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Abstract

This paper explores various functions of idealizations in quantum field theory.
To this end it is important to first distinguish between different kinds of theories
and models of or inspired by quantum field theory. Idealizations have pragmatic
and cognitive functions. Analyzing a case-study from hadron physics, I demonstrate
the virtues of studying highly idealized models for exploring the features of theories
with an extremely rich structure such as quantum field theory and for gaining some
understanding of the physical processes in the system under consideration.
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1 Introduction

In 1988, H. Brown and R. Harré edited a book that aimed at bringing quantum field theory
(QFT) to the attention of philosophers of science. In the introductory section, the editors
complain that QFT does not receive the attention in the philosophy of science community
it deserves. And indeed, before 1988 only a few relevant publications appeared, including
articles by J. Cushing (1982) and M. Redhead (1982). In the meantime, QFT has been
gaining more interest; there are international symposia on the foundation of QFT, such
as the Boston Colloquium in March 1996, and even a textbook is devoted to philosophical
aspects of QFT (Teller 1995).!

Most relevant authors deal with foundational problems of QFT, such as the status of
virtual particles and the niceties of renormalization. Especially the last topic has been
discussed widely recently, mainly in the context of effective field theories (Cao & Schweber
1993).

Concerning methodological problems of QFT, much less work has been done so far. These
are the problems J. Cushing, being skeptical that there are really new foundational prob-
lems in QFT, suggested to investigate (Cushing 1988). In this line of thought, Cushing
himself studied, inter alia, the construction of a specific scientific theory (the S-Matrix
program) and confronted his reconstruction with ‘global’ methodological models such as
the ones by T. S. Kuhn and I. Lakatos (Cushing 1990).

Whereas Cushing focused on the development of scientific theories, I shall concentrate
on the application of theories. More specifically, I shall deal with the role of idealizations
in the various models and theories of or inspired by QFT. For a long time, philosophers
ignored the investigation of idealizations from a philosophy of science point of view. One
of the reasons for this neglect is, I understand, that idealizations were assumed to be
motivated by purely pragmatic considerations only. In this paper I wish to show that
idealizations have many more functions in science. I will especially focus on cognitive
functions of idealizations by showing in a case-study how idealized models are used to
explore the features of a theory.

The remainder of this article is organized as follows. Sec. 2 aimes at clarifying the
terminology (‘model’, ‘theory’) and setting the stage for the case-study, that is presented
in Sec. 3. In that section, three different models of hadron structure are discussed and
related to the current philosophical debate of models and idealizations. Sec. 4 points
out some more general metatheoretical implications of the case-study. Finally, Sec. 5
summarizes our main results.

2 Theories, Models and Idealizations

In this section I shall first define the terms ‘theory’ and ‘model’. More specifically, I shall
distinguish two different types of theories and two different typs of models. I will use this
classification to give a survey of various kinds of idealizations performed in QFT.

It may be worth asking in parenthesis why it is necessary at all to define the terms ‘theory’
and ‘model’. In fact, it turns out that this is a very difficult task, let alone the observation
that there is a whole continuum of theoretical constructs (Suppes 1962, Balzer et al. 1987)

1See also (Auyang 1995) and (Clifton 1996).



so that a definition proper of ‘theory’ or ‘model’ is somewhat artificial. The very existence
of this continuum is, however, one reason for the confusion in the philosophical literature
on models. In order to avoid confusion I shall therefore start with a characterization of
these terms in the way I use them in this paper.

Here, as well as in the whole paper, I restrict myself to the theories and models in the
framework of QFT. But even within QFT it turns out to be difficult to exactly define what
a model is and how it ought to be distinguished from a theory. Quite often, the terms
are used interchangably by scientists. The term ‘model’ is, however, frequently preferred.
Scientists tend to be reluctant to name their constructs a theory. Some constructs,
however, reach this blessed status.

I propose the following characterization that is, I maintain, in accordance with the sci-
entists’ use of these terms. The term ‘theory’ is reserved only for the following two
theoretical constructs.

Type A Theory: General Background Theories

A Type A Theory is a theoretical construct that needs to be specified by addi-
tional assumptions (a ‘model object’ — in M. Bunge’s terminology?) in order to be
applicable to a concrete object or system.?

The general formailism of QFT is a Type A Theory. The Wightman axioms, for in-
stance, provide the framework for all concrete realizations of QFT such as quantum
electrodynamics (QED) or quantum chromodynamics (QCD).4

Type B Theory: Fundamental Model-Theoretical Models

A Type B theory is a model-theoretical model of a Type A Theory, that is a concrete
realization of the general formalism of QFT. The attribute ‘fundamental’ is added
since at the moment everything that can be said about the respective domain of
applicability can be captured by these theories.

QED and QCD are typical examples for Type B Theories.

All other theoretical constructs are called ‘models’ of which I shall also distinguish two
types. These are:

Type A Model: Non-Fundamental Model-Theoretical Models

A Type A Model is a model-theoretical model of a Type A Theory that is not
a Type B Theory. Some of these models have, so far, no application at all (‘toy
models’™), others serve as an input for more fundamental constructs, such as models
that provide certain symmetry breaking mechanisms.

The frequently used p*-theory is a typical example for a Type A Model.

2See (Bunge 1973, 100 f).

3This is also the kind of construct N. Cartwright has in mind when talking about theories, see her
(1983).

4See (Haag 1992) and (Straeter 1988).

®See my discussion in (Hartmann 1995a, 57f).



Type B Model: Phenomenological Models

A Type B Model is a set of assumptions about some object or system (Redhead
1980). Some of these assumptions may be inspired by a Type B Theory, others may
even contradict the relevant theory (in case there is any). Theory (of Type A or B)
here serves as one tool for the construction of models (Cartwright et al. 1995).

How does a phenomenological model relate to theory? Two cases have to be dis-
tinguished: If there is only a Type A Theory (and no relevant theory of Type B),
the model exhibits additional structure that cannot be deduced from that theory.
If the considered Type B Model is a model of a Type B Theory (and in this sense a
model of a theory) then the relation is very delicate; I shall come back to this in the
next section. Exact deduction is often not possible and even if it has been achieved
does not provide much insight.® Certainly, deduction from theory was not the way
the model in question has been developed.

