theory, quantum electrodynamics (the 
interaction of relativistic electrons with electromagnetic fields) would be of 
special interest being a more accurate account of atomic physics. It soon 
turned out that to this end the Y-function that describes the electron in 
ordinary (non-relativistic) quantum mechanics, which depends only on time, 
had in relativistic QM also to depend on position. The electron is therefore 
described by a field somewhat similar to the electromagnetic field which 
depends on space and time. Hence the term ‘quantum field theory’ for 
relativistic QM. 

The early versions of QFT were applied to nuclear as well as to electromag- 
netic interactions (in the 1930s) and were at first quite successful especially for 
the latter. But soon one encountered serious difficulties: when their equations 
were solved beyond the first approximation, divergent integrals arose. These 
difficulties were not overcome until the late 1940s after physicists turned from 
their involvement in war work back to their laboratories. Feynman, on the one 
hand, and Schwinger and Tomonaga, on the other, found two very different 
ways to overcome the problems. Dyson then showed how these two ways are 
related and how they describe the same phenomena in different but equivalent 
ways. The first monograph which presented this new synthesis specifically for 
quantum electrodynamics appeared in 1955.* That theory was extremely 
successful in accounting for high precision experiments. But it left much to be 
desired from the mathematical point of view. A rigorous mathematical study of 
QFT was initiated in the 1950s (axiomatic QFT) and again ten years later 
(constructive QFT).3 But that study has been successful primarily in ‘toy 

‘Born, M., Heisenberg, W. and Jordan, P. (1926) ‘Zur Quantenmechanik II’, Zeitschrz$ fiir 
Physik 35, 557-615. 

*Jauch, J. M. and Rohrlich, F. (1976) The Theory of Photons and Electrons (Cambridge, MA: 
Addison-Wesley; 2nd edition, Berlin: Springer). 

‘For an early summary of axiomatic QFT see Streater, R. F. and Wightman, A. S. (1964) PCT, 
Spin and Statistics and AN That (New York: Benjamin/Cummings). For constructive QFT see 
Glimm, J. and Jaffe, A. (1987) Quantum Physics (New York: Springer), 2nd edition. 
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models’ and was not able to put such applied forms of QFT as quantum 
electrodynamics on a fully rigorous foundation. The later applications of QFT 
turned to nuclear interactions and developed into gauge theories (QFTs with 
interactions of a specific symmetry: gauge symmetry), which eventually ac- 
counted successfully not only for quantum electrodynamics (a gauge theory) 
but also for both strong and weak interactions (i.e. for ‘the standard model’). 
But the rigorous mathematical justification for much of it is still an open 
question. 

Teller restricted his book to QFT as it existed in the early 1950s some 25 years 
after the first paper on the subject. This was wise for the purpose of an 
elementary exposition of the subject; but is it appropriate to base one’s 
philosophical inquiry of a 70 year old theory on what it was like over 40 years 
ago? 

There is a very deep difference between quantum mechanics and quantum 
field theory. It is a mathematical difference that has profound consequences 
that are not at all obvious to the beginning student of QFT: the number of 
degrees of freedom of a physical system described by QM is always finite, while 
in QFT the number of degrees of freedom is infinite. The implication of this fact 
bears on the way in which the mathematical formalism represents (describes) 
the physics. In QM, as in QFT, there are many mathematically different ways 
in which this can be done. However, in QM all different representations (a term 
with a precise mathematical meaning) are physically equivalent, while in QFT 
there exists an infinite number of physicalZy different (i.e. mathematically 
inequivalent) representations. Most of these mathematical representations may 
not make any sense in physics, but there are more than one inequivalent ones 
that do make sense and that are essential in a mathematically correct 
description of non-trivial systems, viz of interacting particles. This is the 
message of an important theorem by Haag. 

