arXiv:0905.4006v1 [hep-th] 25 May 2009

A critical look at 50 years particle theory from the perspective of the crossing property

Bert Schroer CBPF, Rua Dr. Xavier Sigaud 150 22290-180 Rio de Janeiro, Brazil and Institut fuer Theoretische Physik der FU Berlin, Germany

May 2009

Contents

1 The increasing gap between foundational work and particle theory 2

2 The beginning of a conceptual derailment: the incompletely understood crossing property 8

3 From crossing via the dual resonance model to the metaphor about ”invisible strings” 12

4 The return of the crossing property 18

5 The constructive power of the crossing property 29

6 Concluding remarks 33

7 Appendix: a sketch of modular localization 38 7.1 Modular localization of states . . . . . . . . . . . . . . . . . . . . 38 7.2 Localized sulgebras . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Abstract

Almost all constructive ideas in particle theory of the last 5 decades beyond Lagrangian quantization have originated from an incomplete or erroneous understanding of one of the deepest ideas (after scattering theory) which links on-shell with off-shell objects: the crossing property. The bootstrap S-matrix approach, the dual S-matrix model and string theory would not have come into being without this property which arose in connection with quantum field theoretic scattering amplitudes but, apart from a special configuration, was never established in a nonperturbative setting of QFT .

With the arrival of modular localization theory this situation changed and this essay gives an account of the ongoing development as well as its conceptual surrounding. In doing this we also address the vague but crescent feeling that large parts of particle physics have been in a crisis for long time.

1 The increasing gap between foundational work and particle theory

There has always existed a tendency to romanticize the past when criticizing the present. But the importance of interpretational and philosophical ideas for quantum theory (QT) in the first three decades of particle theory, starting in QM and escorting the beginnings of QFT, is beyond doubt. One can hardly think of any other branch of physics in which the correct interpretation of observational results depended that much on a delicate balance between speculative incursions being followed by more critical foundational work in which questions of interpretation and philosophy were the main driving force.

The strength of this connection in the beginning of quantum physics was certainly a result of the intense interests in conceptual and philosophical questions of the protagonists of quantum theory (Bohr, Heisenberg,..). Almost the entire arsenal of foundational concepts, including iconized Gedankenexperiments as Schroedinger’s cat and that by Fermi to argue that c is also the maximal velocity of light in QED, were introduced by the protagonists of QT and followed directly the great discoveries.

This is not to say that this was an inevitable outcome of the innovative potential of the people involved. Even the greatest intellectual capacity is no insurance for finding a ”diretissima” of scientific progress as accomplished in those first 3 decades of QT; already a slight change in the chronological ordering of important discoveries could have led to a time-consuming detour.

Just imagine that Feynman’s path integral would have entered the scene before matrix mechanics and transformation theory; as a result of the conceptual proximity of the path integral with the Bohr-Sommerfeld framework of the largely quasi-classical old quantum theory, there is hardly anything more natural than to contemplate such a direct connection. This resulting formalism would have unified all the quasi-classical results of the old quantum theory and present an elegant way how to do exact computations around the quantum oscillator, but it would have missed the important dichotomy between observables and states. Even worse, the elaboration of the Hilbert space formalism and operators acting in it, as well as all the understanding of those important integrable systems, without whose presentation a course on QM is unthinkable, would have appeared much later and in a different form.

Fortunately this was not the way things unfolded; by the time Feynman proposed his path representation, the conceptual level of operator QT was solid enough to resist the temptation of a fallacious short-sighted interpretation of this selectively valuable but conceptually unsafe formalism. In this way many years of confusion in quantum physics were avoided and the path integral could be explored for those purposes for which it is useful, namely for quasiclassical approximations, perturbation theory and sometimes for suggesting useful metaphoric physical ideas; but rarely for exact calculations about e.g. the hydrogen atom and all the other integrable systems of QM. These are either out of reach of the path integral, or can only be obtained by imposing artificial tricks which do not follow from its measure theoretic foundation and are certainly less trustworthy than direct operator methods.

Hence taking into account that progress in particle physics it is not just the result of the intellectual capacity and the originality of the involved actors, but it also requires an element of fortune, there is ample reason for considering the first three decades of particle physics as the ”good old days”. The main aim of this essay is to shed some light on later developments, when innovation, critical analysis and luck began to drift apart.

The close interconnection between discoveries and their foundational anchoring did not extend much beyond the time after the second world war. Whereas initially those physicists working on foundational problems were identical with the protagonists of QT or had previously done original work in mainstream particle physics, the number of mathematical-conceptual and philosophical oriented physicists with direct access to the ongoing work in QFT has been gradually decreasing. As a result the discussion circled increasingly around some extreme refinements of points already discussed in the ”good old days” of QM and the conceptual and philosophical problems of the actual QFT research are often not addressed.

Indeed, the research community on foundations of QT tends to limit its interests overwhelmingly on problems which are quite removed from the epistemological and philosophical aspects of the ongoing particle physics research. Subjects as ”many world interpretations” and ”multiverses”, to the extend that they are not purely metaphoric, are academic refinements of the famous paradigms of quantum mechanic as the Schroedinger cat paradox or the question whether localization is a property of the electron.

Quantum information theory which originated in QM does not cover QFT since the latter is not simply QM enriched by representation theory of the Poincaré group. A closer look reveals that the conceptual structure of local quantum physics (LQP) is essentially different from that of QM, and even in cases where under additional conditions one is able to return to what appears a quantum mechanical structure, there remains still a notable difference [1][2].

Concepts as localization and entanglement suffer significant changes. Whereas the Fock space formulation of QM^1 leads to a tensor factorization of the global QM into that associated through Born-localization with a spatial region and its complement, the analog situation between a spacetime subalgebra of QFT and its causal complement produces two commuting algebras which are not in a position of tensor factorization. But the tensor factorization of globally pure states is the prerequisite for entanglement and therefore also of the closely con-

1The Fock space formulation of QM greatly facilitates comparisons with QFT.

nected emergence of mixed states by averaging over one component, and hence one stands in front of a new situation which is not covered by entanglement even though the bipartite arrangement of observables commutes.

This difference in tensor factorization contains in a nutshell all other contrasting properties, the most spectacular one being the possibility of characterizing ground or finite energy states on localized observables in terms of thermal properties including a (logarithmically corrected) area proportional ”localization entropy” [1].

Some of these differences are extraordinarily subtle and their conceptual setting can only be captured by going beyond the setting of operators acting in a Hilbert space and using more holistic properties of operator algebras and their dependence on spacetime localization. This leads to a situations which conceptually as well as mathematically are quite different from that of QM. Since the numerics of these differences (e.g. the Unruh temperature) are outside the observational accessible region, a practitioner of QFT may be inclined to consider them as academic nitpicking, but a philosopher or a seeker of conceptual clarity is not entitled to do this.

There were only a very few individuals within the foundations of QT (FQT) community who have been aware of these significant differences between QM and QFT^2 and an even lesser number who acquired the considerable amount of mathematical knowledge and conceptual understanding in order to be able to actively work on these problems. It seems that they have not been able to get their fellow members in the foundations of QT (FQT) community to heed these difference when they in their articles on epistemological problems of QT include tacitly QFT even though their statements are strictly limited to QM only.

The belief that QFT is just a slight extension of QM was supported by typical textbook presentation which confine themselves largely to canonical or pathintegral quantization; these methods, which have become part of QM, are, as mentioned before, (apart from their suggestive metaphoric strength) restricted to perturbative calculations. Only when one looks beyond these computational recipes and understands how the cutoff-independent finite answers of renormalized perturbation theory emerges directly from the underlying principles one starts to appreciate the conceptual differences between QM and QFT.

It is one of our aims to illustrate this contrast between QM and QFT by presenting some concrete arguments in a historical context. This cannot be done without focussing first on an idea which has dominated (and still dominates) the particle physics scene for many decades: string theory and its role as a projection screen for a TOE.

If the beginnings of QT appear as the epitome of a balanced interplay between experimental and theoretical discoveries and their critical conceptual and philosophical safeguarding, the superstring theory is a costly illustration of what happens if one or several of these ingredients fail. For the first time in the his-

2One should mention here the impressive contributions of the Pittsburgh school of philosophy which through the premature death of Rob Clifton lost its most outstanding member [3]. Among individuals and groups who are in full command of the conceptual structure of QFT one should mention also a group at the TU Braunschweig/Germany [4].

tory of particle physics the critical side has been conspicuously absent. This is not to say that some individuals did not express their uneasiness about string theories opaque conceptual structure, its propagandistic claims to represent a TOE or worried about its lack of predictive power^3. A minority of adversaries of string theory also noticed the conceptual errors but refrained from exposing them because they felt there is always a minute chance to find reasonable results even if using wrong arguments or methods. But the presence of reputable names solely on the side of defence of string theory is the main reason which prevented or muffled any profound criticism.

In this way string theory also remained outside the attention of the FQT community whose principal interest is the clarification of philosophical points and the elimination of metaphoric arguments. This is the more indicative as from a sociological viewpoint string theory is, besides the standard model (SM), the most prominent theory which (together with supersymmetry) led to the majority of articles in particle theory.

One may counter that not only string theory but also the standard model received hardly any attention from the FQT community. But the SM as it stands, despite its pivotal importance for the first unexpectedly precise description of all interactions except gravity, has little to offer in the way of conceptual innovations and philosophical ideas beyond those which already came with QED; in this sense it is a brain child of the ”good old days”. In contrast the superstring invention has an almost science fiction like aspect and one should expect that its almost surreal flavour should have attracted the attention of the foundation of QT community; it certainly did attract those young particle physicists who were looking for brain-storming activities and drama in particle theory and who succumbed to the inspiring charm of those whom they followed as their leaders.

String theory did not appear as a bolt from the blue. Already the S-matrix bootstrap proposal, which preceded it, started with a heavy load of conceptual obliqueness. But at least it has the merit of having emphasized the importance of a missing link between particle physics and QFT in form of the crossing property.

The crossing property is the only really new post-renormalization structural addition to particle physics and it marks the beginning of a new era of Smatrix based ideas which culminated in string theory. There were some partly successful attempts in the hey days of (Kramers-Kronig) dispersion theory to prove crossing for special elastic configurations [5]. But its full understanding was never achieved, and only since recently there is reason to believe that the appropriate concepts for its full understanding are in place. These concepts are related to very new aspects of QFT which will be presented in later sections, The insufficient understanding of an seemingly important property never

3The maxim supported in this essau is that every theoretical idea with a strong connection to established existing principles deserves to be fully explored and for some time protected against premature dismissal on grounds of observational shortcomings. Particle theory is an autonomous area and if an extension of a successful theory is in contradiction with observations than this is interesting in its own right. This does of course not hold for ideas containing conceptual errors as string theory (see next section).

hindered physicists to play with it and, if no enlightenment was coming this way, to use the more radical method of substituting it by a similar looking property which can be better implemented. The latent danger with such games played with insufficiently understood properties is that something which has a similar appearance may have a very different physical content. Without luck and in the absence of a critical analysis, such a procedure is potentially hazardous; if one does not find in due time the correct physical interpretation for the surrogate property and it keeps meandering through one’s conceptual makeup or becomes attached to a community-accepted but incorrect metaphor, it may have the potential for causing a conceptual derailment.

In retrospect there can be no doubt that the present crisis, whose epicenter is in string theory, started with insufficient and later outright misleading attempts to understand and explore crossing property as a bridge between S-matrix theory and QFT^4. On the positive side the S-matrix bootstrap approach can lay claim to have focussed attention for the first time on two important ideas which are shared with QFT namely crossing and the idea of nuclear democracy; this was before it managed to ruin its credibility with the unjustified and later disproved claim that the bootstrap principles lead to a unique S-matrix theory, i.e. a TOE if one ignores gravity.

In the dual model and the subsequent string theoretical extension, the mismatch between freely invented computational prescriptions and the miscarried interpretation of crossing reached its peak and metaphoric arguments which in previous times were only tolerated as temporary conceptual place holders began to attain a permanent status. The demise of the S-matrix bootstrap and the increasing popularity of string theory was not the result of the theoretical soundness of the latter but had to do with the very different comportment with respect to calculations. Whereas the bootstrap setting hardly led to any manageable self-consistent computations, string theory was very attractive to those who, in the spirit of Feynman^5, wanted to do some new interesting looking computations. In this way string theory became a new topic at conferences and research laboratories with the result that university physics departments hired an increasing number of string theorists before the new theory had any observational or conceptual credentials; after the hiring, the glamour and globalized modernity and the gratification of having a representative in an area which represents scientific glory and hegemony shifted the problem of its conceptual and observational content into the background. In fact ST is probably the only theory in the world which obtained globalized funding (interestingly enough including both Washington and Teheran!) without having any observational credentials or without having convincingly shown that it relates in any credible way to an existing successful theory.

4Only in the later more limited setting of the 2-dim. factorizing models the role of crossing as interlinking on- with off-shell was correctly understood and became a successful tool for the construction of the first strictly renormalizable interacting models.

5Feynman meant of course calculations within a conceptually reasonably defined setting. He criticised the string theorists tendency to invent ”excuses” everytime there arguments run into difficulties.

It is somewhat of an irony that the quantization of the Nambu-Goto Lagrangian and its supersymmetric generalization, even though not related to stringlike objects in spacetime (see next two sections), does lead to objects which people were looking for at the beginning of the 60s: ”infinite component fields” associated with ”infinite component wave functions”^6. The idea to achieve this by using representation theory of noncompact groups (extensions of the homogeneous Lorentz group) did not lead work, but the dual model and its reformulation in terms of string theory (which substituted the noncompact group theory by the QM of infinitely many oscillators) led to the first infinite component pointlike generated wave functions or fields. With other words the infinitely many QM degrees of freedom do not go, as the string theorists believe, into a stringlike spacetime localization; rather as spin indices these degrees of freedom enrich the ”vertical” inner space over one point. If one wants (but this hardly helps in any way) the oscillators of the would-be string are all sitting in the (now quite big) ”little Hilbert space” over the localization point which, different from Wigner’s representation theory, is now infinite dimensional. The only components which possess a genuinely semiinfinite stringlike localization, namely the Wigner ”infinite helicity” representations, do not occur.

To carry the power of the string metaphor to its extreme,It is irony at its best that those string theorists who looked at the localization of their objects found precisely that there is only a localization point. But the string metaphor by that time was already so strong that they called the object an ”invisible string” i.e. a string of which only a (center of mass) point can be ”seen”. Bohr and Heisenberg would turn in their graves if they could notice that their efforts to ban classical metaphors from quantum physics with the help of the concept of observables have been completely lost on a whole community less than 50 years after their work. And this did not occur in a side line of particle physics research, this happened in the heart of string theory under the watchful eyes of the creme of particle theory (Witten, Gross,...) and that of the FQT community.