Among the many examples of Type B Models I shall mention only the various
models of nuclear and hadron structure. It is interesting to note that these models
were studied before and after the development of QCD, the supposedly relevant
Type B Theory. Why?

This category is a residual category. All theoretical constructs that do not fit in
any other category described above are Type B Models.

When applying theories or models, theoretical physicists make use of various approxi-
mations and idealizations. Furthermore, idealizations are involved in the construction
process as well. Following E. McMullin, I shall take the term ‘idealization’ to “signify
a deliberate simplifying of something complicated (a situation, a concept, etc.) with a
view to achieving at least a partial understanding of that thing.” (McMullin 1985, 248)
It is not an easy task to clearly distinguish between approximations and idealizations’.
One way to distinguish both is by function. 1 suggest that the one and only motive
to perform an approximation is that it allows one to treat problems that cannot be
treated otherwise. Besides this pragmatic function, idealizations have additional cognitive
functions that I will focus on in the reminder.

Before considering a detailed case-study from hadron physics I shall survey different kinds
of idealizations performed in QFT. In doing so, I follow the classification of theories and
models given above.

1. Idealization in Type A Theories

Here it is often not known which (if any) of the assumptions of the theory are in
fact idealizations.® There are, nevertheless, some candidates:

(a) Fundamental Entities

QFT assumes that the fundamental entities (electrons, quarks, etc.) are point
particles. However, in case some variant of string theory will replace QFT as

6See (Cartwright 1983) and (Hartmann 1995b, chap. 2.).
"See (Laymon 1995), (Moulines 1996) and (Redhead 1980).
8For a strategy to detect such idealizations see Laymon (1985).



the fundamental background theory, this assumption will be merely a — albeit
good — idealization, valid presumably only at low energies.’

(b) Spacetime Dimension

Furthermore, current superstring theories are defined on a spacetime manifold
with more than 4 dimensions. Then, of course, working with only 4 spacetime
dimensions (as QFT does) will turn out to be an idealization.

2. Idealization in Type B Theories

Since Type B Theories add structure to a given Type A Theory, all idealizations
concerning the corresponding Type A Theory are also idealizations of the Type B
Theory. Furthermore, there are supplementary idealizations in Type B Theories.
Here I shall discuss only Type B Theories. There are several ways to detect ideal-
izations in a Type B Theory in practice. Just like in the case of a Type A Theory,
comparison with the successive theory will help. Also, searching for internal or
external inconsistencies may serve as a litmus test for possible idealizations.

(a) The Role of Spacetime

It is a fundamental assumption of QFT that the underlying space-time is flat.
Furthermore, it is assumed that the spacetime structure itself is not affected
by the presence of matter fields. From the perspective of general relativity,
however, this is false (external inconsistency). There is a back-reaction of
matter on space-time. Taking this into account leads, however, as research in
recent years has demonstrated, to various diffculties (Birell & Davies 1982). A
future quantum theory of gravity is expected to solve these problems. In any
case, the assumption of a flat space-time is an idealization.

(b) Influence of Other Interactions

When applying a Type B Theory (such as QCD) one often neglects that there
are, strictly speaking, also contributions from other theories (such as QED)
to the processes under consideration. When studying, for example, proton—
anti-proton scattering at very high energies, physicists usually only consider
strong interactions. Due to their electrical charge these particles do, however,
also interact electromagnetically and weakly. This neglect is reasonable for it
is known that the corresponding corrections are negligibly small.

(¢) Fundamental Entities

Even if strings won’t constitute the fundamental ontology, current leptons and
quarks may still not be pointlike. They may be extended objects just like
protons and neutrons. For a long time, these particles were also assumed
to be pointlike. In this case, leptons and quarks had a sub-structure that
(supposedly) does not affect the physics at sufficiently low energies. Then,
current leptons and quarks had the status of effective degrees of freedom.

(d) Spacetime Dimension

When applying a Type B Theory, physicists sometimes reduce the number
of space-time dimensions. This is done for calculational purposes only. It is

9The relevant energy scale will be set by the new theory.
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hoped, though, that such an analysis suggests features that are present also in
four dimensions. G. t’Hooft, for example, demonstrated confinement in QCD,,
that is QCD in 1 (space) +1 (time) dimensions. This has not been achieved
in 4 dimensions, although the relevant sub-community seems to be convinced
that confinement is a feature of QCD in 4 dimensions.!®

3. Idealization in Type A Models
Idealizations are much more obvious in the case of models.

Here are some of them:

(a) Spacetime Dimension
Working in 1+ 1 dimensions also proves to be a helpful way to analyze features
of a Type B Model. Furthermore, those models may occasionally be relevant
for practical calculations such as 2 dimensional models in condensed-matter
physics for the investigation of surface phenomena.

(b) Entities
Fields that show up in the Lagrangian density of a QFT model are, by defini-
tion, fundamental: they have no structure. For Type A Models this is either
an idealization or the entities do not relate to anything that is supposed to
belong to the physical reality at all (‘toy model’).

4. Idealization in Type B Models

Here are some additional idealizations that are typical for Type B Models:

(a) Treat Some Fields Classical

It is often very helpful to treat some fields showing up in the model classical.
For example, in ordinary laser theory, the radiation field is treated as a classical
(that is un-quantized) field while the atomic degrees of freedom are quantized.
It should be noted that this move can be motivated physically. Nevertheless,
procedures like this are conceptionally somewhat delicate.

(b) Non-Renormalizable Models

It has been maintained for a long time that non-renormalizable QFT models
are inconsitent. The non-curable infinities in higher order perturbation theory
seem to demonstrate that the model is at its best provisional. On the other
hand, cutting the ‘responsible’ integrals off at some finite cut-off A appeared
to be arbitrary.

In the meantime the program of effective field theories!! (EFT) provided some
interesting new insights concerning the nature of non-renormalizable theories.
First, the cut-off can be physically interpreted: It reflects the energy scale of
the domain of applicability of the EFT in question. Secondly, it has been shown
that at a given energy scale F a suitably choosen EFT can be fundamental
in the sense that (practically) nothing more can be said about the ongoing
physics. The error is proportional to (E/A)? (Cao & Schweber 1994).