It is well-known that in the early days of quantum mechanics there were two 
very different formulations, the wave mechanics of Schrodinger and the matrix 
mechanics of Heisenberg. They are as different as calculus and algebra. But they 
have nevertheless been proven to be mathematically equivalent so that they lead 
to identical predictions in physics. Similarly, there exist in QFT several different 
but equivalent formulations of which the best known are the Hilbert space 
formulation (in which the quantum fields are represented by operators) and the 
Feynman path integral formulation (which does not use Hilbert space and 
operators but uses functional integrals instead). It is obvious that this difference 
in mathematical formulation puts a burden on the philosopher who wants to 
extract an ontology from QFT. (The physicist being a pragmatist switches back 
and forth between the two formulations using whatever is mathematically more 
convenient and paying little attention to an ontological consistency that, say, a 
philosophical realist would like to see.) 
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In QFT more than in any other physical theory there is a very serious 
problem of the application of the theory, i.e. the way the fundamental equations 
are solved. After they are written down and the particular application (the 
model) is specified, there is the problem of solving these equations. In most 
non-trivial cases this solution requires mathematical approximations so that it 
is sometimes difficult to tell whether a disagreement with experiment is due to 
the approximate nature in which the equations were solved or whether the 
disagreement is due to the fundamental equations of the theory itself. In QFT 
the approximations used to solve the equations are known to be mathematically 
unjustified: the perturbation expansion is at best semi-convergent (no proof 
exists) and the individual terms in it are mathematically meaningless (they are 
divergent integrals). Thus, no serious mathematician would give any credence 
to the physicists’ method of solving the equations. These methods were 
developed on the basis of physicists’ intuition and could not possibly have been 
found by a mathematician. But, here is the great surprise: the corrections to 
QM that physicists extracted from the mathematically meaningless expressions 
agree with experiments to eleven significant figures (!), the highest accuracy ever 
achieved in science. So much for the logic and rigour of the scientific method. 
No wonder Teller writes about a methodologist’s nightmare (p. 149). 

The physicists are of course fully aware of the mathematical difficulties but 
most of them are only interested in the ‘prescription’ that yields the predictions. 
Only a relatively small number of mathematical physicists pay serious attention 
to the problem. Among physicists, Dirac has never accepted QFT in its present 
form, and Feynman once remarked that as long as one must go through very 
extended and difficult calculations to compute a fundamental property such as 
the magnetic moment of the electron, the theory is unsatisfactory. I believe that 
with the exception of the most diehard pragmatist-instrumentalists, physicists 
agree that the present formulation of QFT is not the final one, but, obviously, 
they must have done something right. 

I am thus returning to the courage of Paul Teller. Tim Maudlin remarks on 
the dust jacket that Teller ‘provided a real service by distilling the central 
notions so as to be accessible to the non-expert’. This he did indeed, but of 
course within the limitations he has set for himself. Different experts will no 
doubt find different topics missing; but the book is only 176 pages long 
including problems for each chapter, a bibliography and an index. And two out 
of the seven chapters are devoted exclusively to interpretation rather than to 
exposition. 

I shall first turn to these two chapters since they are of prime interest to the 
philosopher. The chapter ‘From Particles to Quanta’ (Chapter 2) draws heavily 
on a previously published paper, 4 except that it uses ‘primitive thisness’ instead 

4Redhead, M. L. G. and Teller, P. (1991) ‘Particles, Particle Labels, and Quanta: The Toll of 
Unacknowledged Metaphysics’, Foundations of Physics 21,43-62. 
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of ‘label transcendental individuality’ used there. It gives a clear and detailed 
philosophical exposition of what the physicist means by ‘indistinguishable 
particles’. One conclusion is the advantage of the (suitably symmetrized) space 
of particle numbers (Fock space) over the labelled tensor product Hilbert space 
because of the latter’s ‘surplus structure’. This Fock space is the only 
representation in which there is a number operator, a fact perfectly suited for 
free quantum particles (free quantum fields), but questionable (and in fact 
mathematically incorrect by Haag’s theorem) for the more interesting case of 
interacting ones. Nevertheless, Fock space is widely used in practical calcula- 
tions because of its relative simplicity, and physicists know ‘how to get away 
with it’. 

Teller uses the term ‘quanta’ for particles that satisfy the indistinguishability 
property. The use of ‘quantum particles’ seems to be a better term since these 
are the equivalents of particles in classical physics as described by QM, and also 
because ‘quantum’ is used for any ‘piece’ of a physical quantity that arises due 
to the nature of QM; for example ‘a quantum of angular momentum’. 

