REZUMATUL PROIECTULUI

CERCETARI AVANSATE DE TEORIA CUANTICA A CAMPURILOR SI GRAVITATIE

CATCCG
Contract CEEX 05-D11-49/07.10.2005

Proiectul a realizat o cercetare fundamentala de Teoria Cuantica a Campurilor si Gravitatie  inscrisa in aria tematica 11, orientata pe patru directii, urmarind dobandirea de cunostinte avansate in fizica.

In cadrul primei directii au fost investigate anumite aspecte ale Modelului Standard privind atat teoria perturbatiilor cat şi regimul neperturbativ al Cromodinamicii Cuantice. Prelungirea analitica a seriei de perturbatie a cromodinamicii cuantice in planul Borel a permis definirea unei serii modificate cu proprietati de convergenta superioare seriei standard. In cadrul proiectului a fost aplicata aceasta metoda pentru calculul unor functii Green masurabile in experimente la energii inalte. Tot in cadrul perturbativ, lucrari recente realizate de membrii echipei au demonstrat ca limita infrarosie a observabilelor Minkowskiene, obtinuta prin prelungire analitica din regiunea Euclidiana, este finita in orice ordin finit al teoriei perturbatiilor, dar diverge in cazul seriei sumate Borel. Rezultatul a fost demonstrat in aproximatia a doua bucle in calculul functiei beta in cromodinamica cuantica. In cadrul acestui proiect a fost investigata limita infrarosie pentru solutii mai generale ale ecuatiilor grupului de renormare in cromodinamica cuantica. 

Metodele analitice joaca un rol important si in sectorul neperturbativ al cromodinamicii cuantice, in particular in studiul interactiilor mezonilor pi. Exploatarea sistematica a simetriilor Cromodinamicii Cuantice la energii joase, in cadrul teoriei chirale de perturbatie, reprezinta un instrument teoretic puternic in fizica hadronilor. Seria de perturbatie chirala converge foarte rapid in centrul triunghiului Mandelstam, dar convergenta slabeste rapid in apropiere de pragurile de unitaritate. Includerea corecta a contributiilor hadronice in functiile spectrale se poate face doar prin aplicarea relatiilor de dispersie. Combinarea teoriei chirale de perturbatie cu proprietatile analitice si unitaritatea matricii S a permis obtinerea unor rezultate de mare precizie privind parametrii de energie joasa (lungimile de imprastiere in unda S ale interactiei pion-pion). In cadrul proiectului au fost investigate interactiile hadronice si factorii de forma ai mezonilor pseudoscalari prin folosirea seriei de perturbatie chirale si a prelungirii analitice, reusindu-se extinderea predictiilor teoretice privind interactiile mezonilor pseudoscalari la energii inalte. Cresterea preciziei in descrierea interactiilor pion-pion prezinta un deosebit interes, contributia hadronica la momentul magnetic anomal al muonului fiind dominata de unda partiala cu L=1 a interactiei pion-pion.
In lipsa unor metode neperturbative adecvate pentru descrierea starilor legate de cuarci, in spectroscopia hadronilor s-a apelat deseori la modele care folosesc potentiale de legatura. Aceste modele, in esenta nerelativiste, sunt departe de a putea fi puse in legatura cu teoria fundamentala a interactiilor tari, care este Cromodinamica Cuantica. Un pas important in directia apropierii celor doua formalisme a fost realizat in cadrul proiectului prin elaborarea unei metode care permite obtinerea unei reprezentari relativiste pentru functia de unda a starilor legate de cuarci. Pornind de la unele rezultate deja obtinute de participantii la acest proiect, a fost determinata manifestarea la energii joase a sirului continuu de excitatii cuantice ale vidului care genereaza fortele de legatura.

Au fost de asemenea abordate aspecte legate de predictiile modelului electroslab Glashow-Salam-Weinberg (GSW). Un instrument deosebit de util este matricea Cabibo-Kobayashi-Maskawa (CKM) ale carei elemente trebuie determinate cu mare precizie. Membrii echipei au propus o noua metoda de corelare a parametrilor ce descriu matricea CKM cu datele experimentale, si anume exprimarea acestora numai prin marimi masurabile. Noua abordare are avantajul ca pune in evidenta asa numitele matrici dublu stochastice, matricile unitare fiind numai un subset al acestora. In felul acesta, prin exprimarea fazei legata de violarea simetriei CP prin patru module independente, s-a gasit un instrument foarte sensibil la unitaritate, anume cosinusul fazei. Tehnica a fost folosita pentru a studia corelatiile de unitaritate atat in sectorul cuarcilor, cat si in cel leptonic.

