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 D. On the status of physical symmetriesPRIVATE 

We have indeed found a significant notion of true generality, but not one of necessity. And that significant generality pertains to our description of the structure of models, not the structure of nature.

B.C. van Fraassen

I claim that the use of symmetries to generate empirical theories does not legitimate symmetries as empirical phenomena.

M. Morrison

Symmetry is a fundamental attribute of the natural world.

L.I. Schiff

... theories relate the properties of the forces to symmetries of nature.

G. Hooft

... The superlaws of symmetry... are as liable to empirical revision as other laws of physics... 

M. Redhead

... it is the very general nature of symmetry principles which allows them ... to be refuted even though they are not the whole of science. 

A. Franklin and H. Smokler                                                                                                                                                                                        

This section is concerned with the application of the perspective, presented in sections B and C, of assessing the status of symmetries - form invariant traits of foundational theories under a continuous or discrete transformations. The focus is on key symmetries of inertial, pregeneral-relativistic, physics.

Continuous symmetries:  
(1) Posits about an equivalence class of inertial reference frames, whose spacetimes (or metrics) are invariant either under the inhomogeneous Galilei group (classical and non-relativistic-quantum physics), or under the inhomogeneous Lorentz (or Poincaré) group (special-relativistic and quantum-special-relativistic physics; the latter in its quantum field theoretic guise); spacetimes (Euclidean and Minkowski, respectively) that may be regarded as coordinatized with the help of ideal rods and clocks, providing a preferential coordinate system for each reference frame;  

(2) Posits about equivalence classes of points of a coordinatized "external" spacetime (Euclidean or Minkowski), attached to an inertial reference frame, i.e. the basic chronogeometric symmetries, generated by the form invariance of the theories under the transformations of t-translation, space translation, and space rotation; and  

(3) Posits about either an equivalence class of potentials (classical electrodynamics), or in the case of quantum field theories, posits about an equivalence class of whatever is implicated by a particular gauge field (e.g. an equivalence class of phases in the case of Q.E.D.), or a mix of such fields (as in E.W.T.), within some "internal" space, i.e. gauge (or dynamic) symmetries, generated by form invariance of a theory (or its state description) under its characteristic gauge transformation.  

Discrete symmetries:  

Posits about an equivalence class of directions, or one of charges, or of some combination of such directions and charges, i.e. symmetries generated by form invariance of a theory either under a single discrete operation - such as t-reversal (T); charge, or particle/anti-particle, conjugation (C); and space inversion, or parity (P) - or under several consecutive such operations. 

It is perhaps worth noting that whilst, generally, a symmetry may figure in several foundational theories - albeit with respect to the particular concepts entertained by a theory - a gauge symmetry, leading to a theory of a specific interaction, figures in that theory alone. Thus the local gauge symmetries of Q.F.T. generated by the transformation groups U(1), SU(2), SU(2)(U(1), and SU(3), figure in their respective theory only, i.e. Q.E.D., Q.F.D., E.W.T., and Q.C.D. Within the setting of the CC – Coherence, Parsimony, and Hamilton's Principle (HP) - and of the constraints due to quantum and relativistic considerations, these symmetry groups lead to theories capable of giving an account of electromagnetic, weak (flavour), electroweak, and strong (colour) interactions, respectively.
 

According to the stance presented, the minimal criterion for the possible truthlikeness (Tr) of an hypothesis about its real domain, depends on the distinct and valid testability of its projectibility within that domain.
 In the case of a foundational physical theory, satisfaction of this criterion involves the distinct and valid testability of its symmetric- structure, interpreted here as standing for the comparative projective generality (extent of projectibility) of the theory, meant largely to determine the comparative extent of its domain. Distinct and valid tests of the projectibility of a theory could obviate the projection and model mediation problems in its tests, thereby accomplishing two desiderata: effecting positive selection of the hypothesis of interest from a plethora of hitherto empirically equivalent alternatives, and legitimating tests for scope, or for integrative generality. Legitimate testability for scope effects a negative selection process, which exhibits the standing of the theory vis-à-vis its actual available alternatives. Both selection mechanisms, via distinct tests for projectibility and for scope, are thought to be accomplished via deductive-empiric means. What this minimal criterion for possible Tr amounts to is the use of modus tollens to obtain distinct and valid  empiric indications about the comparative extent of projectibility and scope of an hypothesis - an idea thought to be in line with actual practice in relation to the foundational theories of inertial physics. This approach to the realist issue thus focuses on the question of whether standard practice in physics could have obviated the projection and model mediation problems in tests of its foundational theories, by effecting distinct and valid tests of the projectibility of those theories across their test-intervals, within their respective domains. The significance of this methodological criterion for the realist issue - a criterion traceable to the evolutionary context - stems from two considerations: firstly, it is based on what might actually be going on in physics, as regards practice and its interaction with the content of its foundational theories; and secondly, that without some projectibility, or invariance of performance, or domain of empiric validity, an hypothesis could not possibly depict an invariant truthlike relation, i.e. a relation, the Tr of which is invariant across the entire spacetime expanse implicated by the relation. Now, as indicated in sect. B, the foundational theories do not, prima facie, meet the present criterion for objective status (Tr), because, prima facie, their tests implicate the projection and model mediation problems, which, independently, cast doubt on the validity of tests. The suggestion was, however, that once the possible role of their embedded symmetries in their tests is taken into account, then the theories could meet the criterion, given: (a) the conjecture that those symmetries are posits about uniformity structures in the domain of the embedding theory; structures that could sanction the projectibility of their respective theory across specific features of its domain; and (b) the distinct and valid testability of the symmetries themselves, across test intervals of their theory. This latter requirement, should it be satisfied, would suggest the possibility of the truthlike character of the symmetries themselves, since such tests would involve tests of both their spatio-temporal invariance (and hence of their projectibility within the domain of their theory, which, given their structural character which Jeffrey's alternatives to them cannot reproduce, bears on their positive selection), as well as involving tests of their scope (in the sense of whether or not they obtain in the domain of the theory, which bears on their negative selection). In considering the status of a theory embedded symmetry we need thus consider whether it could meet the distinct and valid testability requirement.