To be fair there is no canonical manual according to which discoveries unfold. It is perfectly conceivable that an important contributions starts with an incorrect metaphoric picture. Hence it may be reasonable to not interfere at the start of an idea with heavy mathematical-conceptual machinery. There is the famous story when, at the beginning of QM, Pauli cautioned Born and Jordan not to spoil Heisenberg’s intuitive grip on the new mechanics by dragging him into a discussion with to many mathematical details and conceptual rigor. There is of course no rule how long an idea may remain in a metaphoric state before having to show its mathematical consistency and conceptual muscle (and in the longer run also its predictive observational power). But probably most people would agree that 5 decades is too much. As a theoretician I would even uphold that any consistent theory which generalizes known principles has a right to be carefully investigated without the pressure to make observational prediction^7,

6The search for infinite component wave functions involves many names including Fronsdal, Barut and Kleinert. The reader can find an interesting section on the history of infinite component fields in [6].

7String theorists have introduced the concept of post-diction; for them gravitation and

but there are limits. In any case string theory failed on all three counts.

The history how an area of particle physics, which started with a completely revolutionary look at physical reality in the small, could be miscarried precisely on those conceptual aspects which were considered as its strength is, as all stories about human greatness and fallacies, quite fascinating and will be the subject of the next section.

String theory is by no means the only area where particle physics and foundational work on QT drifted apart. It is indicative that the FQT community either avoided quantum field theoretic topics or treated them, as mentioned before, in the belief that QFT is a relativistic form of QM which does not need extra attention. This led to an incomplete, if not to say incorrect perception of the philosophy of QFT. Whereas a stronger attention to the epistemological problems of actual particle theory would probably not have prevented the string metaphor, their more forceful contribution to QFT may have not only improved the knowledge about QFT concepts in their own community, but may have raised the general level of knowledge.

Here the situation is not irrevocably derailed as in the case of string theory ; and with a correct assessment of the situation and some effort on the part of the foundational community lost ground may be recuperated. An exposition of the main conceptual distinctions between QM and QFT and the related philosophical problems will be given in the third section.

2 The beginning of a conceptual derailment: the incompletely understood crossing property

In contrast to QM in which particles play the role of stable quanta which keep their identity even in the presence of interactions, QFT came with a much more fleeting concept of particles. Even in theories without interactions where relativistic particles are synonymous with free fields, composite operators as conserved currents exhibit the phenomenon of vacuum polarization, which makes a quantum current a rather singular object (an operator-valued distribution which has no equal time restriction) and renders the definition of a partial charge corresponding to a finite volume a delicate problem at least at the time of Heisenberg.

But the full subtlety of this problem only became manifest in the presence of interactions when Furry and Oppenheimer observed that even those basic fields, which without interactions were linear in the particle creation/annihilation operators, cannot create on-particle states without an admixed infinite cloud^8 of particle/antiparticle pairs. Re-interpreted in a modern setting this observation permits the following generalization: in an interacting QFT there exists no operator which is affiliated to the observables in a compact spacetime region which creates a one-particle state from the vacuum without a polarization cloud. Or

supersymmetry are post-dictions of string theory.

8In the sequel ”cloud” will automatically imply infinite number of particles.

in recent parlance: a model which admits compactly localized PFGs (vacuumpolarization-free generators) is generated by a free field.

The subtlety of the particle/field problem (not to be confused with the particle/wave dualism of QM) was confirmed in the discovery of perturbative renormalization and the time-dependent scattering theory^9. The upshot was that in interacting QFT the notion of particles at finite spacetime had no intrinsic meaning. On the other hand it is those asymptotic particle states which are intrinsic and unique, whereas the fields, even in a fixed model, form an infinite set whose members have a more fleeting nature which resembles more the infinite ways of coordinatization geometrical structures than sets of objects with individual physical properties. In fact the algebraic approach, which started shortly after the LSZ scattering theory, had as its main aim to elaborate a setting in which the infinite plurality of fields is manifestly encoded into the infinite ways of coordinatizing a unique system of spacetime-localized algebras (a idea of a local net).

This is the important step from passing from a field-coordinate based description of Lagrangian quantization (and later the Wightman setting of field correlations) to the intrinsic net of local observable algebra setting in which all physical informations are available without the use of field coordinatization. In this form the setting is often referred to as local quantum physics (LQP) but it should be mentioned that as in geometry the use of coordinates is of course allowed and for certain problems as perturbation theory presently preferable.

This raises the question why people who are accustomed to use elegant coordinate-independent differential arguments have not made use of the LQP setting. The answer may be that in this way it is not possible to start physics with geometric Lagrangians as e.g. Witten’s quasiclassical discussion of the Chern-Simons setting for the knot invariants. Rather in the LQP approach one systematically classifies chiral theories with plektonic statistics and proves the existence of these chiral theories with the methods of LQP. In d=1+3 this would be quite a bit harder but the main point here is that ”Chern-Simons” refers to a particular quasiclassical expression which, whatever its computational worth may be, has no intrinsic meaning.

There was however one property which related particles and fields in a seemingly mysterious and even today insufficiently understood way: the crossing property (often called misleadingly ”crossing symmetry”). Its formal aspects in Feynman’s perturbative setting came from combining two observations, the invariance of the set of all graphs under the crossing of lines between the incoming (momentum into the graph) and outgoing (momentum away from the graph) lines and the mass-shell ”projection” of the resulting identity. The first step is trivial, whereas the mass-shell projection involves (even in perturbation theory) nontrivial analytic continuation on the complex mass shell of external in/out scattering momenta so that the mass-shell momenta of the original scattering

9The elegant formulation leading to the well-known useful expressions in terms of correlation functions are due to Lehmann, Symanzik and Zimmermann (LSZ formalism) whereas the proof of the asymptotic convergence towards free fields was supplied by Haag and Ruelle [7].

process can be linked by an analytic path to the crossed counterpart of which same are now on the backward mass shell. The crossing for scattering amplitudes is a special case of the formfactor crossing which has the rather simple one-step form. Taking the simplest case of a scalar field A(x) between spinless states of one species it reads out ⟨p_{k+1}, ...p_n |A(0)| p_1..., p_{k−1}, p_k⟩^{in} (1) =^{out} ⟨−p̄_k, p_{k+1}, ...p_n |A(0)| p_1..., p_{k−1}⟩^{in} + p_k − contr. in words the incoming momentum p_k is ”crossed” into the outgoing −p̄_k where the bar over the momentum indicates that the particle has been transmuted into its antiparticle and the unphysical (negative mass-shell) momentum is not directly defined in operative terms but rather in terms of an analytic continuation on the complex mass shell starting from the forward mass shell. The contraction terms^{10} are inner products of p_k with the outgoing momenta p_{k+1}, ...p_n, they can be omitted if one consistently works with the connected formfactors. The iterative application of the crossing relations permits to compute (together with analytic continuation) all n-particle formfactors from the vacuum polarization components of A(x) ⟨0 |A(0)| p_1, p_2, ..., p_n⟩^{in} (2) where the notation does not distinguish between particles and antiparticles. The S-matrix elements result from the formfactors by choosing for A(x) the unit operator^{11}; since the latter cannot absorb energy-momentum, the incoming momenta are bound to the outgoing by energy-momentum conservation which e.g. for elastic scattering requires the crossing of two momenta in order to get something nontrivial. Crossing relates the various n-particle matrixelements of a local operator or the various changes in in/out partitions for n-particle in+out scattering amplitudes to respectively one master function. This is certainly something that one could not even have dreamt of in QM, even if one adds relativity^{12} and passes to DPI.

This is the first brush with the most important consequence of causal localization in the presence of interactions: the ability to couple all particle channels with the same superselected quantum numbers. In the case of formfactors the analytic properties of crossing prevent that there are special matrix elements which vanish i.e. all cluster of particles which can mutually communicate via nonvanishing matrixelements do communicate, i.e. a kind of benign form of ”Murphy’s law”.

A special but important case of Murphy’s law governing the coupling of channels is the principle of nuclear democracy. It states that QFT cannot distinguish

10They can be avoided by working with smeared in/out free fields applied to the vacuum. 11This could be achieved by cluster factorization of A(x), assuming that A has a nontrivial vacuum component.

12The ”direct particle interaction” (DPI) [8] is a relativistic particle setting which fulfills all properties of relativistic particles which one can formulate in terms of particles only including macro-causality (cluster factorization). Crossing can however not be implemented in such a setting.

between elementary and bound particles, the only hierarchy prevails between basic and fused charges. This means that it is consistent to view any particle as a ”virtual” fusion of other particles whose spectrum of fused charges contain the charge value of the particle under consideration. Nuclear democracy is a principle which contradicts the boundstate hierarchy in a very radical way; even the charge-carrying ”elementary” particle can be interpreted as resulting from the fusion of itself and chargeless particles. In a less metaphoric formulation of Murphy’s law for particle states its content may be formulated as ⟨p_1, ...p_n |A(0)| p⟩ ≠ 0 (3) where p_1, ..., p_n are the particles whose fused charge contains the charge of the one-particle state |p⟩ and A is a charge-neutral operator in the vacuum sector which creates the kinematic conditions for a coupling between one-particle states and the multiparticle states in the continuous part of the spectrum.

In the literature one often finds the statement that nuclear democracy contradicts quark confinement. This would indeed be the case if one pictures confinement as a quantum mechanical vault in which high potential walls keep quarks inside a confined region. Invisibility or ”darkness” of matter in QFT can only be achieved by theories which contain sectors which do not permit a compact localization which the extreme opposite of a confining vault (for more see section ).

The present discussion of the inexorable presence of vacuum polarization clouds attributes a central role to the vacuum polarization components (3) of local operators. Indeed it turns out that their knowledge is tantamount to that of the operator since the coefficients of the so-called GLZ representations [1] A(x) = ∑ 1 n! ∫ · · · ∫ V_m a(p_1, ...p_n)e^{i ∑ pk x} : A_{in}(p_1)...A_{in}(p_n) : d^3p_1 2p_{10} ... d^3p_1 2p_{10} (4)

can be shown to be uniquely determined by these vacuum polarization components.

The present discussion also replaces the metaphorical meaning of ”the vacuum state of QFT is a boiling soup of particle/antiparticles pairs” in which the energy conservation is for short times (invoking the uncertainty relation) by an autonomous interpretation which may be expressed: as ”banging” locally against the vacuum state with a sharply localized object produces an infinite vacuum polarization cloud. In order to limit the energy of the bang so that the number of emerging particles remains finite one either must allow a fuzzy localization surface which can be achieved with the split property (section 4) or, if one uses pointlike fields, by smearing with finite support test functions which approach zero in a smooth way.

It is the merit of the protagonists of the S-matrix bootstrap to have given the crossing property the attention and the prominence it deserves. But unfortunately they have treated it as an axiom (their on-shell anti-field ideology forced them to do this) and thus its operational origin remained a mystery for a long time. However what brought the downfall of their theory is their claim of being in the possession of a TOE and predicting that ”QFT will fade away like a mortally wounded soldier on a battle field”. Hubris in particle physics is not limited to the bootstrap setting. Nevertheless this was the beginning of the derailment of the delicate equilibrium between speculative innovative ideas and their profound critical analysis which lasted for nearly 4 decades since the beginning of QFT at the end of the 20’s. The disappearance of the bootstrap S-matrix ideas meant by no means a return to ”good old times”, there are worse things to come.

3 From crossing via the dual resonance model to the metaphor about ”invisible strings”

The history of the crossing property is symptomatic for the way particle physics research. It began with more or less accidentally coming across a property whose significance for particle physics was beyond doubt but conceptual origin remains hidden because the appropriated mathematical-conceptual tools were not yet in place. As a result of its importance it was elevated to the central part of a new scheme for nonperturbative access to particle physics. Under the impression that solutions of the resulting nonlinear bootstrap structures must be very restrictive since despite a collective attempt none has been found, the idea arose that if there is any solution at all, it may be unique.

The historically interested reader will recognize a somewhat cartoon-like presentation of the rise and fall of the S-matrix bootstrap in the decade before gauge theory. As mentioned before it was not so much its highly speculative content, but rather the fact that this setting did not lead to a single at least on a formal level credible computation. When first the dual model supporters and subsequently the much larger string theory adherents started to build their new castles on the bootstrap ruins, the crossing property was replaced by a property called duality. In the surface of it which is a subtle analytic interplay of one-particle poles with the multiparticle continuum became replaced by ”duality” which only works with an infinite tower of particles in the absence of the continuum. Whereas crossing was a (partially) established property of quantum field theoretic S-matrices, duality was incompatible with the structure of QFT and proposed as the characteristic property for a new theory: string theory.

The S-matrix bootstrap setting offered no controllable calculations and hence its grand pretences about a unique particle physics i.e. a TOE (theory of everything) apart from gravity and its cleansing spirit against QFT began to sound increasingly hollow. By the time when nonabelian gauge theories were leading to promising new calculations, the bootstrap community began to shrink. The success of the standard model reinforced the end of one decade of dominance of the S-matrix bootstrap.

At the end of the 60s another more phenomenologically S-matrix based approach attracted some attention which became connected with the name of

Regge because Tullio Regge had done some mathematical physics work on complex angular momentum. The proposal consisted in the suggestion that poles in the complex angular momentum plane could not only explain the nearly linear increase of masses of resonances with spin but could also account for scattering with large momentum transfer. These phenomenological attempts obtained a more conceptual underpinning when the idea of crossing in form of spectral representations (Mandelstam representation) was added. It became gradually clear that the idea of ”Regge pole saturation” was only consistent with a new kind of ”crossing” involving infinitely many one-particle states whereas the physical crossing (i.e. that property which was not invented but rather observed in Smatrices and later in formfactors) required a more subtle interplay between (a finite number of) particle poles and multiparticle cuts. Only now in the historical review it is clear that this was an extremely costly failure not having recognized at the appropriate time that what lay behind this duality as an interplay between infinitely many particle poles was really an infinite component wave function associated with an infinite component pointlike field. After all the (inconclusive) search for such objects had only ended less than one decade before string theory began (more on this later on).