This whole discussion of indistinguishability is applicable to ordinary QM 
just as well as to QFT. And since the crucial distinction between finite and 
infinite numbers of degrees of freedom is not discussed, this whole chapter 
could also be used for the interpretation of ordinary QM. 

In this context one can comment on the issue of particles versus waves, which 
is generally given too much emphasis. The problem of having an object being 
sometimes a wave and sometimes a particle arises only if one forgets that ‘wave’ 
and ‘particle’ are used as metaphors. A quantum particle is neither a wave nor 
a particle. It behaves in some respects like a wave or like a particle depending 
on the kind of measurement that is being done. Since there is no equivalent to 
a quantum particle in classical physics, one takes recourse to metaphors. 

The other chapter of primarily philosophical interest (Chapter 5) is entitled 
‘What the Quantum Field is Not: Field and Quanta1 Aspects of Quantum Field 
Theory’. It is based entirely on the Hilbert space formulation of QFT where 
observables are described by operators; Feynman’s path integral formulation 
never introduces operators. 5 The main purpose in this chapter is to explicate 
the notion of a field operator. The term ‘observable’ is avoided and the usual 
mathematical description of an observable as a self-adjoint operator (because 
these are assured to have real eigenvalues) is rejected because ‘complex values 
can be taken indirectly to represent values of physical quantities through 
separate appeal to real and imaginary parts’ (p. 94). Operators are contrasted 
with classical ‘determinables’ which are defined as collections of properties such 
that ‘anything that can have one of these properties in the collection must have 
exactly one of the properties’ (p. 95). Contrary to the latter, it is claimed, 

5Feynman path integrals are mentioned only once in connection with one of the problems given 
at the end of the chapter on interactions. 
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operators are non-commutative and do not have exact values. The latter 
presumably excludes that the system is in an eigenstate of that operator. 
Nevertheless, field operators are claimed to be analogous to classical field 
determinables. 

Not surprisingly, Teller concludes that ‘[...I we have transcended more than 
reconciled “wave” and “particle” conceptions [...I’ (p. 113). He thus recognizes 
these conceptions as mere metaphors, and accepts the uniqueness of the 
quantum concept of a ‘particle’. After all, only an extreme classical realist 
would want to be able to explicate ‘quantum particle’ in terms of classical 

particles and waves. 
The two chapters on Fock space and on free quantum fields are the 

centrepiece of every elementary introduction into QFT. And these topics are 
represented here in some detail. I have just two comments. 

The position operator is beset by various problems in QFT and no such 
operator even exists for the case of zero mass quantum particles (photons, 
neutrinos, etc.). This should not be regarded as a defect of the theory. On the 
contrary, it is in keeping with the fact that such a quantity is uninteresting in a 
quantum theory. Measurements made on quantum systems involve energies, 
momentum transfers, life times, scattering cross-sections, etc., but not posi- 
tions. 

The second comment refers to the zero point energy. Teller follows the 
conventional way of presenting QFT: the historical development from classical 
to quantum physics. Thus, he speaks of quantization, a term that implies a 
transition from classical to quantum mechanics. If QFT were a mature theory 
(which it is not in view of the mathematical problems) it could be presented 
‘standing on its own feet’ rather than as the result of a transition from classical 
to quantum physics. In such a presentation, the zero point energy would not 

occur in the first place because all operators would be defined as ‘Wick ordered’ 
products (products in which all creation operators stand to the left of all 
annihilation operators). Such products are not discussed in this book. But 
following the conventional path, Teller is forced into writing down the 
meaningless delta function with zero argument (pp. 72 and 130). 