Now, should any of the above symmetries hold in the domain of their respective theory, then, on application of the theory, no physical significance would be attached to choosing one rather than another of alternatives from a class of items - e.g. reference systems, gauges, left and right handedness, etc. - selected by the symmetry in question; and hence neither the theory nor the state description should require alteration, given different choices from the class of items. Thus all these symmetries imply a supposition that from the viewpoint of their respective theory there is a class of items in its domain that are empirically indistinguishable, or alternatively, that some absolute or preferential concept has no objective counterpart. For only if such empirical indistinguishability or equivalence held in the domain in question would there be no physical significance attached in choosing one rather than another of the empirically equivalent alternatives, as selected by a symmetry, for the description of phenomena in that domain. But is this implicated free choice - generally understood with the help of some geometric picture
- under distinct and valid empiric control? Such control is required by the present stance if the freedom to choose is to be regarded objectively grounded, and hence non-arbitrary. I think the answer is affirmative, albeit not without implicating some relevant metaphysical posits. With this proviso in hand, the answer to the query appears to be affirmative in respect of both continuous and discrete symmetries. This is because the mathematical freedom or conventionality each symmetry both licences and restricts, generates its distinct testable consequence(s) or signature(s), in the form of testable effects in the relevant theoretical context. Thus the above theory embedded symmetries have their distinct testable signature(s), tested across test-intervals of their embedding theories; and hence the apparent testability of both their "scope" and invariance within the domain of their theory. 

Just how this could come about may be seen thus: we draw two sorts of predictions from a foundational theory to be tested - mutatis mutandis in the case of retrodictions used in tests. One sort are predictions regarding the final state of a system after its  transformation or evolution from some posited or prepared initial state. Such predictions involve a projection or underdetermination problem in respect of the theory, across its test-intervals; intervals that are implicated by the predictions. Further, the predictions are solutions for theoretical models (or constitutive of them), which may or may not match models of the test-phenomena (systems in transition).
  Nor is it clear whether models of phenomena reflect their relevant details. Both problems - underdetermination and model mediation - cast doubt on the validity of the test, because they suggest that there may be no confrontational contact between the theory under test and the test-phenomenon. But the theory also yields predictions regarding 'constants of the motion' that accompany the system’s transformation from its initial to its final state. Those predictions are independent of the details of the test- phenomena, as well as of the details that yield solutions for the theory's models, and they are meant to hold for infinitesimal elements of the test-intervals. Further, they are traceable to distinct components of the theory's symmetricity: to its distinct continuous and discrete symmetries, and asymmetries. Thus, as indicated in sects. B and C, the continuous symmetries that come under the wing of Noether's theorem - symmetries generated by one parameter infinitesimal transformations that leave the Lagrangian  invariant - are, in the case of at least an entire broad class of systems, linked to their corresponding theory predicted testable effect - the conservation of some quantity, or the symmetry's testable signature - in a necessary and sufficient manner (Noether, 1918; Goldstein, 1980, pp. 588-596; Marmo, et al., 1985, Ch. 15; Aitchison and Hey, 1993, pp. 259-263; Danos, 1997).
 Those symmetries are thus distinctly testable, although this claim impliescates a metaphysical realist posit: that the formal links, as exhibited by Noether's theorem, between the symmetries and their respective testable signatures, obtain in the theory's domain. In the case of other symmetries, both continuous and discrete, the link between the symmetry and its testable signatures (or some of them) may be  more direct (i.e. independent of Noether's theorem), as in the case of Lorentz invariance (Anderson, 1964, p. 179),
 parity (Franklin, 1979; Franklin and Smokler, 1981), and other discrete symmetries (Gasiorowicz, 1966, Ch. 30; Telegdi,1973; Sachs,1987). Thus, it looks as if we may have distinct deductive-empiric access to individual embedded symmetries across test-intervals of their embedding theories, although as regards the local gauge symmetries of Q.F.T. the situation is not as clear - as we shall see.
 