Making clever use of mathematics (subtle properties of Gamma and Beta functions) these ideas developed in the hands of Veneziano and others into what became known as the ”dual model” which is a helpful terminology since it keeps a certain conceptual distance to the crossing of formfactors in QFT. After the Regge pole setting was ruled out by new experimental results about large momentum transfer scattering and the observational success of the standard model was already beginning to take roots, the dual model became a mathematical toy for a very few unswerving optimists. It was only when two of these steadfast individuals (Scherk and Schwartz)^{13} pointed out that the presence of zero mass spin two objects suggested that the dual model (meanwhile already in its string formulation) should be considered as a TOE since in addition to the usual particles is also contains gravitons. For this its quite concrete but less than successful link with strong interactions should be abandoned in favour of a description incorporating all forces with 16 orders of magnitudes larger energy scale than that of strong interaction as required by the incorporation of gravity. Hence string theory, alias the dual model, remained in the state of a mathematical sleeping beauty for less than two years before beginning its ascent to the acclaimed TOE, the end of the millennium theory.

It is not the intention here to follow the path of string theory up to its present status. Rather the aim of this note is to catch up on foundational aspects which, for reasons explained in the introduction, did not keep in step with the post 1960 development of particle physics. The most obvious question of a conceptual nature is whether the claim that string theory deals with stringlike extended objects (in contrast to the pointlike extended standard quantum fields) is correct. Two of the arguments in favor are that the nature of the particle spectrum in form of an infinite mass tower is suggestive of a string in

13The references on the early part of string theory can be found in the various textbooks.

quantum mechanics. Furthermore the classical Nambu-Goto Lagrangian and its supersymmetric generalization certainly describes what one would call a classical (super)string.

But since the problem of localization in local quantum physics is of an autonomous kind whose subtle aspects are known from the discussion of Bornlocalization of particles versus the causal localization of fields, it is not secure to base such a physically important property on metaphoric analogies. Let us anticipate the result before we describe its derivation; the answer is negative, the strings of string theory are pointlike infinite component objects. The quantum degrees of freedom obtained via quantization from the classical relativistic string went into the ”vertical” namely the internal space where spin degrees of freedom reside which hover over one point without contributing anything to the spacetime extension.

As already mentioned, such objects were sought for under the name ”infinite component wave function/free fields” or infinite component fields^{14} less than one decade before string theory, but the self-imposed restriction to do this under the restriction of obtaining the infinite components from noncompact group representations (more concretely from extensions of the Lorentz group) led to nowhere. It is the merit of the dual model or the Nambu-Goto quantum string (or its supersymmetric extension) to have constructed the first nontrivial infinite mass/spin spectrum with the help of an ”inner QM” instead of a noncompact group. The only flaw as compared to the original attempts was that the sourcetarget aspect of the construction forces 26 or 10 (with supersymmetry) spacetime dimensions on the infinite component fields.

In the simplest case one starts from an n-component abelian chiral current j_μ(u) μ = 1...n and tries to use this for embedding the one-dimensional source space (the u-space) into the n-dimensional target space. The target space clearly looks like an internal symmetry space but their are two obvious problems with this procedure. First the source/target picture is classical and its sense in the quantum context is at best metaphoric. The second is more serious; the inner symmetry group in QFT is known to be compact but in the present case it should be the Poincaré group acting on Minkowski space indices. Fortunately this restrictive theorem does not hold in chiral theories where it is still restrictive but not as much as in higher dimensions since it allows the dimension 26 for the bosonic string and 10 for the superstring where one somewhat unexpectedly obtains a unitary representation of the Poincaré group.

So the remaining question is: does the source/target construction really describe an embedded string in 26 respective 10 dimensions ? Whereas the restriction to these spacetime dimensions is a correct result, the embedding picture may have a metaphorical lure, but is nevertheless is a game of selfdeception. In fact such a source/target embedding would also not have been possible if the group would have been compact; in that case it would be a QFT with an inner symmetry.

To avoid misunderstandings, it is of course possible to construct subthe-

14In the absence of interactions the wave-function- and the firld point of view are equivalent.

ories which are localized on submanifolds, this is not in question. A useful construction of this kind is the lightfront holography which leads to a transverse extended chiral theory [1]. With sufficient mathematical care one can also smear fields along submanifolds. What one cannot do is an embedding using the source/target setting; against all plausible metaphoric ideas the chiral degrees of freedom of a would be embedded chiral QFT enrich the inner degrees of freedom but do not lead to an extended embedded one dimensional (”stringy”) object in a higher dimensional target spacetime.

Any unitary representation of the Poincaré group acts in a Hilbert space which is a subspace of the form H_{sub} ⊂ L^2(R^n ) ⊗ H_{QM} where H_{QM} contains quantum mechanical variables which are vector or spinor valued. In the simplest case of finite dimensional representation the quantum mechanical space is the n-dimensional (nonunitary) vector representation space of the Lorentz group H_{QM} = V^{(n)}. To get to a unitary s = 1 representation of the Poincaré group one uses Wigner’s idea of the little group and obtains a unitary p-dependent Lorentz transformation law which results from the original non-unitary covariant law through an intertwining operator between the original representation and its manifestly unitary form which as the covariant form acts in the same physical Hilbert space H_{sub}.

The vector-valued chiral currents of before may serve as an illustration; using the circular description of conformal currents and taking as the quantum mechanical operator the 26 component vector-valued Fourier components of the currents in the rotational conformal setting in terms of which one all target operators, in particular the generators of the Poincaré group can be written. The theory lives still in the indefinite metric space L^2(R^n ) ⊗ H_{QM} Leaving temporarily the physical interpretation aside, one may ask the mathematical question whether there exist quantum mechanical models which, attached to a localization point in a particular way, leads to an infinite component local free field with a nontrivial mass/spin tower. Since such free fields are characterized by their (graded) commutator functions it is easy to see that the problem of local field is equivalent to the construction of an infinite component wave function. The infinite component one-particle Hilbert space of such a model must be a subspace .In order to obtain a nontrivial mass/spin spectrum the quantum mechanical objects must contain vector or dotted/undotted spinorvalued operators. The Nambu-Goto is the simplest known bosonic model of this kind. One starts with the oscillators of a quantum mechanical string and defines as H_{QM} the Hilbert space generated by the oscillator Fourier components leaving out the zero mode.

There is no unitary representation of the Lorentz group in this Hilbert space, in which each oscillator transforms according to its vector index. In fact there is no quantum mechanical space generated by vector valued operators which can support a unitary covariant representation of the Poincaré group. To see the way out it suffices to remember how one handles the finite dimensional case with say

H_{QM} = V^{(n)} an n-dimensional vector space. To obtain the correct spin s = 1 unitary representation, one passes to a subspace in which the Lorentz group representation is isomorphic to the homogenous part of the unitary Wigner representation. The following two relations indicate this procedure in the present case U(a, Λ) |p; φ⟩ = e^{ipa} |Λp; u(Λ)φ⟩ , φ ∈ H_{QM} (5) U(a, Λ) |p; φ⟩_{Hsub} = e^{ipa} |Λp; u(Λ)φ⟩_{Hsub} + nullvector (6) where u(Λ) denotes the natural action on the multi-vector indices of the quantum mechanical states. Since the natural L-invariant inner product in the full tensor product space is indefinite one looks (as in case of finitely many vector indices) for a subspace H_{sub} on which it becomes at least positive semidefinite i.e. the passing to the subspace the Poincaré transformation commutes with the condition which defines this subspace up to a vector in H of vanishing norm. The more general transformation up to a nullvector is necessary as evidenced by the Gupta-Bleuler formalism. The last step of passing to a positive definite inner product is canonical; one identifies equivalence classes with respect to nullvectors. The remaining problem is to explicitly characterize such a subspace. But this is precisely what the explicit use of the u-intertwiner accomplish.

In the case of the infinite dimensional setting of the N-G model there two conditions which these oscillators have to obey: the string boundary conditions and the reparametrization invariance condition. The corresponding quantum requirements are well-known. In the present tensor product setting they mix the momentum of the sought object with its ”internal” quantum mechanical degrees of freedom and in this way one gets to the physical states. The two conditions provide the additional knowledge for a master-intertwiner which intertwines between the original covariant transformation law and a positive metric subspace H_{sub} on which the representation is semi-unitary. As mentioned the formation of a factor space Ĥ_{sub} leads to a bona fide unitary representation whose covariantization is an infinite component wave function.

Since all unitary representations are completely reducible and a free field in a positive energy representation is fully determined by its two-point function, it is clear that the resulting object is an infinite components pointlike free field and not a string in physical spacetime. The would be string degrees of freedom have not disappeared, but contrary to naive expectations it did not become embedded in spacetime but rather are encoded into the mass/spin spectrum as well as in the irreducible component u^{(AḂ,s)} intertwiners i.e. they have gone into inner degrees of freedom over one point.

The argument can be simplified by noticing that the theory associated with a bilinear Lagrangian (the Nambu-Goto Lagrangian prepared ala Polyakov) can be encoded into a wave function, in this case an infinite component wave function. This wave function in its original form is in an indefinite metric space as a result of the presence of the vector indices in the inner products. But at the end of the day (through a ghost formalism) one most have a unitary representation. But modular theory permits to prove the following theorem about localization

(see appendix)

Theorem 1 Any unitary positive energy representation of the Poincaré group which does not contain any of Wigner’s ”infinite spin” representations is pointlike generated.

It is easy to check by inspection that the N-G representation or its supersymmetric extension does not contain such components.

The embedding argument which uses a high component chiral current and claims to embed it as a stringlike object in a high dimensional spacetime suffers from the same fatal flaw. To be sure, one can of course embed a string or a higher dimensional subspace into a given QFT by integrating a quantum field (with sufficient care) over such submanifolds, and it is even possible to introduce elementary strings e.g. by using the QFT associated to the infinite spin Wigner representation, but the ”source-target” terminology of the string theorists is self-deceiving, behind which there lures the ”invisible string” of ”which only one point is visible” [9][10] which are the words which string theorists use to uphold the string metaphor. Perhaps it was not very helpful to use the notation X^μ(τ) for the potentials of the chiral currents since none of the higher Fourier modes has anything to do with localization.

The absence of string localization has consequences for the implementation of interactions. Any quantum recipe must at the end of the day permit an operator formulation in a Hilbert space, otherwise it is not QT. For the Feynman rules of QFT (which Feynman found without using QFT) this is well-known and can be found in textbooks on QFT. The Feynman-like ”tube rules” for worldsheets of strings have no operational formulation and never will have one and as the previous considerations show that is not only because Witten looked for one did not find any. The relation between the infinite component aspect and the spacetime tube attempt to generate interactions is one which cannot be described more fittingly as a particle physics analog of what Joseph Heller in a more general sociological context has vividly described in his well-known novel ”catch 22”.

The remaining question is: how are the infinite component fields related to the string theoretic interaction in terms of tube graphs (worldsheet) in spacetime? This question will be left as a soduko for string theorists.

One question about the history of string theory remains: how did particle theorists in the 70 and 80s get it so wrong? Was there a development which supported this confusion between (differential, algebraic) geometry and spacetime localization? One hint may come from the increasing interests in the beginning of the 70s in the use differential geometry combined with analysis for the solution of QFT models. The only way to do this was through the (necessarily) euclidean functional integral representation. For those (superrenormalizable) models which allow such a representation these new techniques were successful^{15}. But in later times the distinction got blurred, and when it came to particle

15One soluble model in which the Atiyah-Singer index theorem (actually a stronger form) was rigorously applicable was the Schwinger model [11]. As a result of its explicit soluability

physics with braid group statistics, the plektonic representations and the related 3-manifold invariants, which are fully present in the flat spacetime QFT, were attributed to Chern-Simons actions on compact (euclidean) 3-manifolds. At this point the euclidean techniques became instruments for producing conjectures for mathematicians; their treacherous aspects for particle physicists is that they are very suggestive of physical localization, just as the N-G Lagrangian and its supersymmetric generalization. The statements about gravity (anomaly theorems about euclidean gravity) obtained during the 80s should be treated with great skepticism.

Mathematicians could not care less whether their geometric structures are realized in spacetime, in the space of internal symmetries or somewhere else. Their golden castles can exist perfectly well our conceptual ruins. But for physicists cannot permit themselves this luxury.

4 The return of the crossing property

For a long time the crossing property vanished from sight. But in more recent times it appeared in a new context which confirms its fundamental role and led to significant progress in its understanding. This is taking place within a development which one of my colleagues, a veteran of research in QFT, has referred to as ”revolutionizing QFT by modular theory” [12], but as a result of the extremely small number of involved researchers it has remained a very quiet revolution.

Since these new developments are little known despite their remarkable conceptual-philosophical content, it may be interesting to the readers of a philosophically oriented journal to learn something about them. In the sequel we will try to give a brief account whose use of mathematics will be measured. Instead of a more comprehensive presentation (which the reader can find at several other places) the focus will be on conceptual-philosophical aspects in their historical context.

A central issue is that of localization of states and observables. The starting point is the localization in quantum field theory which is significantly different from the Born-localization in quantum mechanics. The latter is related to the probability density of the x-space Schroedinger wave function p(x) = |ψ(x)|^2 , in fact it is the only localization in QT which comes with a projector. The adaptation to the invariant inner product of relativistic wave functions was done by Newton and Wigner [13] and will, as before, be referred to as B-N-W localization.

Whereas the Born-localization is covariant with respect to Galilei-transformations, it looses these properties in a relativistic setting. But it is of fundamental importance for any relativistic scattering theory that it becomes covariant (frame-

the absence of a direct geometric relation between euclidean zero mode properties and spacetime localization was no hindrance for its solution by using the analytic Euclidean-Minkowski connection.

independent) for asymptotically large timelike distances^{16}. In many philosophically directed articles the lack of a covariant localization is given so much space that the reader runs the danger of overlooking that the glass remains halffilled; in fact the B-N-W localization it is covariant and causal precisely in the asymptotic regime where it is needed whereas attempts to generalize it to finite distances led to heated discussions about the correct interpretation [14] of the Fermi-Gedankenexperiment and more general the feasibility of superluminal propagation. The avoidance of superluminal propagation, in accordance with Fermi’s expectation that QED respects the light velocity as the maximal propagation, would not be possible with quantum mechanical i.e. type I_∞ algebras. In fact the Fermi Gedankenexperiment has turned out to be simplest, strongest and most direct indicator for the necessity of dealing hyperfinite type III_1algebra (for reasons made clear in the appendix called briefly ”monad”) instead of the algebras of type B(H) which result from B-N-W localization.

It may be helpful at this point to mention that there exists a relativistic form of QM namely the direct particle interaction theory (DPI) [8] which fulfills all those properties (including macrocausality) which can be formulated in terms of relativistic particles without fields. In such quantum mechanical particle theories there is no maximal velocity as in causal QFTs, nevertheless the mean particle velocity is still bounded by c (in the nonrelativistic case it would be the velocity of sound).