The non-trivial case of interacting fields (or ‘particles’) is not reached until 
the last two of the seven chapters. In ‘Interactions’ the problems raised by 
Haag’s theorem are mentioned but left on the grounds that ‘[...I the subject 
commands no consensus [...I’. He does touch on the issue of ‘bare’ versus 
‘dressed’ particles though the latter term is not mentioned and the former 
only in the context of ‘bare mass’ and ‘bare charge’. The problem here is that 
QFT describes particles (such as electrons) in a most ‘unphysical’ way. This 
is best seen for a charged particle such as an electron. The actual electron is 
always surrounded by an electromagnetic field, specifically the Coulomb field 
only (when it is at rest). But the QFT description is that of an electron 
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(described by the electron field) that has an electric charge but is ‘bare’ in the 
sense that it has no field around it. Only the interaction with the electromag- 
netic field attaches the surrounding field; but (in perturbation expansion) it 
does so piecemeal photon by photon. Only in the limit after an infinite 
number of photons have been added is the electron ‘dressed’. This absurd 
procedure (called ‘adding radiative corrections’) leads to divergent integrals 
at each step of the process because these integrals cover all energies and this 
procedure (of adding only a finite number of photons in any given approxi- 
mation) is valid only at sufficiently low energy. One naive suggestion would 
be to cut these integrals off, sum the series and only then go to the limit. But 
this is not possible because the series does not converge so that it cannot be 
summed. This is where renormalization enters into the recipe book of the 
physicist. Teller discusses renormalization in his last chapter. 

An important tool in the execution of the perturbation solution are Feynman 
diagrams. The conventional interpretation of them is rejected by Teller who 
considers it misleading. His reason is that discontinuous state transitions occur 
only upon measurement and that creation and annihilation are therefore tied to 
the measurement process with all the problems notoriously associated with the 
latter (as is known from ordinary QM). This claim can however not be 
maintained because photons are emitted and absorbed also when they are not 
measured. In fact, one can use the creation and annihilation operators to 
describe the processes of photon creation and annihilation in atoms to high 
accuracy in lowest order of perturbation expansion. His other argument is that 
the conventional interpretation of the Feynman diagrams ‘suggests an issue’ 
whether virtual particles really exist (p. 137). 

In the last chapter, ‘Infinite Renormalization’, Teller gives an account of how 

he sees renormalization. It is the way it was seen in the early days of the 
development of the theory. He then talks about different methods of renor- 
malization (including regularization methods of integrals) and some of their 
problems. Of special concern to the author is the ‘real-infinities approach’, by 
which he means using no cut-off and ‘throwing away’ real infinities. This has 
since been left far behind in favour of much more sophisticated methods (see, 
for example, Glimm and Jaffe in footnote 3). 

He summarizes this chapter by claiming that physicists think about renor- 
malization in three different ways: regularization, real-infinities approach and 
‘mask of ignorance’. The latter looks at renormalization as covering up our 
ignorance of how our present false theories approximate the correct ones. Teller 
has no conclusive choice. 

What is done today is the following. Faced with mathematically ill-defined 
expressions for the Feynman diagrams, the mathematical physicist shows how 
one can make them mathematically well-defined and then proves (in case the 
theory is renormalizable) that the resulting scattering matrix is finite and 
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unitary and satisfies all the necessary symmetry properties in a carefully defined 
mathematical sense. 

Teller has gone to considerable effort to make this book of value to students. 
He has provided each chapter with a set of problems (essay questions) which 
not only review the material but also provide an opportunity to touch on new 
subject matter. Of course, a good teacher is then required to correct the answers 
to these problems. 

For the sake of the reader some minor mathematical items in the book should 
be pointed out since they may give rise to confusion. The units used are such 
that the speed of light as well as Planck’s constant over 27~ are equal to 1; this 
does not seem to be mentioned anywhere. The notation o( - iv) in which o is 
used as a function on page 59 is rather unconventional and confusing because 
of the use of w as circular frequency on that same page. Finally, in Chapter 7 
Teller says about mass renormalization that ‘[...I the integral describing the 
self-interaction appears as something subtracted from the mass that originally 
appeared in the theory’ (p. 151). This is incorrect; the mass correction due to 
renormalization is usually positive, the coupling constant correction can be 
either positive or negative. 

There is no doubt that the exposition of QFT in this book was difficult to 
write. I believe that the author would have had an easier time if he had 
collaborated with one of the mathematical physicists who know this subject 
matter well. The philosophical interpretation-as far as it went-could not be 
directed to many open questions. This is partly because the theory of the 1950s 
was not yet ripe for some of these questions; it is not yet ripe for some of them 
even today. But this book represents a start: it introduces the subject matter, 
and it will no doubt wet the appetite of many young philosophers of science 
who will wish to pursue these problems further. 