However, it also follows from sections B and C that if distinct tests of the symmetric-structure of a theory are to obviate the projection and model mediation problems attendant with tests of its embedding theory, then tests of that symmetric-structure need not only be distinct but also valid. Indeed, if a symmetry is itself to be regarded potentially objective then its tests ought to be both distinct and valid. Now a possibly valid test is one that could effect contact between a singular hypothesis and its test-phenomenon; consequent to that its attendant projection problem is resolved via deductive-empiric means. And in the case of tests of symmetries this resolution stems from the consideration that Jeffreys' alternatives to the symmetries cannot reproduce their structures. Thus the symmetries, or their models, face their posited objective counterparts singularly. And the resolution of the projection problem in tests is regarded here to resolve (or at least mitigate) the model mediation problem, because it suggests the possibility of contact between the hypothesis of interest and its domain, even if its models do not quite match their posited objective counterparts in that domain.

The validity of tests of symmetries may also be seen from the following considerations. To refute a symmetry requires detecting, however indirectly, the preferential item or non-uniformity whose existence the symmetry denies. But such detections do not necessitate drawing a prediction from the symmetry involving its self projection, as in the case when we draw predictions from a theory. A theory embedded symmetry is, like most entity hypotheses and laws, itself a prediction, i.e. that in respect of, or from the point of view of, its embedding theory, one or another preferential item is non-existent, and hence non-detectable - this is the reason for interpreting a symmetry to be an hypothesis about the projectibility of its theory across some specific feature of its domain. To refute such a prediction does not involve the projection of the symmetry constituting that prediction, and hence does not involve a projection problem of the sort encountered in tests of its theory; hence the likely validity of tests of symmetries. However, unlike in the case of entities and laws, the precise form such symmetry engendered predictions take may depend on the context of the embedding theory - e.g. t-reversal invariance generates different predictions in the classical and quantum contexts (Schiff, 1968, Ch. 7; Skalsey, 1993). And, also unlike in the case of entities and laws, a symmetry engendered prediction or effect may look quite different from the prediction(s) of which the symmetry is but a direct expression: e.g. energy conservation looks quite different from the prediction of which t-translation invariance is but an expression, i.e. the absence of a preferential location on the t-dimension; in weak-interaction theory, the effect of the independence '...of the angular distribution of the decay electrons [from] the polarisation of the decaying nucleus ' (Aitchison & Hey, 1993, p. 343), looks quite different from the prediction of which parity is but a direct expression, i.e. the equivalence of right and left handedness. It is this independence that was refuted, etc. 

Consider next the testability of the local gauge symmetries of Q.F.T.; symmetries generated by the groups listed above. Given that at least three of the four known physical interactions are today accountable by theories characterisable by local gauge symmetries (‘t Hooft, 1980; Mills, 1989)
, the question of their testability is important; particularly from the viewpoint of the present stance, which sees their potential objective status as hinging on their distinct and valid testability. Doubt about their distinct testability arises because they do not generate testable predictions of Noether invariants, over and above those generated by their global sources (Anderson 1964, pp. 175-176). Thus in the case of Q.E.D. the imposition of an arbitrary spacetime dependence on the phase of the state description, introduced by the move from global to local gauge invariance - which amounts to the posit that at any particular time the phase of the field can vary from point to point across space - is unaccompanied by a further prediction, on the part of the theory, of an additional testable conserved quantity, notwithstanding the relevance of Noether's second theorem for transformation groups depending on arbitrary functions (Anderson, 1967, Ch.4). As Aitchison & Hey (1993, pp. 59-60) point out, '... there is ultimately no compelling logic for the vital leap to a local phase invariance from a global one. The latter is, by itself, both necessary and sufficient in quantum field theory to guarantee local charge conservation.'[my italics] This situation would suggest that local gauge symmetries may not be testable distinctly from their global sources. However, this view may not be the whole story, for without localising the global gauge symmetry no theory capable of specifying a particular interaction is obtained. Thus, as Aitchison & Hey (ibid, p. 121) point out, in the case of Q.E.D. and its Abelian gauge group U(1), 'Conservation of [the electromagnetic current operator] would follow from global U(1) invariance alone ... but many Lagrangians, including interactions, could be constructed obeying this global U(1) invariance. The force of the local U(1) invariance requirement is that it has specified a unique form of the interaction...'. (I take it that the same holds in the case of non-Abelian quantum field theories.) Now the way localisation of the transformation operator - making it dependent on "external" spacetime points - leads to the specification of an interaction is that localisation destroys the local, and hence also global, gauge invariance of the Lagrangian. To restore that invariance, in both its local and global sense, necessitates introducing a correction term in the Lagrangian, which leads to a definite unique compensating gauge-field (in contrast to the matter field, see Redhead, 1982), the quanta of which are distinctly testable: the photon in the electromagnetic case, the w and z particles in the weak interaction case, the Higgs particle for the electroweak case, and the gluons for the colour interaction. In this manner local gauge symmetries appear formally to both generate and determine the character of their associated gauge fields with their distinct testable quanta, which may be regarded to be effects - notably, however, this takes place in the context of the CC, Lorentz covariance, and quantization (the h symmetry). And as in the case of the Noether symmetry-conservation link, the field quanta are predictions of the theory qua unit, but the predictions are linked to or generated by the local gauge symmetry, which implicates a compensating field. Further, as in the case of Noether type predictions, the predictions of field quanta are independent of the details of the systems in question. Thus, formally, testable field quanta appear to relate to their respective local gauge symmetry the way testable Noether invariants relate to their respective symmetries. In the context of the set of constraints operating on these theories, the formal link between field quanta and their generating local gauge symmetry appears to be like that between Noether invariants and their generating symmetries, i.e. a necessary and sufficient one. The reason for that possibility, I suspect, is that the CC impose succinctness, or a "compact" frame, on theories satisfying them; a frame such that the theories can sustain iff relations between some of their predictions and their generating symmetries - albeit, in the case of quantum field theories containing "free" parameters (the Std. Model having 19 dimensionless ones), this "compactness" would be present only after those parameters have been specified (or measured, as in the case of the electron charge, see sect. G). The "compactness" of a Q.F.T. may be gathered from the following observation of Yang in relation to Q.E.D., '...the [local] gauge phase factor gives an intrinsic and complete description of electromagnetism. It neither underdescribes nor overdescribes it.' (Yang, 1983, p. 75). (I take it that the same holds in the case of the non-Abelian gauge theories of the weak and strong interactions.) Thus, as in the case of tests of Noether type theory predictions, which apparently lead (or may lead) to distinct tests of the symmetries that generate those predictions, tests of theory predictions generated by local gauge symmetries - predictions regarding field quanta - may well constitute distinct tests of those symmetries; tests that are, of course, also tests of the relevant theories. Succinctly put: it appears that the global symmetry has an iff  link with the conserved quantity, and the associated local symmetry has an iff link with the gauge field, i.e. with its testable quanta (Mills, 1989, sect. IV). Hence the apparent distinct testability of both sorts of symmetries. Admittedly, however, this view of the distinct testability of local gauge symmetries, and hence of their potential objective status, again requires a metaphysical realist posit. The posit is analogous to the one regarding the testability of Noether type symmetries: that the formal link - as exhibited by the theory - between a local gauge symmetry and its testable signature in the form of predicted field quanta, is mirrored in that theory's domain.