10We shall come back to this in Sec. 3.
See (Weinberg 1995 & 1996) for a textbook exposition.



This list demonstrates a popular view on idealizations, namly the statement that ideal-
izations are a vice. Physicists have to idealize in order to perform calculations that would
be impossible to do otherwise.

I wish to challenge this view by pointing out other functions of idealizations. The following
case-study serves as a basis for my subsequent analysis. The case-study is taken from a
part of contemporary phyiscs that did not receive much attention in the philosophy of
science literature so far: hadron physics.!?

3 Case Study: Hadron Physics

Hadrons are strongly interacting particles such as protons, neutrons and pions. Hadron
physics is the branch of particle physics that aims at understanding their structure and
(strong) interactions. Here is a short sketch of the history of hadron physics.'?

In 1932 Cavendish physicist J. Chadwick produced in a series of experiments electrically
neutral particles with almost the same mass as the positively charged hydrogen nucleus
(later called proton). This astonishing observation marked the begining of hadron physics.
It soon turned out that atomic nuclei could be understood as composed systems of protons
and neutrons. W. Heisenberg (1935) tried to take advantage of the similarities between
protons and neutrons (now called nucleons) by introducing the isospin concept in analogy
to the spin concept familiar from atomic physics and Japanese physicist H. Yukawa (1934)
proposed a dynamical model for the short-ranged interaction of nucleons. Subsequently
these theoretical works were extended, but a real boost did not occur before a wealth
of new particles (‘resonances’, ‘hadron zoo’) were directly produced in the labs after the
second World War. Besides, the analysis of cosmic-ray data revealed the existence of new
particles.

These findings inspired the development of a variety of phenomenological models that
attempted to organize and systematize these data. I shall here only mention the (more
theoretical) investigations in the context of current algebra and, of course, the famous
(more phenomenological) quark model, suggested independently by M. Gell-Mann and
G. Zweig in 1964.14

Relying on analogies to quantum electrodynamics and with the (now somewhat dubious)
requirement of renormalizability (pace EFT) in mind quarks proved to be an essential part
(besides gluons) of the ontology of the then-developed non-abelian gauge QFT of strong
interactions, QCD, in 1971. This theory is currently supposed to be the fundamental
theory of strong interactions.

QCD has three characteristic features (Weinberg 1996, 152 f) that I shall explain now in
some detail for it is needed for our subsequent discussion of the various models of QCD.

1. Asymptotic Freedom

At very high energies (compared to the rest mass of the proton) quarks move quasi-
free. This has been demonstrated (though indirectly) in accelerator experiments at
facilities such as CERN near Geneva, Fermilab near Chicago and SLAC at Stanford.

12Gee, however, (Giere 1988, 179 f) and (Hartmann 1996 and forthcoming).
13For details see (Pais 1986). The history of QFT is masterly covered in (Schweber 1994).
1See also (Cushing 1990) and references cited therein.



Cosmological models tell us that these energies were in fact realized in the early
universe. Here, the interaction between quarks, characterized by an effective (‘run-
ning’) coupling constant a,(¢?) (—¢?* is the 4-momentum transfer), monotonously
approaches zero. This feature, called asymptotic freedom, allows it to successfully
apply perturbation theoretical tools, well-known from QED, in this regime (Field
1989).

At low energies, on the other hand, the opposite effect occurs. For decreasing
momentum transfer a,(q?) increases and soon exceeds 1, making a perturbation
theoretical treatment dubious and practically impossible.

This is the regime, where confinment and chiral symmetry are important.

2. Quark Confinement

Quark confinement (‘confinement’ for short) has been suggested to account for the
fact that so far no single free quark has been observed in experiments or cosmic-ray
data. Quarks seem to be always clumped together in baryons or mesons®®. It should
be noted that so far it has not been demonstrated analytically that confinement is
a consequence of QCD. It even does not seem to be exactly clear what confinement
really is. I shall come back to this.

3. Chiral Symmetry

Chiral symmetry and its dynamical breaking is the second important low-energy
feature of QCD. Unlike confinement we know much better what it means.

Chirality is a well-known property of many physical, chemical and biological sys-
tems. Some sugars, for example, only show up in a right-handed form. If there
were a left-handed version with the same frequency as well, the system would be
chirally symmetric. In this case the interaction would not distinguish between the
left- and the right-handed version.

There are also left and right-handed states in QFT. It can be shown that a QF T with
explicit mass terms in its Lagrangian cannot be chirally invariant. Chiral symmetry
is (almost) realized in the low-energy domain of QCD, because the current quark
masses (of the relevant quarks in this regime) are small (about 10 MeV) compared
to the rest mass of the proton (about 1000 MeV). Therefore, every eigenstate of the
interaction should have a chiral partner with the same mass but opposite parity.
Experiments, however, do not support this hypothesis. There are no chiral partners
with the same mass but opposite parity.

A way out of this messy situation is to assume that the interaction itself breaks the
symmetry dynamically. As a result of this supposed mechanism, an effective quark
mass is generated.'6

15Baryons have three valence quarks, mesons are quark-antiquark composites.

16Tn the mathematical framework, an explicit mass term will then show up in the corresponding
effective Lagrangian. This mass is, by the way, easily identified with the (dressed) constituent quark
mass used in non-relativistic Constituent Quark Models (mcgam = 300 MeV). Here, a field theoretical
mechanism provides, therefore, a deeper motivation and theoretical legitimation of the CQM used for a
long time without such a motivation.



It is theoretically well-established that confinement and dynamical chiral symmetry break-
ing cannot be obtained in a perturbation-theoretical analysis of QCD. They are low-
energy phenomena and perturbation theory breaks down in this regime. Therefore, an
infinite number of Feynman diagrams has to be added up to obtain those phenomena.
Summing up an infinite number of diagrams is, however, not an easy task. There are two
entirely different ways to proceed: Lattice-QCD and modeling.

In Lattice-QCD the complete QCD action is replaced by a discretized action on a space-
time lattice (Rothe 1992). This is, of course, an approximation. It is hoped, though,
to get exact results of QCD by extrapolating the numerically generated results to zero
lattice spacings. This method is presently the only way to test QCD in the low-energy
regime. And for this reason, Lattice—QCD is certainly of utmost importance.