The existence of such pure quantum mechanical relativistic models, even if their use is restricted to intermediate energies where Poincaré invariance (but not yet particle creation) is important, is quite interesting for conceptual reasons; the very existence of such a QM contradicts the widespread belief that any Poincaré invariant S-matrix which fulfills the cluster factorization property must come from a QFT^{17}. The most prominent property of the S-matrix which cannot be implemented in such a relativistic particle setting since it requires the causal localization of QFT setting is the crossing property.

In comparing QM with QFT it is often convenient in discussions about conceptual issues to rephrase the content of (nonrelativistic) QM in terms of observables represented by operator algebras and states identified with normalized positive expectation functional on operator algebras. In this way QM and QFT have a common mathematical roof and their conceptual differences emerge more clearly. But whereas for QM this is equivalent to the standard formulation in terms of Hilbert spaces, operators therein and vector states, for QFT it is necessary in order to treat the inequivalent representations within one framework.

In this Fock space setting (”second quantization”) of Schroedinger QM the basic operators are creation/annihilation operators a^#(x) with

[a(x), a^∗(y)]_{grad} = δ(x − y) (7)

16That the correlation between two events in the limit of timelike distances is covariant is crucial for the invariance of the S-matrix. Related to this is that the validity of asymptotic causality (often referred to as macrocausality).

17This idea gained some popularity because it was supported by Weinberg.

where for Fermions the graded commutator is the anticommutator^{18}. The ground state for T=0 zero matter density states is annihilated by a(x) whereas for finite density one has a filled below the Fermi surface state for Fermions and a Bose-Einstein condensate for Bosons. In QFT the identification of pure states with state-vectors of a Hilbert space has no intrinsic meaning and often cannot be maintained in concrete situations.

The global algebra which contains all observables independent of their localization is the algebra B(H) of all bounded operators in Hilbert space. Physically important unbounded operators are not members but rather have the mathematical status of being affiliated with B(H) and its subalgebras; this bookkeeping makes it possible to apply powerful theorems from the theory of operator algebras (whereas unbounded operators are treated on a case to case basis). B(H) is the correct global description whenever the physical system under discussion arises as the weak closure of a ground state representation of an irreducible system of operators^{19} be it QM or LQP. According to the classification of operator algebras, B(H) and all its multiples are of Murray-von Neumann factors of type I_∞ whose characteristic property is the existence of minimal projectors; in the irreducible case these are the one-dimensional projectors belonging to measurements which cannot be refined. There are prominent physical states which lead to different global factor algebras as e.g. thermal KMS states [7], but for the time being our interest is in global ground state representations.

The structural differences between QM and local quantum physics (LQP) emerge as soon as one uses localization in order to provide a physical substructure to the global B(H). It is well known that a dissection of space into nonoverlapping spatial regions i.e. R^3 = ∪_iR_i implies via Born localization a tensor factorization of B(H) and H

B(H) = ⊗_iB(H(R_i)) (8) H = ⊗_iH(R_i), P (R_i)H = H(R_i)

X̃_{op} = ∫ a^∗(⃗x)⃗xa(⃗x)d^3x = ∫ ⃗xdP (⃗x) where the third line contains the definition of the Fock space position operator whose spectral decomposition provides the projectors which lead to the factorization of the bosonic Fock space. That quantum mechanical algebras for nonoverlapping regions commute can also be directly seen from the commutation relations (7) There are other factorizations which are used in quantum information theory (where the physical realization is a lesser issue) but the one using Born-localization is the one of physical importance.

A pure state in the global algebra B(H) in a bipartite factorization corresponding to a region R and its complement R^⊥ may not be of the tensor product

18Although the relativistic DPI is formulated in Fock space, there is no second quantized formalism in terms of creation and annihilation operators even though cluster factorization as part of the macro-causality holds.

19The closure in a thermal equilibrium state associated with a continuous spectrum Hamiltonian leads to a unitarily inequivalent (type III) operator algebra without minimal projectors.

form but may rather correspond to a superposition of factorizing states

B(H) = B(H(R)) ⊗ B(H(R^⊥)) (9) Ψ = ∑ i λ_iψ_i ⊗ φ_i where the sum of factorizing states must contain at least two terms in each choice of factor basis. It is well-known that the Schmidt decomposition is a method to achieve this with an intrinsically determined basis in the two factors. States which are not tensor products but rather superpositions of such are called entangled and their reduced density matrix obtained by averaging outside a region R_i describes a mixed state on B(H(R_i)). This is the standard formulation of QM in which pure states are vectors and mixed states are density matrices. It is not necessary for our purpose to explain the rich set of concepts (separability, Bell states,... ) resulting from this kind of statistical independence through tensor factorization. In this way the information theoretic setting of QM became the area of research of a large community.

However the popular idea that these ideas cover all of QT is not correct. In the following it will be shown that QFT leads to quite different structures.

For a comparison of the causal localization inherent in spacelike commuting covariant pointlike quantum fields^{20} with the above Born localization in QM it is convenient to consider the local observable algebras A(O) indexed by spacetime regions O which are generated by the fields. In the case of free fields this is done with the help of the CCR (Weyl) or CAR algebras whereas in the interacting case this cannot be done without making additional technical assumption. For our present purpose it is sufficient to know that the resulting properties of the operator algebras are well-established.

As in the case of Born localization where the localized algebra commutes with that of its complement region, the local algebra A(O) commutes with that of its causal disjoint A(O^′), i.e. A(O^′) ⊂ A(O)^′ where the right hand side denotes the Hilbert space commutant of A(O). In fact under very general circumstances the equality sign holds (”Haag duality”). With these similarities it is even more surprising that there is no factorization

B(H) = A(R^4 ) = A(O) ∨ A(O)^′ ≠ A(O) ⊗ A(O)^′ (10)

and therefore the whole entanglement setup breaks down. In fact the local algebras do neither support pure states nor density matrices, they rather belong to a class of more singular states of which the most typical representatives are KMS states as they result from Gibbs thermal states in the thermodynamic limit.

This observation excludes the possibility that the local algebras in QFT are quantum mechanical B(H) factor algebras. There is only one type which

20Such fields may be considered as local observables since their spacelike commutance is the characteristic feature of Einstein causality which is the main characterizing property of local observables.

fulfills the causal localization requirements namely the hyperfinite type III_1 factor algebra. Since it has a very distinguished status among all operator algebras let us call it for brevity ”the monad”. Later this terminology will be justified by explaining how the rich reality of local quantum physics emerges from the positioning of a finite number of monads thus being the closest analogy to the mathematician and philospher Leibnitz’s view of reality.

At this point it is quite interesting to include a short historical interlude. At the beginning of the 60s when the first attempts at an intrinsic understanding of QFT were undertaken, the above difference was not yet noticed; although we knew that there were other possibilities, we thought that the quantum mechanical type I_∞ was most likely, we kept silent on this issue of type since we could not prove it. Within less than four years Araki came up with a proof that the A(O) belongs to the family of type III algebras, their subclassification was not yet known (some historical data can be found in [14]). I remember having assisted together with Haag a talk given by Irvine Segal where he claimed to have proven that the local algebras of the free Bose field are type I_∞. Since by that time we already knew via mail correspondence about Araki’s results, the fact that such an eminent mathematician^{21} can err in public made us feel less foolish if not to say led to some schadenfreude.

Only after Connes thesis and Haagerup’s contribution in which it was shown that all hyperfinite type III factors are unique it became clear that among those there was a distinguished factor namely the monad which corresponded to Araki’s findings for the local algebras of the free Bose field. An important next step was the recognition that wedge localized algebras (O = W = { x_1 > |x_0| , x_⊥ ∈ R^2 } ) are always (even in the presence of interactions) isomorphic to the monad. With a mild additional assumption this can be established for every algebra localized in O as long as the region admits a nontrivial causal complement O^′.

With these insights it became clear that all the significant conceptual differences between QM and QFT had a common origin [14]: the monad structure of the local algebras resulting from a radically different localization concept: modular (or causal) localization which unlike the B-N-W localization does not come with position operators and projectors. As a result QFT has two localizations; the B-N-W localization for the asymptotic particles which dominates scattering theory but has no physical relevance for finite spacetime distances, and the modular localization which is responsible for all characteristic properties of QFT, to name just a few: vacuum polarization, localization entropy, spin&statistics, TCP, and last not least the crossing property. In order to preserve the historic explanatory character of this presentation, a short sketch of modular localization has been delegated to an appendix.

The significant difference between QM and QFT was corroborated at the time of Araki’s findings by a on the face of it quite different observation namely the observation that the phase space density which is finite (one per unit cell

21Actually Segal was thinking about the noncovariant B-N-W localized fields which have no quantum field theoretical relevance.

in =1 units) is mildly infinite. The estimate that it has the cardinality of a compact set was later refined to ”nuclear”. The motor of these investigations at that time was the idea that insights into degrees of freedom in the sense of phase space densities may lead to a better understanding of how particles arise in a QFT build on causal localization^{22}, a fact which is evident from the title of the paper: ” ”

Although the local derivation of the particle structure was not accomplished up to the present day, the requirement of a reasonable phase space behavior led to valuable insights into the inner working of QFT and in particular allowed to exclude certain non-particle models as certain generalized free fields and their interacting counterparts as they arise in certain holographic projections as e.g. the kind of conformal QFT which arises from holographic projection from a 5-dimensional model in an anti-de Sitter spacetime^{23}. leads to the exclusion Another interesting development during the 60s, whose connection with localization only emerged a decade later, resulted from the desire to get a more intrinsic understanding of thermal QFT in a setting of open systems i.e. directly in the thermodynamic limit without having to pass through a sequence of box-quantized Gibbs states. In a trend-setting paper Haag, Hugenholtz and Winnink published their work on statistics mechanics of open systems [7]. This conceptual achievement required to develop certain aspects of what less than a year later became known as the modular theory. As a new mathematical theory within the setting of operator algebras it arose in the hands of the mathematician Tomita and obtained its present form by Takesaki; its name came about because Tomita viewed this theory as a vast generalization to von Neumann algebras of the very special notion of (uni)modularity of right and left Haar measures in group algebras.

When the involved physicists and mathematicians met at a conference in Baton Rouge in 1966 there was surprise as well as satisfaction about the perfection with which these independent developments supported each other. Physicists not only adapted mathematical terminology, but mathematicians also took some of their names from physicists as e.g. KMS states which refer to Kubo, Martin and Schwinger who introduced an analytic property of Gibbs as a computational tool (in order to avoid computing traces). Haag Hugenholtz and Winnink realized that this property (which they termed the KMS property) is the only property which survives in the thermodynamic limit when the trace formulas becomes divergent.

The Tomita-Takesaki modular theory with the H-H-W contributions from the side of physics is a remarkable cornerstone in the joint history of mathematics and physics. Unlike more recent attempts to make particle physics to follow the logic of differential or algebraic geometry and even unlike the begin-

22In a classical analogy QM, even in its relativistic DPI form, is the quantized form of theories with no maximal velocity (resulting effective maximal asymptotic velocities result from expectations in certain states) whereas causal QFT contains the maximal velocity of light already in the algebraic form of Einstein causality.

23In the more physical case of holography onto a lightlike hypersurface this does not happen, i.e. the cardinality of degrees is reduced as expected from a lower dimensional QFT [1].

ning of QM when Fritz London wrote the first article (before von Neumann) on a unified treatment relating different looking presentations of QM (transformation theory) in terms of Hilbert space and ”rotations” (unitary operators) therein. In this case the mathematical theory already existed a decade before QM. Modular theory is the only (to the best of my knowledge) discovery which arose isochronous and (up to the Baton Rouge two-sided ”outing”) independent. Knowing this, it may appear less surprising that they match in such a perfect way.

The next step was the surprising observation that in addition to its relation to thermal quantum physics the modular theory had a direct relation with causal localization. In a paper by Bisognano and Wichmann it was proven that the modular unitary Δ^{it} and the modular conjugation J (appendix) which result from the polar decomposition of the Tomita operator S (appendix) for the situation of a wedge algebra and the vacuum state (A(W ), Ω) represent geometric objects namely the wedge-preserving boost Λ_W (2πt) and the reflection J along the edge of the wedge, a anti-unitary operator closely connected with the TCP operator. The modular theory holds if instead of W one takes any other (causally closed) localization region except that (in the non conformal case) the modular objects are not geometric^{24} and their physical interpretation is unknown. Nevertheless the restriction of the vacuum to A(O) turns out to be a thermal KMS state at (in natural modular units) T=1 with respect to a modular ”Hamiltonian” K with Δ^{it} = e^{−itK} . Even though there seems to be no direct physical use of K, the mere existence of a description which describes the reduced vacuum in a KMS thermal setting is philosophically quite remarkable because modular theory extracts these data in a unique way from only (A(O), Ω) and nothing even close to this happens with B-N-W localization.

This observation merged 3 different phenomena: localization, vacuum polarizations and thermal aspects, including entropy. That localization causes the formation of vacuum polarization was of course already by Heisenberg (section 2), but the thermal aspects only entered through the modular theory. Parallel to the discovery of the thermal aspects of localization in the context of the modular theory of the wedge algebra, there was the totally independent discovery of thermal aspects of QFT in black hole situations by Hawking. In this situation the fleeting (Gedanken-process) causal localization in the above setting of localization in a causally complete region O is replaced by an objective metric determined event horizon and the Hamiltonian K is associated with a Killing trajectory and has direct measurable vacuum polarization-caused consequences in form of Hawking radiation.

For the wedge region in Minkowski spacetime Unruh [15] has proposed a nice Gedankenexperiment to the extend that a radiation counter which (in an inertial system is affiliated with the standard Hamiltonian and hence has the vacuum as the lowest state) follows (in a lightfront horizon creating uniformly accelerated system) the physics of the Hamiltonian of the Rindler wedge which is

24Apart from the fact that the modular unitary respect the regions O and O^′ and the modular reflection interchanges the algebra with that of its causal complement the action inside the two regions is ”fuzzy”.

the wedge-preserving L-boost generator. The latter has a symmetric spectrum as one knows it from thermal systems in the open system (thermodynamic) limit; in fact the reduced vacuum is a KMS state at the physical temperature which is different from the modular temperature by a factor proportional to the acceleration. As most effects which are important for the conceptual distinction of QFT from QM, the localization temperature is ridiculously small and will remain always below observational possibilities, but the significance of the thermal manifestation of modular theory in foundational research is determined by their philosophical content. Only in astrophysics one hopes to identify observational consequences of the phenomena.