Perhaps another way of seeing the possible distinct testability of local gauge symmetries is this: the move from global to local gauge invariance is effected by making the transformation operator depend on the parameters of the theory's "external" spacetime, thereby linking its "internal" space with its "external" spacetime (a linkage that can be given a fibre-bundle description, see Lawrie, 1990, Chs. 2 & 8; Weinstein, 1998; Redhead, 1998; Leeds, 1999; and Teller, 1999). This move destroys the local gauge invariance of the Lagrangian, with the effect that its global gauge invariance is also lost. Thus Noether's theorems no longer hold, in respect of either gauge symmetry. But the correction term restores both invariances. This would suggest that, '...provided a compensating change is made in the gauge field.' (Lawrie, 1990, p. 160), the local gauge symmetry is also a global one, in the sense that it holds globally from point to point, and the global gauge symmetry is also a local one, in the sense that it holds at each point of the "external" spacetime. In that light, we ought perhaps not expect an additional Noether invariant to issue from the localisation of the original global gauge symmetry. Thus the reason that local gauge transformations fail to generate predictions, on the part of their theory, of their own testable conserved charges, can be understood by noting that their global counterparts which do generate such predictions are also local (in the indicated sense), and vice versa. Accordingly, local and their associated global gauge symmetries, could be distinctly linked to the same Noether invariants - as in the case of electric charge conservation, which has recently been shown to be obtainable  via both, global and local gauge invariance, using Noether's first and second theorem, respectively (Brading, 2002). Thus, a local gauge symmetry could stand in an iff relation with both the invariants associated with its global source and with the gauge field; hence with its testable quanta (Mills,1989).
 

Given the distinct testability of local gauge symmetries, are such tests also valid? The above comments regarding the validity of tests of symmetries in general apply to tests of local gauge symmetries as well. In particular, the consideration regarding there being no self-projection in tests of symmetries of the sort encountered in tests of their embedding theories, holds in both cases, Noether type predictions and field quanta predictions, i.e.  tests of their generating symmetries do not involve a projection problem of the sort encountered in tests of their theories, given that the tests do not depend on predictions drawn directly from the symmetries involving their self-projection, but rather on predictions drawn from their embedding theories. And also in both cases - tests of symmetries via tests of Noether invariants and via tests of field quanta - there appears to be no model mediation involved, of the sort encountered in tests of their theories. Thus in the context of the set of constraints operating on quantum field theories the move from global to local gauge invariance - which appears to add essential detail to such a theory - does lead to novel predictive consequences, i.e. field quanta, which could make the local gauge symmetries testable in a distinct and valid manner.  

A realist stance on local gauge symmetries is reinforced by the following considerations: (a) Localisation of the global gauge symmetry implicates implies a compensating gauge field that issues in the prediction, on the part of the theory, of distinct testable quanta; quanta that are linked to energy and momentum conservation in interacting systems. Thus, although a local gauge symmetry does not generate novel testable conserved charges, it is linked to testable quanta and thereby to conserved quantities that have directly to do with the state of interacting systems. Such a linkage strongly suggests that the symmetry is not devoid of physical content;
 and (b) whilst  (in the case of Q.E.D.) absolute phase is not detectable, ' ... variations of the phase through spacetime do have a physical significance, because a varying phase angleθ(x) is differentiated by the momentum operator.' (Lawrie, 1990, p. 157). 