Despite this advantage, Lattice—QCD faces some serious problems. Some are technical
(e. g. fermion doubling) and I shall not discuss them here (Rothe 1992), others are more
conceptual.

Physicist T. Cohen points out the following problem:

[W]hile high-quality numerical simulations may allow us to test whether QCD
can explain low-energy hadronic phenomena, they will not, by themselves, give
much insight into how QCD works in the low-energy regime. Simple intuitive
pictures are essential to obtain insight, and models provide such pictures.
(Cohen 1996, 599)

Cohen explains:

Condensed-matter physics provides a useful analogy: even if one were able to
solve the electron-ion many-body Schrodinger equation by brute force on a
computer and directly predict observables, to have any real understanding of
what is happening, one needs to understand the effective degrees of freedom
which dominate the physics, such as photons, Cooper pairs, quasiparticles,
and so forth. To gain intuition about these effective degrees of freedom,
modeling is required. In much the same way, models of the hadrons are
essential in developing intuition into how QCD functions in the low-energy

domain. (Cohen 1996, 599 f)

In the reminder of the paper I will elaborate on this important point.
Confronted with the complexity of QCD physicist S. Klevanski also argues for modeling:

One is ...strongly motivated to look for a simpler model Lagrangian den-
sity that displays one for more of the essential features of QCD, but that is
mathematically tractable. We would then be able to explore the consequences
of the features we have isolated as relevant. Such an approach is a common
one to both nuclear and solid-state physics: in nuclear physics, for example,
the many excited states available to a nuclear system via the continuum may
be averaged out to provide an coptical-model potential. In doing this, the
N-body problem is reduced to a one-body problem for the purpose of calcu-
lating reaction rates. Basic to this approach is the recognition that many-body
systems hare only exactly soluble in exceptional or oversimplified situations.



Thus it is sensible to attempt to isolate the relevant physics for a process and
to study this either by making an approximation cto the exact theory, or as is
commonly done for a theory as intractable as QCD, by creating models that
serve to accentuate the main features of the theory. (Klevanski 1992, 650, my
emphasis)

Isolating the relevant physics is, however, not an easy task. Here, physics comes closesed
to art (Redhead 1980). But even when we know parts of the relevant physics it might be
ambiguous to model it. Confinement is a point in case. There are at least four different
types of it.

In the reminder of this section I shall investigate in some detail how confinement and dy-
namical chiral symmetry breaking are modeled and how the consequences of these features
are explored. I shall also study how de-idealization proceeds and how the corresponding
models relate to QCD itself.

The models I shall discuss are:

e The MIT-Bag Model (Sec. 3.1)

This model explores the consequences of confinement only.

e The Nambu-Jona-Lasinio Model (Sec. 3.2)

This model explores the consequences of chiral symmetry and dynamical chiral
symmetry breaking only.

e The Chromodielectric Soliton Model (Sec. 3.3)

This model is the most ambitious model. It exhibits confinement as well as a
mechanism for dynamecal chiral symmetry breaking.

3.1 The MIT-Bag Model

The MIT-Bag Model is a very simple model.!” Developed in 1974 at the Massachusetts
Institute of Technology in Cambridge (USA), shortly after the development of QCD, it
soon became a major tool for hadron theorists. It essentially models confinement.!®

In the MIT-Bag Model, confinement means that quarks are forced by an external pressure
to move only inside a given spatial region (the bag). Therein quarks occupy single-
particle orbits similar to nucleons in the shell model.!? In the model’s simplest variant
the bag-shape is spherical. This holds true exactly for quarks in the ground state. When
considering higher excitations, also non-spherical shapes have to be considered. This
raises, however, additional technical problems (similar to the problems in nuclear physics
with non-spherical nuclei).

"For a clear exposition of the model and its application see (Bhaduri 1988) and (DeTar & Donogue
1983).

18Tt is, however, sometimes claimed that asymptotic freedom is also taken into account, because the
quarks move freely inside the bag.

19This is no surprise. The MIT-Bag Model was developed by nuclear physicists.
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Figure 1: A baryon in the MIT-Bag Model

After presenting the general idea, let us now turn to the mathematical formulation. This
is quite straightforward. The quark wave functions inside the bag are determined by solv-
ing the Dirac equation. The potential inside is supposed to be zero, while an appropriate
boundary condition (the quark-flux through the surface must vanish) models an infinite
outside—potential. This boundary condition leads — just like in ordinary quantum me-
chanics — to discrete energy eigenvalues of the bag. In the (easiest) case of massless quarks
these energies scale for dimensional reasons with 1/R, where R is the (yet undetermined)
radius of the bag:
Tn

=5 (1)
The x,, are solutions of a transcendental equation that can be easily solved numerically.
The lowest value is z; ~ 2.04. Since we consider a collection of N, (N, = 3: baryons,

N, = 2: mesons) valence quarks, the total kinetic energy is

Ekm<R) =Ny— - (2)

Here it is assumed that all quarks are in the same (orbital) state.
The stabilizing potential energy of the bag results from the external pressure due to the
boundary condition. It is given by

4
Epot(R) = §7TR3B ; (3)

B is the so-called bag-constant that reflects the bag pressure.
The total bag energy is the sum of both contributions:

E(R) = Ein(R) + Epot(R) (4)

Minimizing E(R) with respect to R yields the equilibrium radius of the system and,
subsequently, the total bag energy:

1/4

Nz, \ V4 4
R, = ( P B) . Bo=3 (47 BN3a3) (5)

This is the model in its easiest version. The only parameter B is adjusted in order to get
a best fit of hadronic observables (masses, charge radii etc.). Since the model is — at this
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stage — pretty crude, the resulting phenomenology (= values for hadron masses and radii)
is only fairly modest. When fixing the nucleon mass to its empirical value (my = 938
MeV), for example, the nucleon radius comes out to be Ry = 1.7 fm (compared to roughly
1 fm) and the pion mass comes out to be m, = 692 MeV (compared to 138 MeV).

The MIT-Bag model received a lot of interest and has been improved in several ways.
I shall here discuss only three of these improvements and pay special attention to the
motivation of the corrections and additions as well as their relation to the theory to be

modeled, QCD.