In order to speak about localization-caused entropy one needs one more step: the introduction of the split property. For QFT in a vacuum state with a reasonable degrees of freedom structure expressed by the property of nuclearity of their phase space sets, one can derive two important structural properties: the existence of global thermodynamic states and the split property. The former secures the existence of the standard heat bath setting for open thermal systems from that of the vacuum. This cannot be taken for granted since with worse than nuclear behavior there may arise a maximal (Hagedorn) temperature or worse, there may be no equilibrium states at any temperature. The split property is the statement that although for localization in O and its causal complement O^′ there is no tensor factorization and the restriction of globally pure states to O are not even density matrix states, the situation partially returns to ”normality” if one allows a split by a spatial distance ΔR^{25} between the localized algebra and its causal complement. The resulting localization entropy for such a localization in n-dimensional QFT is of the asymptotic form E^{ΔR→0}≃ R^{n−2} (ΔR)^{n−2} ln R^2 (ΔR)^2

(11)

i.e. the entropy obeys a logarithmically corrected area law which, as expected on the basis of breakdown of tensor factorization, diverges in the split-less limit ΔR → 0 in a way which is required to compensate the dimension coming from the area factor. In fact it is not totally nonsensical to interpret the divergent factor in analogy to the volume factor in the case of heat bath thermality where, as the derivation shows, the transverse directions of the lightlike causal boundary account for two powers in the inverse split distance and the lightlike direction brings in the logarithmic factor^{26}. This complies with the idea that there is a close relation between the thermodynamic large distance limit and the split-less short distance limit. >From a mathematical point of view one approximates a monad by a sequence of B(H) algebras, the difference being that in one case the monad represents the thermal equilibrium algebra of an open system and

25Think of a (symmetric around the origin) spacetime double cone C_R of radius R sitting inside a larger double cone C_{R+ΔR}. Then the split property means A(C_R ) ∨ A(C_{R+ΔR} )^′ is isomorphic to a tensor product.

26In fact in chiral theories (n=2) global heat bath system and its localitation thermal counterpart are conformally equivalent with a conformal transformation which transforms the heat bath length factor L into the logarithmic split distace dependence (”the inverse Unruh effect”).

the approximation requires a long distance limit whereas in the other case the monad represents a localized algebra and instead of the thermodynamic limit one performs the split limit.

The split property is perhaps the most important consequence of modular theory because it permits a return to tensor factorization and therefore to entanglement. But the resulting entanglement is different from the one in QM. It is not of the information theoretic kind but rather a ”thermal” entanglement. By this I mean that the split restricted vacuum is described by a Gibbs density matrix with respect to a Hamiltonian which is uniquely given in terms of the split situation. A quantum mechanical density matrix which results from the spatial bipartite reduction of a non-thermal state is never thermal; there is no mechanism in QM which creates a Hamiltonian with respect to which the spatially restricted state becomes thermal. On the other hand in the split situation all global states which are relevant in particle physics (the vacuum, states with a finite number of particles) become thermal and non-thermal product states and their entangled generalization are totally unphysical. In short: taking into account the ”physicality” of states the conclusion would be that the quantum mechanical information theoretic entanglement and the QFT thermal entanglement are mutually exclusive, a property which should be kept in mind if addressing problems of information loss in black hole physics.

Finally we come to the main point of this essay: the return of the crossing symmetry in the setting of modular localization. The starting observation is that the wedge localization is the best compromise between particles and fields in the sense that it is the only localization region which in the presence of interactions contains vacuum-polarization-free generators (PFGs) for a dense set of oneparticle wave functions in the domain of Δ^{12} ; these are operators affiliated to the wedge algebra A(O) which applied to the vacuum generate a one particle state without any additional (vacuum polarization cloud) admixture. Any theory which has subwedge-localized PFGs can be shown to be a free theory. This does not only show a way to define interaction in a completely intrinsic way a far cry from the use of (Lagrangian) ”quantization crutches”, but it also paves the way to a fundamental understanding of crossing as formulated in section 2 (1). Let Q be such a wedge-localized one-particle generator which generates a one particle state in the wave function ψ Q |0⟩ = |ψ⟩ = Q_{in} |0⟩ (12) Q^∗ |0⟩ = S |ψ⟩ where S is the Tomita modular operator for the wedge. Although Q and Q_{in} are different operators, they can be chosen in such a way that they create the same one-particle state.

This can immediately be generalized to e.g. n-particle in states.

n the free case W-localized n-particle states can be written in terms of W adapted x-space or momentum space rapidity, in contradistinction to the translational coordinates the modular Boost action is the same namely a translation in the rapidities. For simplicity let us assume that we are in d=1+1 i.e. there are no transverse particle momenta. The fact that the restriction of the vacuum to W (automatic through the use of rapidities) is a β = 2π KMS state applies to both algebras. In terms of improper states with sharp rapidities this implies a 2π analyticity for vacuum expectation values and a π analyticity for state vectors (Araki)

|z_1, ...z_n⟩_{in} ≡ Q_{in}(z_1)Q_{in}(z_2), ..Q_{in}(z_n)Ω, z_i = θ_i + iη_i (13) 0 < η_n < η_{n−1} < η_2 < η_1 < π

The validity of the momentum rapidity analyticity is crucial for the derivation of the crossing relation. The different orders (important in the interacting case) result from different boundary values of one ”master-function”. The wedge restriction is a loss in symmetry but a gain in analyticity. Although this restriction of the say one-particle states leads to well-behaved (temperate) one-particle operators which possess a domain which is left invariant under all translations this requirement is known to lead to models of the factorizing kind. Hence we only demand

1) The interacting one-particle Q has a dense domain which is left invariant by all W-preserving auto- or endo-morphisms

2) The Q(f) associated with different one-particle wave functions can be applied successively.

The second assumption is of a technical kind. Apart from interaction-free operator algebras any approach in terms of operator algebras is presently beset by the problem of lack of knowledge about the domain properties of affiliated unbounded operators. We believe that both assumptions follow from the principles.

Besides the absence of temperateness, the Q(z) do not obey any Boson- Fermion or the more general Zamolodchikov-Faddeev commutation relations. The physical interpretation depends on the order of the Q-operators and all n! orders describe different states. We will see that later that the most important orders are θ_1 > θ_2 > ... > θ_n describing the dense set of nonoverlapping incoming states whereas the opposite order corresponds to out states. Any order is of course expressible in terms of the incoming particle basis, but one needs generally infinite superpositions.

Let us temporarily accept this relation between order and physical identification and show that the crossing relation is a consequence. We start from the matrix element describing the vacuum polarization of a field operator Op(0) for different n ⟨0 |Op(0)| θ_1, θ_2..., θ_n⟩ , θ_1 > θ_2 > ... > θ_n (14) KMS−→ ⟨ −θ̄_n + iπ |Op(0)| θ_1, θ_2..., θ_{n−1} ⟩ where in the second line we wrote the result of the application of the modular KMS condition;the change of the sign corresponds to p ←→ −p, the bar denotes the antiparticle whose rapidity is analytically continued by iπ. In the next step we obtain ⟨ −θ̄_{n−1} + iπ, −θ̄_n + iπ |Op(0)| θ_1, θ_2..., θ_{n−1} ⟩ (15)

Since the object with the index n-1 hits the bra vacuum and the n^{th} object acts afterwards which because of −θ_{n−1} < −θ_n. This is precisely how the crossing was formulated. There exists one analytic master function which permits to compute all formfactors for arbitrary distribution of in ket and out-bras from the vacuum polarization matrix elements.

Only the identity operator does not have vacuum polarization, and therefore the S-matrix cannot be constructed from pure vacuum polarization by crossing. In that case one can either admit outgoing (anti-ordered) sequences from the beginning or work with O^′s in order to create bra out states by crossing and then remove O by shifting it to infinity (cluster factorization).

Note that factorizing systems are fulfilling all the above relations, but in order to connect the PFGs directly via time depending scattering theory with the in and out states (which is necessary for the construction of these models) they must be temperate which then leads to severe restrictions on their commutation structure.

All this is not possible in the present case for which the main aim is not the actual construction of formfactors but only the proof of their crossing property. One has to avoid all large time scattering limits and only use the connection with in/out states through the fact that S and S_{in} have identical domains which are defined in terms of their shared Δ^{it}.

These universally existing wedge localized operator-valued distributions Q(u) are (as members of a hyperfinite type III_1 algebra) not quantum mechanical objects, yet the states they create are on-shell; in fact they define a dense set of wave functions which have the standard t^{− 32} wave packet dissipation behavior i.e. in the logic of of the Born-probability localization properties of on-shell wave functions their modular localization on wedges is hardly noticed.

They do however not have the usual statistics properties (Bosons, Fermions) of particles. The change of order leads again to freely propagating particles, but as the outging order show the relation to the standard order (say the incoming) is involving infinitely many standard particles states with varying particle number. Hence the interaction is encoded into the Q^′s in a particle manner depending on the ordering changes necessary to achieve the standard ordering. The prize for paying to work with these non-temperate polarization-free-operators is to confront equations with infinite on-shell particle creation when reducing non-standard orders to the standard order. This indicates difficult new problems if one wants to use the magic modular metamorphosis of incoming bosonic/fermionic states into standardly ordered Q states) for constructive purposes beyond their use for structural properties.

Even though this is not relativistic QM, many of the properties of the Qgenerated states obey a particle logic. Despite the presence of interactions they create (in the standard order) incoming n-particle states without vacuum polarization. This would be impossible for sub-wedge localized operators even if one allows noncompact localization region as e.g. spacelike cone regions (stringlike generators). Also the definition of the incoming/outgoing order follows the particle logic: for the incoming configuration the Q-operators are applied according to ascending velocities θ (in rapidity units) so that for sufficiently negative time they do not pass each other whereas the outgoing order is the opposite. It is deeply satisfying that the KMS property automatically links in with (analytically continued) out states. There are altogether n! orderings; apart from no interaction (the standard order) and the full interaction associated with the outgoing order they describe ”partial interactions”. The asymptotic completeness appears in a new and simpler looking context.

What is however very different from QM are the analytic properties of Qstates and Q-vacuum expectations. They have a vague resemblance to analytic properties of Wightman functions except that there are no locality relations between boundary values in momentum space rapidities in different imaginary orders which lead to analytic paths between different θ orders, although the different Q-orders with their radically different physical interpretation in terms of interacting particles are all bound together by one analytic master function.

5 The constructive power of the crossing property

A decade after the demise of the S-matrix bootstrap idea it became clear that this program, disburdened from having to deliver uniqueness in the spirit of a TOE, works perfectly in d=1+1 and leads to an infinite family of ”factorizing models”^{27}. This was not achieved in a direct manner according to the maxim life is tough in d=1+3, let is therefore consider first d=1+1. It is not without irony for an attempt which took pride in the fact that it maintained a large distance to anything related to quantization and analogies to classical ideas that the trigger for this new construction came from quasiclassical observations. Dashen, Hasslacher and Neveu’s noticed that there was a family of 2-dimensional Lagrangian QFTs in which a quasiclassically constructed formula for the mass spectrum seemed to be exact which meant that these models were candidates for integrable systems. Since bound states leave their imprint as first order poles in the S-matrix (with the appropriate sign of the residue as required by positivity), it was suggestive to start with one lowest pole and to obtain the sequence of higher poles by ”fusing” the product of two S-matrices at their pole in order to obtain the elastic S-matrix for the scattering of the lowest boundstate. The sequential application of this fusion to the sine-Gordon model was a complete success , in a joint paper with two young collaborators the connection between bootstrap, factorization and integrability was noticed for the first time [16]. In an influential paper a group of young researchers [17] which I had the privilege to

27For a long time they were called integrable models because in certain cases one could show the existence of a complete set of conserved currents. But they receive their most profound understanding in terms of vacuum polarization properties namely the existence of ”temperate PFGs”, objects which can only exist in d=1+1.

advice, the general setting for the classification of 2-dim. factorizing bootstrap S-matrices based on crossing and unitarity was presented. The connection of this setting with QFT was presented a short time afterwards and became known as the ”formfactor-bootstrap” program. The important tools were formfactor of pointlike fields between bra out and ket in states, with the S-matrix being the very special case of the formfactor of the unit operator. The computation of all the formfactors of a would be pointlike covariant field is a much more ambitious endeavor than the classification of factorizing S-matrices, but over the years it has largely been achieved for all interesting models.

The next step was a significant enrichment of models, the addition of new ideas about interconnections with chiral conformal models and the proposal an algebraic structure whose significance for the construction of generators of wedge algebras and the realization of crossing requires additional comments (below). This work was done at the Landau institute with the strongest contributions coming from the two brothers Zamolodchikov. A third important idea came from a group in Brazil around Swieca, it had to do with the realization of nuclear democracy in QFT. A particular interesting case is the appearance of the antiparticle as a bound state of N-1 particles in the Z(N) and the chiral SU(N) model. Even though factorizing models have no on-shell creation of particles, they do lead to infinite vacuum polarization clouds without which the realization of nuclear democracy would not be possible.

The only downer in this otherwise impressive development is the fact that the convergence status of the infinite series representations of the pointlike fields in terms of its formfactors is unknown. Different from the situation in perturbation theory, where divergence has been established, there is still some hope for finding a proof for convergence. But as long as this is not the case all the detailed exact knowledge about formfactors falls short of an existence proof.

Fortunately one can bypass the lack of control over pointlike fields by proving that the double cone algebra constructed from the intersection of two wedge algebras is nontrivial and has the expected size. This is a consequence of the existence of a class of theories whose PFG generators are temperate [21], i.e. whose domain-maintaining transformations do not only include the wedge-preserving spacetime transformation but also the full translation group. This stronger requirement allows nontrivial scattering only in d=1+1. It does not allow all 2-dim. theories but only those whose wedge generators are tempered PFGs. In this way one obtains precisely the family of factorizing models which are characterized by their Z-F algebra structure. This elegant characterization of factorizing (alias integrability) in terms of the vacuum polarization aspect of PFGs comes as a surprising to anybody who viewed these models as a quantized version of integrable classical fields.

For the simplest case of the ”Sinh-Gordon” model, which has no bound states and no particle multiplets, the connection between the wedge generators and the momentum space PFGs is given by the formula Z(x) = ∫ ( Z̃(θ)e^{−ipx} + h.c. ) dp 2p_0

, p = m(cosh θ, sinh θ) (16)

This formula looks like the mass shell representation of the free field, except that the mass shell operators obey the commutation relations of the Zamolodchikov- Faddeev algebra which causes the replacement of pointlike spacelike Einstein causality by the much coarser commutation relation of wedge localization. In terms of Z(x) this means that about the

According the operational of the crossing property all wedge algebras possess affiliated PFGs, but only in case they come with reasonable domain properties (”tempered” which is much more restrictive than crossing) they can presently be used in explicit computation of formfactors. This requirement is very restrictive and only leaves models in d=1+1 with quadratic commutation relations which lead to factorizing models. This shows that there is a deep connection between modular theory, crossing and the vacuum polarization properties of temperate PFGs on the one hand and the explicit construction of factorizing models through their formfactors on the other hand [21].