It is often claimed that gauge invariance of an observable quantity is at least a necessary condition for its reality status (Healey, 1979, p. 34). This view could be held on the ground that an analysis of gauge field theory indicates that there is an '... ambiguity in the evolution of the states of our gauge system [but] there is no ambiguity in the evolution of observable quantities - so long as we restrict our attention to gauge-invariant quantities.' (Belot, 1998, p. 537) But seeing the matter in this way leads to the following dilemma (Redhead, 2000): either we regard gauge invariance (or gauge freedom) as physically insignificant 'surplus structure' (Redhead, 1975; 2001), whilst maintaining the physical significance of observable gauge invariant quantities (which amounts to giving determinate motion a privileged status over indeterminate motion), or we regard gauge invariance as physically significant and thereby relinquish complete determinism, as well as the idea of locality, or some form of it (Below, 1998).
 The dilemma could be resolved by maintaining the physical significance of both gauge invariance (qua symmetric-structure) and observable gauge invariant quantities. This comes at the price of an indeterminism in the form of a licensed, but also restricted, particular convention as regards choice of gauge, from an equivalence class of gauges giving the same deterministic trajectories of observable quantities, with the equivalence being exhibited by the gauge symmetry.
 

Be that as it may, it is difficult to understand gauge invariance, qua necessary condition for reality status of an observable, if that invariance itself is devoid of physical significance? How could an invariance trait bestow physical significance  without the invariance structure responsible for that trait having such significance? Of course, the trait of being gauge invariant indicates only gauge independence, as Lorentz invariance indicates only frame independence (in each case, independence of the respective physics involved, e.g. an observable in the case of gauge independence, and the entire dynamics in the case of frame independence); but if we attribute objective significance to the latter then perhaps we ought to follow suit on the former. Further, the symmetry groups exhibiting such independences constitute hypotheses about there "being" specific equivalence classes of items within the domain of the theory in question - where "being" is understood in the sense of "were there to be" say a class of inertial frames then they would be empirically equivalent, from the viewpoint of the theory; note that the hypothetical (or counterfactual) status of that "being" in no way diminishes the lesson it tells as regards the character of the domain in question. If those symmetry hypotheses had no physical significance then it would not be clear what to make of the independence traits they exhibit; thus the notion of gauge independence makes no sense without an implicit posit of there "being" an equivalence class of gauges in the relevant domain. And, from the viewpoint of the present stance, the posited physical significance of the symmetry hypotheses, hence also of the independence traits they bestow, stems from their distinct and valid testability. More generally, it is difficult to see how theory encapsulated hypotheses regarding observables could be physically significant, without all other distinct encapsulated hypotheses, which contribute to the testability of the theory by jointly effecting the prediction of values of observables and thereby the selection of those observables, also having such significance. On the present view, all distinct encapsulated hypotheses (with the exception of non-discardable passive symmetries), that are within the bounds of the parsimony constraint of a truthlike theory - a theory whose projective generality is (or could be) under distinct and valid empiric control - have (or could have) physical significance. This view follows from taking the posited objectivity-invariance link (e.g. Lorentz invariance), which might pertain say to the formal representation of an observable (a distinct hypothesis embedded in a theory), to hold more generally with respect to the objectivity (or Tr) of an entire theory (that satisfies the CC)  and its testable symmetricity (sect. B). Indeed, all hypotheses with selective-constraining power on physical theories, including the CC, are likely to have physical significance. For how else can we account for the successful prediction of values of observables by the ensuing theories? But that does not mean that the realist view on the theories must be linked solely to that success. Here, it is linked to the apparent distinct and valid testability of their distinct symmetry hypotheses, interpreted to be about the projectibility of the theories across specific features of their respective domains. Thus, a gauge symmetry is analogous to a chronogeometric one in so far that both suggest that the domain of their embedding theory may contain empirical equivalents; to do with an "external" arena in one case and with an "internal" one in the other. Now although use of one or another of such equivalents, from a particular class of equivalents, affects neither the state description nor theory predictions, the formal indication, on the part of the theory, that the class of equivalents obtains, does appear to lead to distinct testable predictions that are part of the entire class of the theory's testable predictions; and where the distinct predicted effects are linked to states of systems. Hence the posit regarding the physical significance of the formal indication that the class of equivalents obtains. Leaving aside the clearly physically insignificant but non-discardable passive items in a theory, it seems that drawing a sharp line between what is and what is not to be regarded physically significant within a theoretical context that satisfies the parsimony constraint, is inappropriate - consider, for example, the apparent implication for this question of a recently proposed experiment which suggests the possibility of a kind of direct empiric access to ψ (Aharonov, et.al., 1993; 1996; and sect. E). However, should there be structure attached to a theory which makes no contribution to its testability, and hence no contribution to its explanatory power, and which is discardable,  leading to the theory's violation of the parsimony constraint, then that structure has indeed no physical significance and is truly surplus, even were it to allow us a better intuitive grasp of the theory (On 'surplus structure' in physical theories, and the problem associated with attributing physical significance to it, see Redhead, 2001.) 