1. The One-Gluon-Exchange (OGE)

So far the model neglects the mutual interaction of the quarks completely. There
should be at least some residual interaction that is not effectively contained in the
bag-pressure. There is also a phenomenological argument for quark interactions.
So far, hadrons with quarks in the same overall orbital state should be degenerate.
This is, however, empirically not the case. The nucleon and the A particle, for
example, differ by roughly 300 MeV, that is one third of the mass of the nucleon.

This can be fixed by adding an aditional term. It is supposed to reflect the pertur-
bative one-gluon-exchange interaction between quarks. The corresponding energy
conttribution is:

g Mgy
B - 2 g

with a constant matrix element M, that depends on the single particle states
(orbital, spin, etc.) of the quarks. Furthermore, «; is the (constant!) strong
coupling constant. It is treated as another adjustable parameter.

The OGE term is phenomenologocally quite successful. Some problems remain,
though:

e The phenomenological value of o turns out to be larger than 1. This raises
doubts concerning the legitimation of a perturbation-theoretical approach.

e The motivation of the MIT-Bag Model and ist relation to QCD is unclear. Due
to the static boundary condition it is very diffcult to relate it mathematically
to QCD. This, of course, also holds for the OGE term. I conclude that the

MIT-Bag Model itself is largely autonomous (Cartwright 1983).
2. The Casimir-Term

This is an additional contribution to the energy of the form

Z
ECasimir = E (7)
with a parameter Z that can, in principle, be calculated. In practice, it is, however,
usually treated as an additional adjustable parameter (for good reasons, as we will

see below!).
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Here is its physical motivation. The Casimir term is supposed to represent the
zero-point energy of the quantum vacuum. It is a well known feature of QFT that
this contribution cannot be turned off.

The term was first suggested in the context of quantum electrodynamics. Dutch
physicist H. Casimir showed that two parallel conducting plates attract each other
due to the presence of the quantum vacuum field (Milonni 1992). The case of a
spherical cavity is, for theoretical reasons, much more complicated.

Having an additional parameter, the Casimir term surely improves the phenomenol-
ogy of the MIT-Bag Model. But also this term has some problems. The main
problem is that theory suggests that the term must be negative, while the best fits
are achieved by taking a slightly positive value®.

3. Center-of-Mass Corrections

This is a really strange correction. It had to be introduced in order to remove
known side effects of the basic assumptions of the model. Neglecting them right
from the beginning would imply working with a completely different model.

As a consequence of the cavity approximation the center-of-mass of the many-boby
state is inevitably in motion and the corresponding kinetic energy is included in
the total energy. This contribution should be removed from the bag energy to
obtain the mass. Even in the non-relativistic case this is not an easy task; an exact
relativistic treatment is not possible (Wilets 1989). Only approximate approaches
are known.

The simplest way is to evaluate the rest mass like this

m=E2— <p?> . (8)

Here < p? > denotes the expectation value of the squared momentum of the com-
posite system. There are better though more complicated procedures to remove the
unwanted (“spurious”) center-of-mass excitations (Wilets 1989).

Besides these modifications, the MIT-Bag Model inspired the construction of a variety of
related models. I shall mention only two types of them:

1. The Cloudy-Bag Model

This model reacted to the explicit breaking of chiral symmetry in the MIT-Bag
Model — a serious draw-back of this model — by adding an aditional (vector-
isovector) pion field that couples to the quarks at the bag surface in a chirally
invariant manner.

This and related models are much more difficult to treat mathematically. Never-
theless, they have been used quite a lot in the literature.?!

208ee (DeTar & Donogue 1983), (Plunien, Miiller & Greiner 1987) and (Wilets 1989).
21See (Bhaduri 1988) for a survey.

12



2. Soliton Models

This class of models was inspired by another well-known flaw of the MIT-Bag
Model. It turns out that dynamical problems cannot be analysed within the MIT-
Bag Model because of the static boundary condition. Soliton Models add a dynam-
ical mechanism that generates confinement by making the bag-surface an explicit
physical degree of freedom. This is achieved by introducing a scalar field o that
couples to the quarks (thereby, though, violating chiral symmetry) in the easiest
version of the model.??

3.2 The Nambu—Jona-Lasinio Model

The Nambu-Jona-Lasinio (NJL) Model is a simple field theoretical model that provides
a mechanism for dynamical chiral symmetry breaking.?®> According to this model, quarks
are not confined. In its extended versions, the model serves currently as a model for
low-energy QCD: When it was introduced in 1961, its purpose was somewhat different.
(This, by the way, demonstrates the flexibility of these models.) However, the wanted
mechanism was inspired by an analogy between the Dirac-theory and superconductivity,
as is already noticed in the title of the original publication (Nambu and Jona-Lasinio
1961).

Similar to the MIT-Bag Model the only degrees of freedom are quarks. Gluons, the
mediators of the interaction between the quarks, are only effectively taken into account.
The short-ranged quark-quark interaction is approximated to be point-like (this is a good
approximation for low momenta), gluons are the “frozen in”.

Here is the Lagrangian density of the NJL Model:

Ly = Lo+ Lint 9)

with the free (= non-interacting) Dirac part

Ly = q(iy,0" —m)q (10)

(q is the quark wave function) and the interaction part (in Flavour-SU(2))

Lo = G [(q9)” + (@ir579)’] (11)

G is a coupling constant with the dimension length?. The model has three main features:

e The NJL Model is non-renormalizable

This is a consequence of the fact that the coupling constant has dimension length?
(Weinberg 1996). The model is therefore not defined unless a suitably chosen (mo-
mentum) cutoff A is specified. This cutoff reflects the energy scale where the model
is applicable.