Temperate PFGs have a rather simple algebraic structure. In the simplest case their momentum space rapidity components Z̃(θ), Z̃^∗(θ) are one-component objects^{28} which obey the Zamolodchikov-Faddeev commutation relations. In this way the formal Z-F device which encoded the two-particle S-matrix into the commutation structure of the Z-F algebra receives a profound spacetime interpretation. Like free fields they are on mass shell, but their creation and annihilation part obeys the Z-F commutation relations instead of the standard free field relations; as a result they are incompatible with pointlike localization but turn out to comply with wedge localization [18].

The simplicity of the wedge generators in factorizing models is in stark contrast to the richness of compactly localized operators e.g. of operators affiliated to a spacetime double cone D which arises as a relative commutant A(D) = A(W_a)^′ ∩ A(W ). The wedge algebra A(W ) has simple generators and the full space of formal operators affiliated with A(W ) has the form of an infinite series in the Z-F operators with coefficient functions a(θ_1, ...θ_n) with analyticity properties in a θ-strip A(x) = ∑ 1 n! ∫ ∂S(0,π) dθ_1... ∫ ∂S(0,π) dθ_ne^{−ix ∑ p(θi)}a(θ_1, ...θ_n)Z̃(θ_1)...Z̃(θ_1) (17) where for the purpose of a compact notation we view the creation part Z̃^∗(θ) as Z̃(θ + iπ) i.e. as coming from the upper part of the strip S(0, π)^{29}. The requirement that the formal expressions of the form commutes with a series of the same kind but translated by a defines formally a subspace of operators affiliated with A(D) = A(W_a)^′ ∩ A(W ). As a result of the simplicity of the Z̃ generators one can characterize these subspaces in terms of analytic properties of the coefficient functions a(θ_1, ...θ_n) and one recognizes that they are identical [19] to the so-called formfactor postulates in the bootstrap-formfactor approach [20].

28This case leads to the Sinh-Gordon theory and related models.

29The notation is suggested by the the strip analyticity coming from wedge localization. Of course only certain matrix elements and expectation values, but not field operators or their Fourier transforms, can be analytic; therefore the notation is symbolic.

This is similar to the old Glaser-Lehmann-Zimmermann representation for the interacting Heisenberg field [23] in terms of incoming free field (in which case the spacetime dependent coefficient functions turn out to be on-shell restrictions of Fourier transforms of retarded functions), except that instead of the on-shell incoming fields one takes the on-shell Z̃ operators and the coefficient functions are the (connected part of the) multiparticle formfactors. As was the case with the GLZ series, the convergence of the formfactor series has remained an open problem. So unlike perturbative series resulting from renormalized perturbation theory which have been shown to diverge even in models with optimal short distance behavior (even Borel resummability does not help), the status of the GLZ and formfactor series remains unresolved.

The main property one has to establish if one’s aim is to secure the existence of a QFT with local observables, is the standardness of the double cone intersection A(D) = ∩_{W ⊃D}A(W ). Based on nuclearity properties of degrees of freedom in phasespace discovered by Buchholz and Wichmann [24], Lechner has found a method within the modular operator setting of factorizing models which achieves precisely this [22]. For the first time in the history of QFT one now has a construction method which goes beyond the Hamiltonian- and measure theoretical approach of the 60s especially in the old work by Glimm and Jaffe. The old approach could only deal with superrenormalizable models i.e. models whose basic fields did not have a short distance dimension beyond that of a free field.

At this point it is instructive to recall that although QFT has been the most successful of all physical theories as far as observational predictions are concerned, in comparison to those theories which already have a secure place in the pantheon of theoretical physics, it remains quite shaky concerning its mathematical and conceptual foundations. Looking at the present sociological situation it seems that the last past success which led to the standard model has generated an amnesia about foundational problems. Post standard model theories as string theory profited from this situation.

The factorizing models form an interesting battle ground where problems which accompanied QFT almost since its birth have a good chance to receive a new push. The very existence of these theories, whose fields have anomalous trans-canonical short distance dimensions with interaction-dependent strengths, shows that there is nothing intrinsically threatening about short distance behavior. Whereas in renormalized perturbation theory the power counting rule only permits logarithmic corrections to the canonical (free field) dimensions, the construction of factorizing models starting from wedge algebras and their Z generators permits arbitrary high powers. That many problems of QFT are not intrinsic but rather caused by a particular method of quantization had already been suspected by the protagonist of QFT Pascual Jordan who, as far back as 1929, pleaded for a formulation ”without (classic) crutches”. The above construction of factorizing models which does not use any of the quantization schemes and in which the model does not even come with a Lagrangian name may be considered at the first realization of Jordan’s plea at which he arrived on purely philosophically grounds.

6 Concluding remarks

The history of post renormalization QFT began at the end of the 50s with a return of the incomplete understood age-old particle-field problem. The formulation of the LSZ scattering theory, its rigorous derivation by Haag, Ruelle and Hepp, as well as the ensuing more general on-shell/off-shell discussion are important landmarks in its gradual comprehension. For the viewpoint of this essay the main progress is the partial resolution of the apparent contradiction between the noncovariant Born-Newton-Wigner localization, which brings the indispensable probabilistic concept of QM^{30} into QFT, and the modular localization which is intrinsic to QFT. It is deeply satisfying that the in the large time scattering limit both localizations match, hence in particular the noncovariant BNW localization becomes covariant^{31} which is the prerequisite for the invariance of the S-matrix.

Whereas scattering theory and the resulting S-matrix is not specific for QFT, there is a second particle-field connection which relates on- with off-shell objects in a conceptually extremely subtle way and has served as the leitmotiv of this essay: the crossing property. It is intimately related with modular localization which attributes the role of a relative modular invariant for wedge localization to the S-matrix. Taking an educated look at the history of particle physics with the crossing property as a guide, one can understand some of the reasons for why and how the S-matrix based attempts (bootstrap, dual model and string theory) to particle theory entered a blind alley.

Many of the strategies taken in order to save some of the ideas of the bootstrap approach by modifying them and adjust them to the phenomenological needs were not unreasonable from the outset. That physicists, after vain attempts to implement crossing, invented duality which looks similar and has the advantage that it can be implemented is understandable as long as it remains on a trial and error level and the unfinished business of clarifying its relation to the perturbatively established crossing is not forgotten. Even the next step, the reformulation in terms of the Nambu-Goto string is not unreasonable by itself, since it rephrases the content of the dual model in a more convenient and consistent operative setting. Unfortunately it also suggested an incorrect metaphor, namely that of a string localized in spacetime (section3), which prevented the correct identification as an infinite component pointlike object. It also hindered a critical engagement with the Feynman-like tube rules whose most suspicious aspect is that they, contrary to the Feynman graphs of QFT, do not permit an operational representation^{32}.

The path towards an irreversible derailment started in the absence of that kind of critical counterweight on whose presence a highly speculative subject

30Born [25] introduced this probability concept first in the setting of scattering theory (the Born approximation for the cross section) before it was extended to x-space wave functions.

31In the literature one sometimes encounters an ”effective” version stating that covariance is attained for distances beyond the Compton wave length..

32The existence of an operator representation is an indispensible prerequisite of a quantum theoretical object.

as particle is reliant. Not perceiving and perhaps not even wanting to perceive (by invention of the metaphor of the ”invisible string” and its acceptance by the community) that an object is pointlike localized by calling it ”a string of which only one point is visible” marks the beginning of a journey into a physical wonderland from which no return is possible. Denials of this magnitude by a large globalized community are a completely new sociological phenomenon in theoretical physics.

Burdened with this original sin about such an important property as localization already at the very beginning of the string era, string theory distanced itself from local quantum physics and became increasingly surreal. Physicists outside the string community may not have the conceptual tools needed to localize this Achilles heel of string theory, but many particle physicists had the feeling of looking at a surreal part of particle physics.

Even in case string theorists deal with subjects which are not directly related to its original message as e.g. the AdS-CFT correspondence, they succeed to convert it into something surreal. The subtle point of this correspondence is the radical change of the spacetime localization involved in the spacetime reordering of quantum matter passing from AdS spacetime to a lower dimensional CFT. Since physics is not only determined by the abstract quantum matter (e.g. CCR or CAR matter) but also by its spacetime ordering, the physical properties change with the spacetime reordering in passing from AdS_5 to CFT_4. The naive expectation about any isomorphismus (=correspondence) is that when one starts from a theory with a physically acceptable cardinality of degrees of freedom (e.g. one coming from Lagrangian quantization) and maps it isomorphically into a lower dimensional (e.g. a conformally invariant timelike hypersurface at infininity as in the AdS-CFT case at hand), there will be too many degrees of freedom which causes physical anomalies (Hagedorn temperature, or no thermal states at all, anomalies in the causal propagation etc.). In the opposite direction the resulting AdS theory obtained from a physical CFT model will be too ”meager” to be of any direct physical interest^{33}. This is precisely the content of a rigorous mathematical theorem [27] and can be explicitly illustrated in terms of a free field AdS model [28].

It may be quite illuminative to contrast this degrees of freedom preservation with a situation in which the spacetime reordering does not yield an algebraic isomorphism but rather a holographic projection. This happens if one tries to encode bulk matter into the spacetime ordering of its causal horizon, which contrary to the AdS-CFT case has always a lesser number os spacetime symmetries. The best studied case [1] is the wedge bulk in a Minkowski spacetime and its (upper) horizon or its linear extension, the lightfront. The symmetry of a wedge has (we are now in 4-dim. Minkowski) a 4-parametric symmetry and a two-parametric semigroup of lightlike translations this is inherited by its horizon and it goes without saying that the localized bulk and horizon algebras

33This is no hindrance if one only uses the ”unphysical” side to study aspects which may be hidden on the physical side. It is conceivable that would be partial integrability properties of CFT are more accessible on the AdS side, but this has nothing to do with Maldacena’s conjecture.

inherit this geometric covariance. The lightfront as the linear extension of the horizon can easily be shown to have a 7-parametric subgroup of the Poincaré group as the symmetry group. This comes about from an interplay of those wedges whose (upper) horizon lies on the lightfront (2 are enough). One can show that the degree of freedom aspect^{34} is intimately coupled with symmetries. The reduction of degrees of freedom in passing from bulk to its causal horizon can also be seen directly from the structure of the holographic lightfront projection which is a transversely extended chiral theory [1]. In order to invert the projection one needs the knowledge of those transformations act which lead out of the lightfront. A prettier way of inverting is to use the analogy with a GPS system; one needs maximally 3 lightfronts in different positions to reconstruct the full bulk theory. This kind of GPS positioning of several lightfronts can be directly related to the description of the full content of a QFT in terms of positioning of a finite number of monads (see appendix).

There are of course problems for whose solution it does not matter whether the AdS side is physical or not, for example if one believes that the CFT side has an integrable substructure and that the AdS spacetime ordering exposes this in a more accessible way.

The Maldacena AdS-CFT conjecture [26] is different in that it insists in physical theories on both sides of the correspondence in contradiction to the rigorous theorem which supports the naive picture of encountering more degrees of freedom than physics allows to accomodate on the CFT side. This counterintuitive claim comes from string theory, more precisely from the gravity-gauge conjecture. All attempts to get some common sense into this situation has been in vain; the main reaction of the string community with its bone-crushing number (more than 6000) of publications on this one issue has been the comment: ”this is not what we mean”.

Statements as this are harbingers of a new way of producing ”facts” which will be commented on below. As mentioned before the partial integrability conjecture may be the only surviving idea because it does not overtly contradict existing theorems. But it is a too small place for offering refuge to string theorists who were in the possession of a TOE. As already in the case of the metaphor about the invisible string, it seems that also in the case of the Maldacena conjecture, the string community does not miss a chance of missing a chance to leave their cocoon of metaphors.

This leaves the conclusion that the main reason for the derailment cannot be found within particle physics. If one compares particle theory during the ”good old times” with the post crossing developments, the most conspicuous change is the absence of any profound criticism. One looks in vain for a critical paper about S-matrix based approaches after Res Jost’s anti-bootstrap essay [?]. Not only was there no critical counter-balancing work at the time of the dual model and afterwards in string theory, but leading particle theorists which at the time of Pauli and even some time thereafter would have been on the side of caution^{35}

34The degree of freedom concept we are using is basically that of Haag and Swieca [33]. 35Pauli, in his scathing criticism of the nonlinear spinor theory only 2 years after he had thrown his weight behind Heisenberg’s nonlinear spinor theory, is a good illustration of the

became now its fiercest defenders; one only has to think of David Gross’s ”no other game in town” or Ed Witten’s many ways of expressing what a great gift with string theory has befallen on us (and preparing us for 50 years hard work to explore its consequences).

The disappearance of criticism has led to a new culture of establishing a truth, starting from a conjecture and ending after several reformulations with community acceptance at the level of a theorem. This process has been insightful described in a series of essays by a young string theorist [31]. The author, Oswaldo Zapata, neither criticizes nor supports string theory; he approaches the problem like a surgeon who feels neither empathy or disdain for his patient. In fact his main interest is not the physical truth value of string theory, but the sociological aspects of its discourse, reminiscent of the famous historian of physics Thomas Kuhn. He wants to understand how string theorists, having disposed of classical methods of establishing theorems, arrive at scientific truths and how they present their results without becoming subjectively dishonest to the outside world. He does this by studying changes over larger span of time of the community’s use of words while none of the facts was altered.

Interestingly enough he gives the strongest argument for his thesis by not touching the mentioned theorems which show that the superstring is not stringlocalized in spacetime and that the place of the Maldacena conjecture is already occupied by a theorem. This shows that the control of the community over facts does not end at those truths which they produced (and which Zapata is well aware of), but extends also to inconvenient theorems which originated outside.

Reading Zapata’s essay may not help to learn about conceptual errors of string theory. But his method is very successful in exposing the surreal aspect of its bombast which accompanies the string community’s almost messianic end of the millennium belief in their TOE. If one rephrases what Zapata formulates in more popular terms, one would say that the string community has developed a special massage whereby a metaphoric conjecture ends after several sweeps in the veil of a fact.

Intended or unintended, Zapata’s insider report paints a physics analog to the Zeitgeist of global capitalism, except that the driving force in physics is not greed and deceit but power and self-delusion. String theorists are not Madoffs; their derivatives are only some big Latin Letters and extra dimensions.