There is at least one example which shows physicists to adhere to the above view: that the demarcation line between truly surplus and non-surplus be based on the parsimony constraint. In classical electrodynamics, where the scalar and vector potentials (gauges) do not make a direct contribution to the testability or explanatory power of the theory, they were regarded to be but surplus mathematical devices for obtaining electric and magnetic fields that satisfy Maxwell's equations. In the quantum theoretical treatment of electrodynamics, however, the potentials can be regarded to make a distinct contribution to the testability and explanatory utility of the theory, in that they can be interpreted to figure in the prediction, as well as the account of, the Aharonov-Bohm effect. It was in response to this situation, apparently, that Aharonov, Bohm, and Feynman, '... took the effect to refute not Separability or Local Action, but rather to demonstrate that in the quantum formalism, unlike the formalism of classical electromagnetism, the scalar and vector electromagnetic potentials had to be regarded as physically real rather than just mathematical artefacts.' (Maudlin, 1998, p. 365; see also Healey, 2001, Leeds, 1999; Redhead, 1998; and Yang, 1983, pp. 504-505.) But if the potentials are regarded physically real, then the term encoding the conventional element in their mathematical expression, V(V'=V -χ/t and A( A' = A + (χ, (Aitchison & Hey, 1993, p. 48) also requires being so regarded. But then formal gauge invariant traits of a theory, which mathematical expressions pointing to some restricted conventional element exhibit, could also have physical significance within the domain of the theory, provided that those expressions, and consequently the invariant traits, fall within the bounds of the parsimony constraint. (It is not clear how else to account for the successful selective power on theory choice such invariance traits have. However, the attribution of possible physical significance to symmetries is based here not on their success qua selective structures, but rather on their apparent distinct and valid testability.)

The view of the physical insignificance of gauge invariance in Q.F.T. appears at times to be based on the idea that,  unlike an invariance of a formalism with respect to an "external" space (or spacetime), gauge invariance employs an "internal"space. Accordingly, whilst the physical significance of invariances with respect to the former is granted, the physical significance of invariances with respect to the latter is denied. Thus Wigner (1995, p. 363) held that gauge invariance, '... does not express anything physical. It only tells us something about our mode of description of the physical situation.' This approach to gauge invariance is, presumably, based on the idea that, '... the generators of gauge transformations...' are not themselves observables (predictions of the theory), '...while the generators of spatio-temporal ... transformations are in fact the canonical observables.' (Weinstein, 1998, p. S147) But it is also possible to view the situation thus: the domain of the theory in question permits a conventional element to enter its description, over and above the conventional elements to do with "external" spaces, suggesting that that element could have physical significance. What motivates this view is that the mathematical expression of that element is the generator of a gauge symmetry, which although not itself a prediction of the theory, effects, or helps to effect, predictions of both canonical observables and distinct quanta; where tests of the predictions regarding quanta could constitute distinct tests of the relevant gauge symmetry. Gauge invariance is thus a successful constraint on theories, no different in this respect than other symmetries. Thus the conventional element to do with gauge invariance could reflect real equivalences. And those equivalences could account for the possibility of obtaining '... a rediscription of the same event at the same location.', in the case of an Abelian gauge symmetry, and a description of '... different events at the same location.', in the case of non-Abelian gauge symmetries (Redhead, 1975, pp. 106-107). Such rediscriptions and descriptions are of particular sorts, i.e. the alternative gauges that lead to the same predictions are distinctly specified; clearly, matters could be very different in a great variety of ways. Only a realist view of the equivalence of such gauges, i.e. of the licensed but also restricted or specified conventional element, can provide a good account of the particularity of that element. We see here an example of the restrictive force of an active symmetry, i.e. potentially, it need not be the case that the alternative models of a theory which can be obtained using alternative gauges should be equivalent. The posit that they are equivalent within the domain of the symmetry embedding theory expresses the restrictive content of the symmetry. And the apparent distinct testable signature(s) of the symmetry (in the form of field quanta) suggests that that posit could be distinctly refutable. The posit could therefore have physical content. The point is that if a truthlike theoretical context constrains one of its embedded quantities (or the posit about that quantity) - whether it be its state description or an observable - only up to an "arbitrary" factor, then that factor could have objective significance, because the domain of that context need not conform to the specified "arbitrariness". And, apparently, in the case of the gauge factors of Q.F.T. the posit that the respective domains do conform to the indicated "arbitrariness" is open to distinct refutation. The role of testable theory embedded symmetries appears to consist of examining the domain of their respective theory, regarding the sort of symmetric-structure or equivalence or uniformity features that domain may have in relation to the theory. A realist view of the indicated uniformities can account for the possibility of rewriting the theory in accordance with what its symmetries suggest, without affecting the theory's predictive and retrodictive performance. 

We generally accord reality status to our particular hypothetical representations of fields, representations encapsulated within theories. Presumably, we do so, because we can test for the effects of such fields via predictions they generate on the part of their theory. And if the apparent consequential effects of fields do not tally with our representations of them then we alter those representations. Our practice in relation to theory embedded symmetries is the same as our practice in relation to fields, e.g. the response to parity violation detection in weak interactions. And this practice encompasses gauge symmetries as well. The very start of the gauge program illustrates the point: the shift from the attempt to gauge length to gauging phase; a shift based on empiric grounds.
 Of course, that sort of practice is just what empiric control over hypotheses is meant to bring about. But then theory embedded symmetries, including gauge symmetries, like theory embedded fields, merit being regarded real features of their theory's domain.
  