22More on soliton models and chiral variants of it can be found in (Wilets 1989). See also Sec. 3.3.
2 A recent review of the NJL Model is (Klevanski 1992).
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e The NJL Model is chirally invariant

For m = 0 the Lagrangian density is chirally invariant. For m # 0 this symmetry
is explicitly broken. Since the relevant current quark masses are small compared
to the rest mass of the proton, this does not change the features of the model
considerably.

e The NJL Model provides a mechanism for dynamical chiral symmetry breaking

This remarkable feature is already “visible” in the Mean-Field-Approximation
(MFA). Here is the Lagrangian density in this approximation:
LNTE = Lo+ Mg (12)

The “effective” quark mass M is a solution of the following self-consistent equation:

(13)

M_2GM /A p?dp
R e v

This equation has a non-vanishing solution in case GG exceeds a critical coupling
strength G.;. In this regime, chiral symmetry is dynamically broken.?*

0.8

0.6

0.2+

Figure 2: Dynamical chiral symmetry breaking in the NJL Model

Dynamical chiral symmetry breaking has several consequences, many of which can be
demonstrated in the NJL Model. Firstly, according to Goldstone’s Theorem, a massless
boson (the ‘Goldstone boson’) is created. The corresponding Goldstone boson of chiral
symmetry is the pion that comes out to be massless for vanishing current quark masses.
Secondly, famous low-energy theorems, such as the Gell-Mann—-Oakes—Renner relation

24This equation is called ‘gap equation’ in analogy to a similar effect in superconductors.
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m2 f2 = [t 1
2

can be derived from the model. This relation accounts for the finite pion mass due to an

(additional) explicit breaking of chiral symmetry.?

In order to apply the NJL Model for phenomenologocal purposes it has been extended in

several ways. Here are some of them:

<qq> (14)

1. More quark flavours

Including strange quarks made it possible to calculate the properties of many other
mesons (apart from the pion).

2. Include Other Chirally Invariant Interactions

Including these interactions results in better fits, not only because of the additional
parameters that can be adjusted. Besides mesons, some research groups also in-
vestigate the structure of baryons in this model. These calculations are extremely
complicated from a mathematical point of view.

3. Finite temperature

The NJL model has also been extended to finite temperature. This is a natural
extension for the underlying Type A Theory accounts for this. In this context,
physicists studied hadron properties as a function of temperature and the nature
of a supposed phase transition to a phase where chiral symmetry is restored.

3.3 The Chromodielectric Soliton Model

The Chromodielectric Soliton (CDS) Model is the most ambitious of all the models dis-
cussed so far. It exhibits mechanisms for confinement and dynamical chiral symmetry
breaking and may, therefore, serve as a tool to investigate the relation between both
features of QCD.2¢
The CDS Model is a chiral version of the already mentioned class of soliton models
(Sec. 3.1). By adding additional explicit gluon degrees of freedom it is made chirally
invariant. The gluons couple to the quarks as well as to the o-field, and thereby mediate
the quark-c-interaction.
Here is the Lagrangian density of the CDS Model:

r(0)

. o1
['CDS = Cj I'YuDMC] - TFa,uVF . + 5(80)2 - U(U) (15)

In this equation, q represents the quark field, D" is the covariant derivative that accounts
for the quark-gluon interaction and U (o) is the potential of the ¢ field. Note that this La-
grangian density equals the QCD Lagrangian density in case the color-dielectric function
k(o) — 1.

25In this equation, f, is the pion decay constant, m,, m, and mg are the masses of the pion and of
the u— and d—quark, respectively, and < gq >~ (—250MeV)? is the quark condensate.

26 An exposition of the model and some of its applications can be found in (Krein et al. 1991) and
(Wilets et al. forthcoming).
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It is interesting to note that this model is, therefore, more complicated than the theory
it is supposed to model, QCD. The CDS Model exhibits an additional field and its
interactions. So why not solving QCD directly? It turns out the additional o-field
cotains contributions of the gluon field that would show up in a QCD treatment only in
higher orders of perturbation theory.

The color dielectric function (o) is modeled in order to obtain color-confinement. Color-
confinement means that only color neutral states are physically observable.

Here is the idea, developed by T.D. Lee (Wilets 1989): Consider the total energy W of
a (color-) charge Q. in a color-dielectric medium characterized by a position dependent
color-dielectric function (7). This energy is given by

W~/E-5d3r~Q§/°°
0

For suitably chosen functions (r) this integral diverges. Then W is finite only if the
total (color-) charge vanishes: ). = 0. This is just color-confinement.

dr
r2k(r)

(16)

Choosing k(o(r)) appropriately therefore guarantees color-confinement. It has been
demonstrated that the CDS Model exhibits spatial confinement and dynamical chiral
symmetry breaking with this assumption (Krein et al. 1991).

(Wilets et al. forthcoming) used the CDS Model to determine hadronic observables, such
as the mass of the nucleon and the mass of the pion. These calculations are extremely
(computer-) time consuming. In order to perform them nevertheless, further mathe-
matical truncations of the model were necessary. It is, therefore, very hard to interpret
the resulting data and to decide, whether deviations from experimental data result from
(wrong) model assumptions or from various approximations made in the process of solving
the model.

Models, such as the CDS Model, that model more than one feature of some fundamental
Type B Theory face an even more serious problem. They do not lead to reliable insights
concerning the relation between the modeled features. Are we allowed to conclude from
the CDS Model that dynamical chiral symmetry breaking is a consequence of the more
fundamental assumption of confinement? 1 don’t think so. Furthermore, since both
features are modeled in a specific way, we cannot expect their combined effect in the
model to resemble in any sense their combined effect in QCD. This observation stresses
again the importance of studying simple models that allow physicists to explore the
consequences of one single feature of a theory.

4 Lessons

I shall now draw some more general (‘philosophical’) conclusions from the material pre-
sented in the last section.

Let me start by asking for the motives for performing idealizations. Ever since the times
of Galilei it was very important that idealizations allow scientists to solve a problem
that turned out to be mathematically too complex. This is the pragmatic aspect of
idealization. Although this aspect is still of some importance, I shall argue that this
is not the main reason to perform an idealization in contemporary physics, for current
high-powered computers allow us to solve highly complicated equations exactly, and due
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to the rapid development in computer science and technology that motive to idealize will
become even less important in the future (Hartmann 1996).