The invention of QM with its indeterminism has, contrary to Foreman’s thesis [32], nothing to do with Spengler’s post ww1 gloom and doom mood in his famous book ”the demise of the west”. But who wants to deny that superstring theory, as TOE at the end of history after the demise of the SU is representing, either conscious or subconscious, the scientific side of power and glory at the end of the millennium? Its strong coupling to the Zeitgeist cannot be denied and will be the subject of studies by historians of physics for many years to come after the globalized power and glory of a TOE has gone the same way as the globalized capitalism. Even if some physicists do not want to be bothered with memories about their participation in an inglorious project, the

proximity of speculative innovation and its critical corrective.

metaphors around the TOE and the resulting media hype have lasted too long in order to vanish with a whimper; the historians of physics and the public will insist to understand what went on for almost 5 decades.

A question which certainly arises in this context is where to place the standard model which is the most successful model discovered during this time; why did so many young theorists go into string theory instead of working on the standard model? The answer is not difficult. The standard model and its gauge theoretic setting was in a way the grand finale of the period before the S-matrix became an important tool i.e. of the period which we called the ”good old times”. The conceptual tools for its formulation do not go beyond group theory and Yang Mills couplings and what nowadays is often referred to as the God Particle namely the massive Higgs particle sacrificing some of its own fat in order to convert that miserable zero mass photon/gluon into a well-nourished vectormeson is a metaphoric version of the Schwinger-Higgs screening mechanism. The latter is the theorem that a charge in a gauge theory is only screened (with the disappearance of the charge selection rule) if the photon/gluon becomes massive (the screening theorem [33]). The point to be made here is that all these ideas have been around already 5 decades ago.

This raises the question why did all those bright young physicists who went into string theory not go instead into the standard model particle physics and tried to change the stagnating but hugely incomplete situation? The answer is easy, the intellectual challenge and the promise to apply one’s imagination to a theory which presents itself as a TOE is much much more tempting, and with the encouragement of reputable established physicists and the lavish material support its pull becomes irresistible. The standard model was simply not the arena which attracted brain-storming youngsters who were looking for new challenges and the realization of new dreams.

In this way the standard model became the observational most successful but somewhat unloved model in the history of physics. Its central problem namely the intrinsic meaning of the screening picture and the general problem of how to describe non-local but physical operators in gauge theories (the standard perturbative BRST formalism admits only local observables) remained open, probably because their answer requires harder work under stronger critical scrutiny than in string theory. The main backreaction of string theorists to the standard model, besides the claim that it is contained in the low energy limit of their theory consists in prodding their standard model colleagues to build their detectors in such a way that supersymmetry, higher dimensions and black holes can be seen.

In this essay I have sketched what I think is a central, but not yet completely understood structure: the crossing property. It is hard to imagine how progress can be achieved without clarifying the correct conceptual content of crossing whose incomplete and incorrect understanding has led to the beginning of the first real big derailment in the history of particle theory. The present situation has no precedent since an observational rescue as that in the case of the ether theory is not possible and on top of it there has been an immunization of the string theoretic community against theorems which could threaten vital parts of its doctrine. Since the importance of the crossing property, which stands at the beginning of the post renormalization particle physics, is probably even recognized by the older generation of string theorists because it is where everything started, and since a new surge in overcoming the stagnation of the standard model probably needs ”new old” ideas as the ones mentioned in this essay, the future progress may this time rather come from solving some of the old problems which despite their importance were left on the wayside, than through inventing new ones which after some time will be again left in their metaphoric condition.

7 Appendix: a sketch of modular localization

7.1 Modular localization of states

The simplest context for a presentation of the idea of modular localization is the Wigner representation theory of the Poincaré group. It has been realized by Brunetti, Guido and Longo [34]^{36} there is a natural localization structure on the Wigner representation space for any positive energy representation of the proper Poincaré group. Upon second quantization this representation theoretical determined localization theory gives rise to a local net of operator algebras on the Wigner-Fock space over the Wigner representation space.

The starting point is an irreducible representation U_1of the Poincaré group on a Hilbert space H_1 that after ”second quantization” becomes the singleparticle subspace of the Hilbert space (Wigner-Fock-space) H_{W F} of the field^{37}. The construction then proceeds according to the following steps [34][35][36]. To maintain simplicity, we limit our presentation to the spinless bosonic situation.

One first fixes a reference wedge region, e.g. W_0 = {x ∈ R^d , x^{d−1} > | x^0 | } and considers the one-parametric L-boost group (the hyperbolic rotation by χ in the x^{d−1} −x^0 plane) which leaves W_0 invariant; one also needs the reflection j_{W0} across the edge of the wedge which is apart from a π-rotation in the transverse plane identical to the TCP transformation. The Wigner representation is then used to define two commuting wedge-affiliated operators

δ^{it}_{W0} = u(0, Λ_{W0} (χ = −2πt)), j_{W0} = u(0, j_{W0} ) (18)

where attention should be paid to the fact that in a positive energy representation any operator which inverts time is necessarily antilinear^{38}. A unitary one- parametric strongly continuous subgroup as δ^{it}_{W0} can be written in terms of a selfadjoint generator as δ^{it}_{W0} = e^{−itKW0} and therefore permits an ”analytic continuation” in t to an unbounded densely defined positive operators δ^s_{W0} . Poincaré covariance permits to extend these definitions to wedges in general position, and intersections of wedges lead to the definitions for general localization

36With somewhat different motivations and lesser mathematical rigor see also [19]. 37The construction works for arbitrary positive energy representations, not only irreducible ones._{38}

The wedge reflection j_{W0} differs from the TCP operator only by a π-rotation around the W_0 axis.

regions (see later). Since the localization is clear from the context, a generic notation without subscripts will be used. With the help of this operator one defines the unbounded antilinear operator which has the same dense domain.

s = jδ^{12} , doms = domδ^{12} (19)

jδ^{12} j= δ^{− 12} (20)

Whereas the unitary operator δ^{it} commutes with the reflection, the antiunitarity of the reflection causes a change of sign in the analytic continuation as written in the second line. This leads to the idempotency of the s-operator as well as the identity of its range with its domain

s^2 ⊂ 1 dom s = ran s . Such operators which are unbounded and yet involutive on their domain are quite unusual; according to my best knowledge they only appear in modular theory and it is precisely these unusual properties which are capable to encode geometric localization properties into their domain properties of abstract quantum operators. The more general algebraic context in which Tomita discovered modular theory will be mentioned later.

The idempotency means that the s-operator has ±1 eigenspaces; since it is antilinear the +space multiplied with i changes the sign and becomes the - space; hence it suffices to introduce a notation for just one of the two eigenspaces

K(W ) = {domain of Δ^{12}_W , s_W ψ = ψ} (21) j_W K(W ) = K(W^′) = K(W )^′, duality

K(W ) + iK(W ) = H_1, K(W ) ∩ iK(W ) = 0

It is important to be aware that, unlike QM, we are here dealing with real (closed) subspaces K of the complex one-particle Wigner representation space H_1.

An alternative which avoids the use of real subspaces is to directly work with complex dense subspaces as in the third line. Introducing the graph norm of the dense space, the complex subspace in the third line becomes a Hilbert space in its own right. The second and third line require some explanation. The upper dash on regions denotes the causal disjoint (which is the opposite wedge) whereas the dash on real subspaces means the symplectic complement with respect to the symplectic form Im(·, ·) on H_1.

The two equations in the third line are the defining property of what is called the standardness property of a subspace^{39}; any standard K-space permits

39According to the Reeh-Schlieder theorem a local algebra A(O) in QFT is in standard position with respect to the vacuum i.e. it acts on the vacuum in a cyclic and separating manner. The spatial standardness, which follows directly from Wigner representation theory, is just the one-particle projection of the Reeh-Schlieder property.

to define an abstract s-operator

s(ψ + iφ) = ψ − iφ (22)

s = jδ^{12}

whose polar decomposition (written in the second line) returns the two modular objects δ^{it} and j which outside the context of the Poincaré group has in general no geometric significance. The domain of the Tomita s-operator is the same as the domain of δ^{12} namely the real sum of the K space and its imaginary multiple. Note that this domain is determined solely by Wigner group representation theory.

It is easy to obtain a net of K-spaces by U(a, Λ)-transforming the K-space for the distinguished W_0. A bit more tricky is the construction of sharper localized subspaces via intersections

K(O) = ⋂ W ⊃O K(W ) (23)

where O denotes a causally complete smaller region (noncompact spacelike cone, compact double cone). Intersection may not be standard, in fact they may be zero in which case the theory allows localization in W (it always does) but not in O. Such a theory is still causal but not local in the sense that its associated free fields are pointlike.

There are three classes of irreducible positive energy representation, the family of massive representations (m > 0, s) with half-integer spin s and the family of massless representation which consists really of two subfamilies with quite different properties namely the (0, h), h half-integer class (often called the neutrino, photon class), and the rather large class of (0, κ > 0) infinite helicity representations parametrized by a continuous-valued Casimir invariant κ [36].

For the first two classes the K-space is standard for arbitrarily small O but this is definitely not the case for the infinite helicity family for which the compact localization spaces turn out to be trivial^{40}. Their tightest localization, which still permits nontrivial (in fact standard) K-spaces for all positive energy representations, is that of a spacelike cone [34] with an arbitrary small opening angle whose core is a semiinfinite string [36]; after ”second quantization (see next subsection) these strings become the localization region of string-like localized covariant generating fields^{41}. The modular localization of states, which is governed by the unitary representation theory of the Poincaré group, has only two kind of generators: pointlike state and semiinfinite stringlike states; generating states of higher dimensionality (”brane states”) are not needed.

40It is quite easy to prove the standardness for spacelike cone localization (leading to singular stringlike generating fields) just from the positive energy property which is shared by all three families [34].

41The epithet ”generating” refers to the tightest localized singular field (operator-valued distribution) which generates the spacetime-indexed net of algebras in a QFT. In the case of localization of states the generators are state-valued distributions.

Although the observation that the third Wigner representation class is not pointlike generated was made many decades ago, the statement that it is semiinfinite string-generated and that this is the worst possible case of state localization is of a more recent vintage [34] since it needed the support of the modular theory.

There is a very subtle aspect of modular localization which one encounters in the second Wigner representation class of massless finite helicity representations (the photon, graviton..class). Whereas in the massive case all spinorial fields Ψ^{(A,Ḃ)} the relation of the physical spin s with the two spinorial indices follows the naive angular momentum composition rules | | |A − Ḃ | | | ≤ s ≤ | | |A + Ḃ | | | , m > 0 (24) s = | |A − Ḃ | | , m = 0 where the second line contains the hugely reduced number of spinorial descriptions for zero mass and finite helicity although in both cases the number of pointlike generators which are linear in the Wigner creation and annihilation operators [36].

By using the recourse of string-localized generators Ψ^{(A,Ḃ)}(x, e) even in those cases where the representation has pointlike generators, one can even in the massless case return to the full spinorial spectrum as in the first line (24). These generators are covariant and ”string-local”

U(Λ)Ψ^{(A,Ḃ)}(x, e)U(Λ) = D^{(A,Ḃ)}(Λ^{−1})Ψ^{(A,Ḃ)}(Λx, Λe) (25) [ Ψ^{(A,Ḃ)}(x, e), Ψ^{(A′ ,Ḃ′)}(x^′, e^′ ] ± = 0, x + R_+ e >< x^′ + R_+ e^′

Here the unit vector e is the spacelike direction of the semiinfinite string and the last line expresses the spacelike fermionic/bosonic spacelike commutation. The best known illustration is the (m = 0, s = 1) representation; in this case it is well-known that although a generating pointlike field strength exists, there is no pointlike vectorpotential. The modular localization approach offers as a substitute a stringlike vector potential A_μ(x, e). In the case (m = 0, s = 2) the ”field strength” is a fourth degree tensor which has the symmetry properties of the Riemann tensor; in fact it is often referred to as the linearized Riemann tensor. In this case the string-localized potential is of the form g_{μν} (x, e) i.e. resembles the metric tensor of general relativity. The consequences of this localization for a reformulation of gauge theory will be mentioned in a separate subsection.

A different kind of spacelike string-localization arises in d=1+2 Wigner representations with anomalous spin [37]. The amazing power of this modular localization approach is that it preempts the spin-statistics connection in the one-particle setting, namely if s is the spin of the particle (which in d=1+2 may take on any real value) then one finds for the connection of the symplectic complement with the causal complement the generalized duality relation

K(O^′) = ZK(O)^′ where the square of the twist operator Z = e^{πis} is easily seen (by the connection of Wigner representation theory with the two-point function) to lead to the statistics phase: Z^2 = statistics phase [37]. The one-particle modular theory also leads to a relation which may be considered as the proto-form of crossing in the one-particle space �^{12} jψ(p) =ψ(−p) (26)

in words the �^{12} j = s^∗ transformed wave function is equal to the complex conjugate (antiparticle) of the from forward to backward mass shell analytically continued (through the connecting complex mass shell) wave function.

The fact that one never has to go beyond string localized wave functions (and fact, apart from those mentioned cases, even never beyond point localization) in order to obtain the generating fields for a QFT is remarkable in view of the many attempts to introduce extended objects into QFT.

It should be clear that modular localization, which is formulated in terms of either real or dense complex subspaces subspaces, unlike the only asymptotically covariant B-N-W localization, cannot be connected with probabilities and projectors. It is rather related to causal localization aspects and the standardness of the K-space for a compact region is nothing else then the one-particle version of the Reeh-Schlieder property. It was certainly the kind of localization which Wigner was looking for in his quest for the direct passage from his representation theory to QFT which only led him to the unwanted Newton-Wigner localization by adapting the Born localization to the different form of the inner product used in relativistic theories. As will be seen in the next section modular localization is is also an important tool in the non-perturbative construction of interacting models.

7.2 Localized sulgebras

A net of real subspaces K(O) ⊂ H_1 for an finite spin (helicity) Wigner representation can be ”second quantized”^{42} via the CCR (Weyl) respectively CAR quantization functor; in this way one obtains a covariant O-indexed net of von Neumann algebras A(O) acting on the bosonic or fermionic Fock space H = F ock(H_1) built over the one-particle Wigner space H_1. For integer spin/helicity values the modular localization in Wigner space implies the identification of the symplectic complement with the geometric complement in the sense of relativistic causality, i.e. K(O)^′ = K(O^′) (spatial Haag duality in H_1). The Weyl functor takes the spatial version of Haag duality into its algebraic counterpart. One proceeds as follows: for each Wigner wave function φ ∈ H_1 the associated

42The terminology 2^{nd} quantization is a misdemeanor since one is dealing with a rigorously defined functor within QT which has little in common with the artful use of that parallellism to classical theory called ”quantization”. In Edward Nelson’s words: (first) quantization is a mystery, but second quantization is a functor.