To the extent that we have some intuitive realist grasp of the symmetries and asymmetries of "external" spacetime, that grasp is likely to be due to the accidental evolutionary circumstance that we are creatures that live in and do experiments in that spacetime (or some miniscule part of it). Perhaps an alternative conceivable evolutionary scenario could have landed us in what we would now call an "internal" space, which need not, of course, be the spaces of the gauge symmetries of Q.F.T. Be that as it may, we can regard those spaces as necessary corrective dimensions to the dimensions of "external" spacetime (the "base" manifold), in relation to the phenomena that quantum field theories are meant to handle. Those theories have, of course, additional general testable consequences, generated by their symmetries other than their gauge symmetries, and particular testable consequences in the application of the theories to particular phenomena. However, the problem involved in extracting some of those latter consequences casts a shadow over a realist conception of the entire quantum field theoretic approach: the problem of renormalization, discussed in sect. G.
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�The section deals only with inertial, pregeneral-relativistic, physics. All that is said here about the symmetries of inertial physics is meant to hold as well, mutatis mutandis, for its asymmetries, or broken symmetries.


� Here are a few references on physical symmetries: (Wigner,1979); (Froggatt and Nielsen, 1991);  (Sakurai, 1964); (Mills, 1989); (Redhead, 1975).


� A valid test being one that could bring into contact a singular hypothesis and its test-phenomenon., Cconsequent to that its attendant projection and model mediation problems could be resolved, via deductive-empiric means. 


� As regards gauge symmetries see (Ryder, !994, pp.115-128); and (Cao, 1988, pp.117-133). 


� A theoretical model, or possible "world", of a foundational physical theory, is, following Stachel (1993), taken here to comprise its nondynamical structure (manifold & metric), and one of its particular solutions, obtained with the help of its dynamic structure (equations of motion) plus auxiliary conditions - only in G.R. can the metric be regarded part of the dynamic structure (sect. F). 


� The Noether symmetry-conservation link can apparently be extended to symmetry breaks, implying icating non-conservation. Thus the breaking of the electroweak symmetry SU(2)(U(1) suggests non-conservation of weak charge, a corroborated hypothesis. The breaking of continuous symmetries could thus be testable via such an extension of Noether's theorem. And if the symmetry break account of how weak field quanta acquire mass is correct then the Higgs boson associated with this mechanism provides another way of testing the electroweak symmetry break. Such tests are, of course, also tests of electroweak theory - Icke (1995, pp. 239-243).


� On the accuracy of tests of S.R., hence of the Lorentz symmetry, see Nature 313 (1985), 429; and Nature 325 (1987), 103.


� A recent study (Kosso, 2000) of the empirical status of physical symmetries links their status to empiric access via "direct" and "indirect" "observability". In contrast, this study links their status to empiric access via distinct testable predictions they engender in their theoretical context; predictions testable across test-intervals of the theory in question. This approach is better suited for arguing the realist case not just in respect of the symmetries but also in respect of the embedding theories; given the interpretation of theory embedded symmetries qua hypotheses about the projectibility of the theories within their respective domains, across features pointed to by the symmetries. Nonetheless, the outcomes of the two approaches are in agreement on the status of symmetries, as well as on the view that global symmetries are more easily empirically accessible than their local counterparts - as we shall see further in this section.


� Although G.R. may also be regarded to be a gauge theory, the notion of gauge invariance in the general relativistic context differs markedly from that in Q.F.T., in both formal and physical senses. In particular, in the G.R. context it is about an equivalence class of metrics (sect. F), which is, of course, not the case in the context of Q.F.T. (see, e.g.Weinstein, 1998).  


� Perhaps another way of understanding why it is that local gauge invariance does not generate its distinct testable Noether invariant is that in the particle-Schrödinger-equation picture the imposition of local gauge invariance lacks a direct physical warrant, or motivation. (See Weinstein, 1998) 


� Anderson (1964, pp.183-184) compares the move from global to local gauge invariance with the move of giving a general covariant formulation to S.R., claiming that neither move adds physical content. But whereas in the case of S.R. enlarging the covariance group does not lead to novel testable consequences (Havas, 1964), in the case of Q.F.T. the move from global to local gauge invariance does lead to such consequences, notwithstanding that it fails to generate a novel conservation law. Thus local gauge symmetries do appear to be physically significant.


� Incidentally, Belot asks, 'What sense does it make to speak of the correct interpretation of a false theory?' (p. 551) He then suggests, '... in the absence of a true theory, our false theories provide much of our understanding of the structure of the world.' (p. 551) This study suggests that the foundational structure of the physical world could be symmetric-structure; a structure that indicates just how a sequence of comparable physical laws and theories could instantiate truthlike progress. And to seek a correct interpretation of a false but nonetheless truthlike theory makes perfect sense, whilst it may indeed not make much sense to seek a correct interpretation of a false theory, simpliciter. Belot also suggests, '... understanding intertheoretic relations is a crucial component of the articulation of the content of individual physical theories.' (p. 552). The crucial aspect in the understanding of intertheoretic relations among physical theories is to gain some understanding of the role of their similar (in form) but also diverse (in content) symmetric-structures. The present understanding of that role stems from an attempt to respond to the projection problem in physics; a problem that originates in an area where, '... the available data underdetermines the question...' (p. 546). But the response has implications for the other sciences as well. 