But even when we can solve whatever equation we want on a computer, physicists will
certainly not stop investigating idealized models. This is because of the cognitive role of
idealizations. Idealized models give us a partial understanding of the relevant mechanisms
for the processes in the system under study. They alllow us, for example, to get some
insight into the highly complicated dynamics inside a hadron by describing the physics
in terms of (simple) effective degrees of freedom. In practice, this is done by extracting a
single feature of a theory (in our example QCD) and exploring their consequences, such as
confinement in the MIT-Bag Model or chiral symmetry and dynamical chiral symmetry
breaking in the NJL Model, in a numerical experiment.%

I have stressed the importance of simple models that explore only the consequences of
one single feature. Improving on models such as the ones presented in the case-study in
order to make them empirically more adequate leads to the following problems: Firstly,
the model under consideration will never be empirically adequate provided that the un-
derlying theory (QCD) is in fact fundamental and therefore assumed to be empirically
adequate. Since the model is not the full theory, it will never agree with all relevant
empirical data. Secondly, models that aim at becoming empirically more adequate than
others (such as the CDS Model) do not give us much insight into the dynamics, for they
are too complicated.

This brings me to a related point. If empirical adequacy were the only goal scientists
aim at (van Fraassen 1980), the practice of science could not be understood. Why do
physicists work with models such as the MIT-Bag Model or the NJL. Model? Why don’t
they contribute to the program of Lattice-QCD? There are certainly pragmatic (and
possibly social) motives for this. Models are easier to apply, they allow the calculation of
observables that cannot (yet) be calculated in full QCD. But still, I hope to have shown
that there is more to modeling than this.

Modeling may have many aims. I wish to argue — jointly with T. Cohen — that gaining
understanding of the processes involved by means of exploring the consequences of single
features of a theory is certainly very central to the very idea of modeling.

Having argued that the main purpose of these models is not empirical adequacy, how
can we understand that scientists try to make their models more realistic anyway? A
way to understand this is to realize that improving a model phenomenologically supports
the overall aim to explore the consequences of the feature under consideration. Which
observables can be adequatly numerically reproduced by assuming only that feature alone,
which ones need additional assumptions and mechanisms?

Here is another argument why I maintain that models are not made ‘more realistic’ in
the first place in order to improve on their empirical adequacy, but in order to learn
something about isolated features. Why do scientists stop at some point to explore a
given model? In principle they could ‘de-idealize’ the model ad infinitum. Instead, at
some stage they consider a new model that allows them to clarify the physics of other
features of the underlying theory.

As a consequence of this observation, I do not see much evidence (in hadron physics)
for E. McMullin’s thesis that the practice of de-idealizing a model supports the idea of

27See (Humphreys 1991) and (Rohrlich 1991).
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scientific realism. McMullin writes

Formal idealization is ...a quite powerful epistemic technique, not only the
original model already supports theoretical laws that account approximately
for some of the regularities to be explained, but even more because the ‘adding
back’, if it accounts for additional experimental data and especially if it leads
to the discovery of new empirical laws, is a strong validation for the model
and its accompanying theory, within the limits of the idealizations employed.
Indeed, this becomes a strong (though not conclusive) argument for the exis-
tence of the structures postulated by the model. If the original model merely
‘saved the phenomena’ without in any way approximating to the structure of
the object whose behaviour is under scrutiny, there would be no reason why
this reversal of a simplifying assumption, motivated by the belief that the ob-
ject does possess something like the structure attributed to it, would work as
it does. Taking the model seriously as an approximately true account is what
leads us to expect the correction to produce a verifyable prediction. The fact
that formal idealization rather consistently does work in this way is a strong
argument for a moderate version of scientific realism. (McMullin 1985, 261 f)

Having a fundamental theory like QCD allows us, however, also to argue against philoso-
phers of science who wish to strengthen anti-realism by pointing to the various ‘contra-
dictory’ models of nuclear and hadron physics. The relation between those models is
certainly very subtile (Cohen 1996) but there seems to be an underlying theory that in-
spired them all. Modeling seems to be neutral concerning the realism-anti-realism issue.
This, however, is an issue for another article.

5 Conclusions

Although QFT is one of the most fundamental theories we have, idealizations are used
extensively in the context of working with this theory and constructing models of it.
In order to get an understanding of the various uses of idealizations it proves useful to
distinguish different types of theories and models. The distinctions I make are, I claim, in
accordance with the physicists use of the terms. After reviewing idealizations in theories
of Types A and B, as well as Models of Type A, this paper focuses on Models of Type B,
that is phenomenological models. The case-study I presented analysed phenomenological
models of hadron structure. Interestingly, there is a fundamental (Type B) theory for
this part of physics that can be solved numerically by high-powered computers. How can
we make sense of the observation that models are still used extensively? In tackling this
question, I argued for two theses. Firstly, empirical adequacy cannot be the only aim of
science and secondly, this practice can be understood by assuming that one important
aim of science is to gain understanding of the physical processes involved. One way to
gain understanding is to consider simplified models that allow the describtion of relevant
aspects of the underlying theory in terms of effective degrees of freedom. Idealizations
are, therefore, not only a vice, necessary for pragmatic reasons, but also a virtue: they
have a cognitive function that is much more important than the pragmatic aspect.

18



References

Achinstein, P. and O. Hannaway (1985). FEzperiment and Observation in Modern Sci-
ence. Boston: MIT Press and Bradford Books.

Asquith, P. and T. Nickles (1982), Eds. PSA 1982, Vol. 2. East Lansing: Philosophy
of Science Association.

Auyang, S. (1995). How Is Quantum Field Theory Possible? Oxford: Clarendon Press.

Balzer, W., C. U. Moulines and J. Sneed (1987). An Architectonic of Science — the
Structuralist Program. Dordrecht: Kluwer.

Bhaduri, R. (1988). Models of the Nucleon. From Quarks to Soliton. Redwood City:
Addison-Wesley Publishing Company.

Birell, N. and P. Davies (1982). Quantum Fields in Curved Space. Cambridge: Cam-
bridge University Press.

Brown, H. and R. Harré (1988), Eds. Philosophical Foundations of Quantum Field
Theory. Oxford: Clarendon Press.

Bunge, M. (1973). Method, Model, and Matter. Dordrecht: D. Reidel Publishing Com-
pany.

Cao, T. and S. Schweber (1993). The Conceptual Foundations and the Philosophical
Aspects of Renormalization Theory. Synthese, 97, 33-108.

Cartwright, N. (1983). How the Laws of Physics Lie. Oxford: Clarendon Press.

Cartwright, N., T. Shomar and M. Sudrez (1995). The Tool-Box of Science. In: Herfel
et al. (1995), pp. 137-149.