(unitary) Weyl operator is defined as W eyl(φ) := expi{a^∗(φ) + a(φ)}, W eyl(φ) ∈ B(H) (27) A(O) := alg{W eyl(φ)|φ ∈ K(O)}^{′′} , A(O)^′ = A(O^′) where a^∗(φ) and a(φ) are the usual Fock space creation and annihilation operators of a Wigner particle in the wave function φ. We then define the von Neumann algebra corresponding to the localization region O in terms of the operator algebra generated by the functorial image of the modular constructed localized subspace K(O) as in the second line. By the von Neumann double commutant theorem, our generated operator algebra is weakly closed by definition.

The functorial relation between real subspaces and von Neumann algebras via the Weyl functor preserves the causal localization structure and hence the spatial duality passes to its algebraic counterpart. The functor also commutes with the process of improvement of localization through intersections ∩ according to K(O) = ∩_{W ⊃O} K(W ), A(O) = ∩_{W ⊃O} A(W ) as expressed in the commuting diagram {K(W )}_W −→ {A(W )}_W (28) ↓ ∩ ↓ ∩ K(O) −→ A(O) Here the vertical arrows denote the tightening of localization by intersection whereas the horizontal ones denote the action of the Weyl functor.

The case of half-integer spin representations is analogous [35], apart from the fact that there is a mismatch between the causal and symplectic complements, must be taken care of by a twist operator Z and as a result one has to use the CAR functor instead of the Weyl functor.

In case of the large family of irreducible zero mass infinite spin representations in which the lightlike little group is faithfully represented, the finitely localized K-spaces are trivial K(O) = {0} and the most tightly localized nontrivial spaces are of the form K(C) for C a spacelike cone. As a double cone contracts to its pointlike core, the core of a spacelike cone C is a covariant spacelike semiinfinite string. The above functorial construction works the same way for the Wigner infinite spin representation except that there are no nontrivial compactly localized algebras which have a smaller localization than A(C) and there are no generating fields which are sharper localized than a semiinfinite string. Point- (or string-) like covariant fields are singular generators of these algebras i.e. they are operator-valued distributions. Stringlike generators, which are also available in the pointlike case, turn out to have an improved short distance behavior; whereas e.g. the short distance dimension of a free pointlike vectorfield is sddA_μ(x) = 2 for its stringlike counterpart one has sddA_μ(x, e) = 1 [36]. They can be constructed from the unique Wigner representation by so called intertwiners between the canonical and the many possible covariant (dottedundotted spinor finite representations of the L-group) representations. The

Euler-Lagrange aspect plays no role in these construction since the causal aspect of hyperbolic differential propagation are fully taken care of by modular localization.

A basis of local covariant field coordinatizations is then defined by Wick composites of the free fields. The string-like fields do not follow the classical behavior since already before introducing composites one has a continuous family of not classically intertwiners between the unique Wigner infinite spin representation and the continuously many covariant string interwiners. Their non-classical aspects, in particular the absence of a Lagrangian, are the reason why their spacetime description in terms of semiinfinite string fields has been discovered only recently and not at the time of Jordan’s field quantization.

Using the standard notation Γ for the second quantization functor which maps real localized (one-particle) subspaces into localized von Neumann algebras and extending this functor in a natural way to include the images of the K(O)-associated s, δ, j which are denoted by S, Δ, J one arrives at the Tomita Takesaki theory of the interaction-free local algebra (A(O), Ω) in standard position^{43}

H_{F ock} = Γ(H_1) = e^{H1} , ( e^h, e^k ) = e^{(h,k)} (29) Δ = Γ(δ), J = Γ(j), S = Γ(s) SAΩ = A^∗Ω, A ∈ A(O), S = JΔ^{12} With this we arrive at the core statement of the Tomita-Takesaki theorem which is a statement about the two modular objects Δ^{it} and J on the algebra

σ_t(A(O)) ≡ Δ^{it}A(O)Δ^{−it} = A(O) (30) JA(O)J = A(O)^′ = A(O^′) in words: the reflection J maps an algebra (in standard position) into its von Neumann commutant and the unitary group Δ^{it} defines an one-parametric automorphism-group σ_t of the algebra. In this form (but without the last geometric statement involving the geometrical causal complement O^′) the theorem hold in complete mathematical generality for standard pairs (A, Ω). The free fields and their Wick composites are ”coordinatizing” singular generators of this O-indexed net of algebras in the sense that the smeared fields A(f) with suppf ⊂ O are (unbounded operators) affiliated with A(O).

In the above second quantization context the origin of the T-T theorem and its proof is clear: the symplectic disjoint passes via the functorial operation to the operator algebra commutant and the spatial one-particle automorphism goes into its algebraic counterpart. The definition of the Tomita involution S through its action on the dense set of states (guarantied by the standardness of A) as SAΩ = A^∗Ω and the action of the two modular objects Δ, J (29) is part of the general setting of the modular Tomita-Takesaki theory; standardness is the

43The functor Γ preserves the standardness i.e. maps the spatial one-particle standardness into its algebraic counterpart.

mathematical terminology for the Reeh-Schlieder property i.e. the existence^{44} of a vector Ω ∈ H with respect to which the algebra acts cyclic and has no ”annihilators” of Ω. Naturally the proof of the abstract T-T theorem in the general setting of operator algebras is more involved.

The important property which renders this useful beyond free fields as a new constructive tool in the presence of interactions, is that for (A(W ), Ω) the antiunitary involution J depends on the interaction, whereas Δ^{it} continues to be uniquely fixed by the representation of the Poincaré group i.e. by the particle content. In fact it has been known for some [19] time that J is related with its free counterpart J_0 through the scattering matrx

J = J_0S_{scat} (31)

This modular role of the scattering matrix as a relative modular invariant between an interacting theory and its free counterpart comes as a surprise. It is precisely this role which opens the way for an inverse scattering construction [38]. Closely related to this observation is the realization that the wedge region leads to a coexistence of interacting particles with modular localization; namely there is a dense set of wedge-localized one particle states and their multiparticle in/out extensions in the interacting theory. With other words the wedge region is the ”smallest” region for which PFGs and their multiparticle generalizations are available. This is the origin of the crossing property as explained in section 4 and its use as a tool for the construction of factorizable modes as sketchen in section 5.

The proximity of particles and fields for wedge localized algebras may be viewed is a relic for the lost functorial structure between localized one-particle states and local subalgebras in free field theories upon introducing interactions.

For the construction of a QFT it suffices to specify wedge algebra A(W ) for one particular wedge W as well as the action of the Poincaré group on A(W ) which results in a net of wedge algebras {A(W )}_{W ∈W} .Knowing a wedge algebra means knowing its position in the global algebra A(W ) ⊂ B(H); in practice this is achieved by describing A(W ) in terms of generators as explained before in the special case of factorizing models. By taking suitable intersections of wedge algebras one obtains (in case the double cone intersections are nontrivial) a net of local observables i.e. a nontrivial local QFT or (if they are trivial) there is no local QFT associated with the system of wedge algebras. In this way one is able to seperate the existence proof for a local QFT from the harder problem of the construction of its pointlike fields^{45} via their correlation functions or formfactors. Hence the construction of a QFT may be seen as a generalization of those ideas which lead to a proof of the crossing property.

Usually one means by construction of an algebraic net an ”observable net” consisting of operator algebras consisting of chargeless operators. By definition

44In QFT any finite energy vector (which of course includes the vacuum) has this property as well as any nondegenerated KMS state. In the mathematical setting it is shown that standard vectors are ”δ−dense” in H.

45The necessarily singular pointlike fields are universal generators for algebras of arbitrary (small) localization.

these operators fulfill spacelike commutativity and have, as the vacuum, vanishing charge. There exists a very deep theory which automatically constructs all charged sectors and combines them to a generally quite large ”field-algebra” which in a way defines the maximal extension of the observable algebra; this is the famous Doplicher-Haag-Roberts (DHR) superselection theory [7]. It explains statistics and inner symmetries in terms of spacetime localization properties of the observable net^{46}. Taken together with the emergence of spacetime symmetries from positioning of monads at the end of this section, the origin of spacetime and inner symmetries has been reasonably well understood. From a point of view of principles of QFT one can show that in more than 3 dimensions all compact groups can appear. What does not appear in this classification is supersymmetry; the reason is clear, supersymmetry in interacting theories only arises for special tuning of couplings and is in this sense accidental i.e. cannot appear in a systematic classification. In particular it has no natural place in modular localization theory. Its (in vain) expected role as a conditioner for the renormalizability improvement of interactions is better taken care of by using stringlike localized (not strings!) fields which enlarge considerably the class of interactions which are renormalizable in the sense of power counting [1].

There is a slight reformulation of this algebraic setting which leads to a spectacular new view of the core nature of local quantum physics. Namely it is possible to encode the entire QFT, the net of local observables as well as the representation of the Poincare group acting on it, into a finite set of copies of the monads (physically interpreted as A(W )s) carefully positioned with the help of modular theory (using concepts of ”modular inclusion” and ”modular intersection ”) within a joint Hilbert space. The representation theory of the Poincaré group and therefore spacetime itself arises from the joint action of the individual modular groups in the form of unitary operators in the shared Hilbert space.

This is truly remarkable because it is a quantum realization of how Leibniz envisaged reality as emerging from only relations between monads, the monads (here copies of the unique hyperfinite Type III_1 factor algebra) themselves being structureless^{47}; it even surpasses Leibniz’s view of spacetime as an ordering device for matter since both quantum matter (even the kind of quantum matter) and its spacetime ordering are derived from the positioning of a finite number of copies of the same structureless monad within a (also structureless) Hilbertspace.

Even if this characterization of local quantum physics in terms of Hilbert space positioning of finitely (depending on the spacetime dimension) many monads is presently not the best starting point for actual construction of models^{48},

46There is a complication in low-dimensional theories in which braid group statistics may occur in which case there is no sharp separation between inner and spacetime symmetries. Nevertheless these representations appear in the DHR theory [7].

47In this sense they are like points in geometry except that monads can be mutually included and intersected.

48Here construction of models includes the proof of their existence. Hence perturbation theory does not feature here since perturbaive series are known to diverge.

it captures the still hidden conceptual soul of QFT with a similar enigmatic force as Schroedinger’s cat contains the quintessence of QM.

The real test for the universality of this positioning characterization of QFT comes in the context of curved spacetime. The recent successful quantum formulation of the principle of local covariance nourishes hope that this may be possible.

References

[1] B. Schroer, Localization and the interface between quantum mechanics, quantum field theory and quantum gravity, arXiv:0711.4600 [2] S. J. Summers, Yet More Ado About Nothing: The Remarkable Relativistic Vacuum State, arXiv:0802.1854 [3] R. Clifton and H. Halvorson, Stud. Hist. Philos. Mod. Phys. 32 (2001) 1, arXiv:quant-ph/0001107 [4] M. Keyl, D. Schlingemann and R. F. Werner, Infinitely entangled states, arXiv:quantum-ph/0212014 [5] J. Bros, H. Epstein and V. Glaser, Com. Math. Phys. 1, (1965) 240 [6] N. N. Bogoliubov, A. Logunov, A. I. Oksak and I. T. Todorov, General principles of quantum field theory, Dordrecht Kluwer 1990 [7] R. Haag, Local Quantum Physics, Springer, second edition, 1996 [8] F. Coester and W. N. Polyzou, Phys. Rev. D 26, (1982) 1348 and references therein [9] E. Martinec, Class. Quant. Grav. 10, (1993) 187 [10] J. Dimock, Locality in Free String Field Theory-II, Annales Henri Poincare 3 (2002) 613, math-ph/0102027 [11] N. K. Nielsen and B. Schroer, Nucl. phys. B 127, (1977) 493 [12] H.-J. Borchers, On revolutionizing quantum field theory with Tomita’s modular theory, J. Math. Phys., 41, 3604-3673 (2000) [13] T. D. Newton and E. P. Wigner, Rev. Mod. Phys. 21, (1949) 400 [14] J. Yngvason, Rept.Math.Phys. 55, (2005) 135, arXiv:math-ph/0411058 [15] W. G. Unruh, Phys. Rev. D14, (1976) 870 [16] B. Schroer, T.T. Truong and P. Weiss, Phys. Lett. B 63, (1976) 422 [17] Phys. Rev. Lett. B 67, (1977) 321

[18] B. Schroer, Annals Phys. 307, (2003) 421, arXiv:hep-th/0106066 [19] B. Schroer Annals Phys.321, (2006) 435 [20] H. Babujian and M. Karowski, Int. J. Mod. Phys. A1952, (2004) 34, and references therein to the beginnings of the bootstrap-formfactor program [21] H. J. Borchers, D. Buchholz and B. Schroer, Commun.Math.Phys. 219 (2001) 125 [22] G. Lechner, An Existence Proof for Interacting Quantum Field Theories with a Factorizing S-Matrix, math-ph/0601022 [23] V. Glaser, H. Lehmann and W. Zimmermann, Nuovo Cimento 6, (1957) 1122 [24] J. Bisognano and E. Wichmann, J. Math. Phys. 16, (1975) 985 [25] M. Born, Zeitschr. für Physik 38, (1926) 803 [26] J. A. Maldacena, Adv. Theor. Math. Phys. 2, (1998) 231 [27] K.-H. Rehren, QFT Lectures on AdS-CFT, hep-th/0411086 [28] M. Duetsch, K.-H. Rehren, A comment on the dual field in the AdS-CFT correspondence, Lett.Math.Phys. 62 (2002) 171 [29] M. Duetsch and B. Schroer, Massive Vector Mesons and Gauge Theory, .Phys. A33 (2000) 4317 [30] Res Jost, TCP-Invarianz der Streumatrix und interpolierennde Felder, Helvetica Physica Acta 36, (1963) 77 [31] O. Zapata Marin, On Facts in Superstring Theory. A Case Study: The AdS/CFT Correspondence, arXiv:0905.1439, see also: Spinning the superweb, essays on the history of string theory, http://www.spinningthesuperweb.blogspot.com/ [32] P. Foreman, Weimar culture, causality and quantum theory1918-1927:

Adaptation by German physicists and mathematicians to a hostile intellectual environment. Hist. Stud. Sci, 3:1-115

[33] B. Schroer, Particle physics in the 60s and 70s and the legacy of contributions by J. A. Swieca, arXiv:0712.0371 [34] R. Brunetti, D. Guido and R. Longo, Modular localization and Wigner particles, Rev.Math.Phys. 14, (2002) 759 [35] L. Fassarella and B. Schroer, J. Phys. A 35, (2002) 9123

[36] J. Mund, B. Schroer and J. Yngvason, String-localized quantum fields and modular localization, CMP 268 (2006) 621, math-ph/0511042 [37] J. Mund, Commun. Math. Phys. 286, (2009)1159 [38] B. Schroer, Annals Phys. 307 (2003) 421, arXiv:hep-th/0106066