� This "resolution" of the dilemma is modelled on a resolution of a somewhat analogous dilemma posed by Einstein's hole argument in relation to G.R. The dilemma there was: either general covariance is kept and determinism (of the field) is relinquished, or determinism is kept and general covariance is relinquished. The resolution - based on a diffeomorphism account of general covariance, which turns that prima facie passive symmetry into an active one - allows keeping both general covariance and determinism, at the price of an indeterminacy in the form of a licensed but also restricted particular convention as regards choice of metric, from an equivalence class of metrics yielding the same field; with the equivalence being exhibited by diffeomorphism invariance (Stachel, 1993; and sect. F). But it does not follow that diffeomorphism invariance is a gauge invariance in the sense in which we find such invariances in Q.F.T. (Weinstein, 1998). 


� The realist view suggested here may be contrasted with two possible interpretations of  gauge theories, due to Belot and Earman (1999): The first is a 'literal interpretation', leading to an indeterministic view of the theories, which remain, however, empirically adequate, since they yield deterministic predictions for measurement outcomes. On this view only observable quantities are gauge invariant, hence real. The second is a gauge invariant interpretation, according to which all physically real quantities are gauge invariant. This leads to a deterministic view of the theories. 


� Apparently, it was Einstein who pointed out to Weyl, the originator of the attempt to gauge length, that that approach is incompatible with known facts - the constancy of atomic wavelengths under transport (Moriyasu, 1982, p. 555).


� Morrison (1995) takes a vey different view. Thus, '... the use of symmetries to generate empirical theories does not legitimate symmetries as empirical phenomena.' (p. 159) [my italics]. That observation is indeed true, but the efficacy of such usage, albeit in a context of other constraints, strongly indicates that symmetries could be 'empirical phenomena'. The argument for that posit, however, need not be based solely on that efficacy. Morrison also holds: 'There is no direct empirical test for verifying hidden symmetries, or any symmetries for that matter. But in most cases symmetries allow for either the derivation of conservation laws or the covariance of physical laws in general; both of which are empirically confirmed by the phenomena. In that sense symmetries function as the hypothesis in a hypothetico-deductive style argument.' (p. 185) But no theoretical items - whether "hidden" or not - are directly testable, and they are certainly not verifiable. Tests of all theoretical items are indirect because they depend on interpretation and background knowledge. Tests of symmetries do not differ in this respect, but indirect tests may nonetheless be distinct and valid, and hence symmetries may be real features of physical reality. Finally, '... regardless of whether one views symmetries as factual claims about the structural organisation of the world or as methodological constraints on theory construction, there is little doubt that symmetries do function in a structural capacity by providing a framework of laws that govern the laws of physical systems.'. (p. 175) But, of course, symmetries could be both, truthlike hypotheses about parts of the symmetric-structure of physical reality, as well as methodological guides in theory construction, with the former accounting for the efficacy of the latter. For either the 'laws of physical systems' are, or are not, truth telling. If they are then it would be extremely odd if the structural 'framework of laws' that are meant to govern them were not also truth telling. And if both sorts of laws are not truth telling, then why are the structural ones such efficacious 'methodological constraints' in the construction of the 'laws of physical systems'? And how is it that the structural laws engender distinct testable predictions on the part of the 'laws of physical systems'? I do not think that any non-realist approach to physical symmetries and their embedding theories - the laws of systems - can provide tenable accounts of such methodological and theoretical phenomena. And what this study suggests is that a realist account of both the laws of systems and their symmetric structural laws need not be based on the successes of the laws of systems, but rather on: (a) the view that the structural laws bestow on their embedding laws of systems a degree of projective generality, and (b) the apparent distinct and valid testability of such structural laws: the apparent critical empiricempirical control exercised over such laws via their engendered distinct predictions on the part of their theory.


� Bain (1999) reconstructs a claim of S. Weinberg, in the form of a 'demonstrative induction' type argument, which Bain claims foils the underdetermination thesis against a realist view of Q.F.T. But, in itself, this foiling would not be very effective because it would leave an infinity of in principle alternatives of Jeffreys' type. The proposal here is that satisfaction of HP on the part of quantum field theories may effect the exclusion of those alternatives, whilst also suggesting the possibility of the realist case. That suggestion is important for a realist view, given that even with the exclusion of Jeffreys' alternatives, and the foiling that Weinberg's claim achieves, we may still not be left with a unique theory. Weinberg's claim is, '... quantum field theory is the way it is because ... it is the only way to reconcile the principles of quantum mechanics ... with those of special relativity.' (Cited on p. 3 of Bain) From the present perspective the quantum field theoretic approach is the only way we know of that takes account of both c and h, in the context of the CC. Hence its extraordinary successes.