Clifton, R. (1996), Ed. Perspectives on Quantum Reality. Dordrecht: Kluwer Academic
Publishers.

Cohen, T. (1996). Chiral and Large-N, Limits of Quantum Chromodynamics and Mod-
els of the Baryon. Reviews of Modern Physics, 68, 599-608.

Cushing, J. (1982). Models and Methodologies in Current Theoretical High-Energy
Physics. Synthese, 50, 5-102.

Cushing, J. (1988). Foundational Problems in and Methodological Lessons from Quan-
tum Field Theory. In: Brown et al. (1988), pp. 25-39.

Cushing, J. (1990). Theory Construction and Selection in Modern Physics: The S-
Matriz. Cambridge: Cambridge University Press.

DeTar, C. and J. Donoghue (1983). Bag Models of Hadrons. Annual Review of Nuclear
and Particle Science, 33, 235-264.

19



Field, R. (1989). Applications of Perturbative QCD. Redwood City: Addison-Wesley.

Fine, A., M. Forbes and L. Wessels (1991). PSA 1990, Vol. 2. East Lansing: The
Philosophy of Science Association.

Giere, R. (1988). Explaining Science. A Cognitive Approach. Chicago: The University
of Chicago Press.

Haag, R. (1992). Local Quantum Physics. Fields, Particles and Algebras. Berlin:
Springer-Verlag.

Hartmann, S. (1995a). Models as a Tool for Theory Construction. Some Strategies of
Preliminary Physics. In: Herfel et al. (1995), pp. 49-67.

Hartmann, S. (1995b). Metaphysik und Methode. Strategien der zeitgendssischen Physik
in wissenschaftsphilosophischer Perspektive. Konstanz: Hartung—Gorre Verlag.

Hartmann, S. (1996). The World as a Process. Simulations in the Natural and Social
Sciences. In: Hegselmann et al. (1996), pp. 77-100.

Hartmann, S. (forthcoming). Models and Stories in Hadron Physics. In: Morgan et al.
(forthcoming).

Hegselmann, R., U. Mueller and K. Troitzsch (1996), Eds. Modelling and Simulation
in the Social Sciences from the Philosophy of Science Point of View (Theory and
Decision Library). Dordrecht: Kluwer Academic Publishers.

Herfel, W. et al. (1995), Eds. Theories and Models in Scientific Processes (Poznan
Studies in the Philosophy of Science and the Humanities 44 ). Amsterdam/Atlanta:
Rodopi.

Humphreys, P. (1991). Computer Simulations. In Fine et al. (1991), pp. 119-130.)

Klevanski, S. (1992). The Nambu-Jona-Lasinio Model of Quantum Chromdynamics.
Reviews of Modern Physics, 64, 649-708.

Krein, G., P. Tang, L. Wilets and A. Wiliams (1991). The Chromodielectric Model.
Confinement, Chiral Symmetry Breaking, and the Pion. Nuclear Physics, A523,
548-562.

Laymon, R. (1985). Idealization and the Testing of Theories by Experimentation. In:
Achinstein et al. (1985), pp.147-173.

Laymon, R. (1995). Idealizations, Externalities, and the Economic Analysis of Law. In:
Pitt (1995), pp. 185-206.

McMullin, E. (1985). Galilean Idealization. Studies in History and Philosophy of Sci-
ence, 16, 247-273.

Milonni, P (1994). The Quantum Vacuum. An Introduction to Quantum Electrody-
namic. San Diego: Academic Press.

20



Morgan, M. and M. Morrison (forthcoming), Eds. Models as Mediating Instruments.
Cambridge: Cambridge University Press.

Moulines, C. U. (1996). Structuralist Models, Idealization, and Approximation. In
Hegselmann et al. (1996), pp. 157-168.

Nagel, E., P. Suppes and A. Tarski (1962), Eds. Logic, Methodo- logy and Philosophy
of Science. Proceedings of the 1960 International Congress. Stanford: Stanford
University Press.

Nambu, Y. and G. Jona-Lasinio (1961). Dynamical Model of Elementary Particles
Based on an Analogy with Superconductivity. 1. Physical Review,122, 345-358.

Pais, A. (1986). Inward Bound. Of Matter and Forces in the Physical World. Oxford:
Clarendon Press.

Pitt, J. (1995), Ed. New Directions in the Philosophy of Technology. Dordrecht: Kluwer
Academic Publishers.

Plunien, G., B. Miiller and W. Greiner (1986). The Casimir Effect. Physics Reports,
134, 88-193.

Redhead, M. (1980). Models in Physics. British Journal for the Philosophy of Science,
31, 145-163.

Redhead, M. (1982). Quantum Field Theory for Philosophers. In: Asquith et al. (1982),
pp. 57-99.

Redhead, M. (1988). A Philosopher Looks at Quantum Field Theory. In: Brown et al.
1988, pp. 9-23.

Rohrlich, F. (1991). Computer Simulations in the Physical Sciences. In: Fine et al.
(1991), pp. 507-518.

Rothe, H. (1992). Lattice Gauge Theories. Singapore: World Scientific.

Schweber, S. (1994). QED and the Man Who Made it: Dyson, Feynman, Schwinger
and Tomonaga. Princeton: Princeton University Press.

Straeter, R. (1988). Why Should Anyone Want to Axiomatize Quantum Field Theory?
In: Brown et al. (1988), pp. 137-148.

Suppes, P. (1962). Models of Data. In: Nagel et al. (1962), pp. 252-261.

Teller, P. (1995). An Interpretive Introduction to Quantum Field Theory. Princeton:
Princeton University Press

Van Fraassen, B. (1980). The Scientific Image. Oxford: Clarendon Press.

Weinberg, S. (1995). The Quantum Theory of Fields, Vol. 1: Foundations. Cambridge:
Cambridge University Press.

21



Weinberg, S. (1996). The Quantum Theory of Fields, Vol. 2: Modern Applications.
Cambridge: Cambridge University Press.

Wilets, L. (1989). Nontopological Solitons. Singapore: World Scientific.

Wilets, L., S. Hartmann and P. Tang. (forthcoming). The Chromo-Dielectric Soliton
Model. Quark Self-Energy and Hadron Bags. Submitted to Physical Review C

22