Pentru realizarea celei de-a doua directii au fost utilizate rezultate obtinute anterior de unii dintre membrii echipei de cercetare referitoare la modelele de tip BF si la campurile tensoriale cu simetrii mixte, precum si rezultatele cunoscute din literatura relativ la formele abeliene de rang 2 si 3. Atat in cazul interactiilor modelelor BF cu 2- si 3-formele abeliene, cat si in cazul cuplajelor colectiilor de campuri tensoriale cu simetriile mixte de tip (2,2) si respectiv (3,1), a fost utilizata tehnica deformarii generatorului canonic al simetriei BRST (solutia ecuatiei master). Ipotezele generale in care s-a lucrat sunt: localitatea spatio-temporala, invarianta Poincare, invarianta Lorentz, netezimea deformarii in constanta de cuplaj si conservarea ordinului ecuatiilor de camp pentru modelele deformate in raport cu cele libere asociate. Ca prim pas a fost calculata coomologia BRST locala (coomologia BRST modulo derivata exterioara in spatiu-timp) pentru fiecare dintre teoriile libere de start. Deoarece generatorii transformarilor de etalonare pentru toate modelele libere investigate nu depind de campuri, diferentiala BRST se poate descompune ca suma dintre diferentiala exterioara longitudinala si diferentiala Koszul-Tate. Evaluarea coomologiei BRST locale a implicat calcularea preliminara a coomologiei diferentialei exterioare longitudinale, precum si a coomologiei locale a diferentialei Koszul-Tate. In continuare a fost determinata deformarea solutiei ecuatiei master in ordinul unu in constanta de cuplaj pentru fiecare dintre teoriile considerate. Ulterior a fost investigata consistenta deformarii de ordinul unu pentru a obtine eventuale deformari de ordin superior. Din expresia solutiei deformate a ecuatiei master, consistenta in toate ordinele in constanta de cuplaj, a fost extrasa intreaga informatie despre formularea Lagrangiana a modelelor cu interactie rezultate: actiunea cu interactie, transformarile de etalonare deformate, algebra asociata acestor transformari. In final a fost data o interpretare a teoriilor cu interactie obtinute in termeni de structuri cu semnificatie algebrica sau geometrica.

Referitor la a treia directie, existenta unei relatii de necomutativitate intre coordonate pune probleme serioase de cauzalitate, deoarece in mod normal in teoria campului, operatorii de camp care se afla la distante de tip spatial trebuie sa comute. Aceasta situatie nu este dramatica in problema Landau pentru efectul Hall deoarece spectrul si vectorii proprii se obtin din ecuatia Schrodinger, ecuatie nerelativista. Problema este acuta insa in cazul unor ecuatii relativist invariante. In cadrul proiectului a fost determinata solutia problemei Landau in cazul unor ecuatii relativiste (Klein Gordon si Dirac) si au fost clarificate anumite aspecte legate de aparenta necauzalitate. 
S-a pornit de la observatia ca aparitia unor noi comutatori nenuli poate fi inteleasa in doua moduri, fie ca o modificare a structurii simplectice standard in prezenta unor constrangeri folosind formalismul canonic al lui Dirac in prezenta constrangerilor, fie ca o trunchiere a spatiului Hilbert. Observatia noastra consta in faptul ca atat un comutator, cat si zitterbewegung-ul in descrierea uniparticula pentru campuri cuantice relativiste (fara creare de particule) au aceeasi origine, incompletitudinea spatiului Hilbert.

Am aratat ca existenta unei structuri simplectice nonstandard implica, pe de o parte, necesitatea unei relatii intre entropie si aria orizontului si, pe de alta, implica cuantificarea acestuia din urma avand in vedere ca in distributia microcanonica entropia este o masura a volumului in spatiul fazelor si ca spatiul fazelor este convertit in domeniu cu celule spatiale sau nule date de scala de necomutativitate.

In continuare a fost investigata ecuatia Wheeler–deWitt ce descrie dinamica in cosmologia cuantica dar pe un superspatiu necomutativ, avand in vedere ca rezultatele deja existente indicau o rezolvare a paradoxului constantei cosmologice.

S-a obtinut o formulare a teoriei perturbatiilor pe spatii  necomutative si au fost lamurite anumite aspecte legate de introducerea timpului ca operator. Gradul de divergenta al dezvoltarilor perturbative a fost de asemenea studiat pe diverse modele,  plecandu-se de la formularea canonica a teoriei perturbatiilor,  iar in unele cazuri si in cadrul unui formalism bazat pe stari coerente.

A fost determinata conexiunea dintre prescrierea conditiilor la limita, cauzalitate si unitaritate pe spatii necomutative si a fost investigata formularea relatiilor de dispersie in formalismul Weyl-Wigner-Moyal. 

In cadrul ultimei directii au fost investigate simetriile si supersimetriile unor structuri algebrice obtinute cu ajutorul operatorilor de tip Dirac, obtinandu-se corelari ale acestora cu algebrele dinamice ale unor teorii cu interactie implicand campuri spinoriale.
Realizarea obiectivelor acestei directii s-a bazat pe anumite rezultate precedente ale membrilor echipei privind rolul radacinilor metricii in constructia unor operatori de tip Dirac. Aceste radacini, care sunt tensori anti-simetrici covariant constanti, pot juca rolul de parametrii ai grupului de etalonare al varietatii. In acest mod a fost determinat grupul de automorfisme al superalgebrei de operatori Dirac construite cu ajutorul radacinilor, acesta fiind in general extensia complexa a unui grup pseudo-ortogonal pentru care se cunosc reprezentarile si subgrupurile discrete.
Investigarea operatorilor cuantici de camp pe spatiul de Sitter a presupus un studiu complex atat la nivelul ecuatiilor de camp cat si al metodei de cuantificare. A fost determinat mai intai un sistem complet de solutii ale ecuatiilor campurilor vectoriale libere pe spatiul de Sitter pentru care au fost definite deja principalele marimi conservate. In aceste conditii, constantele de integrare au semnificatii fizice precise si se pot construi marimile conservate campurilor libere via teorema Noether. In continuare s-a procedat la cuantificarea campului liber prin metoda Bogoliubov, cerand ca marimile conservate sa devina operatorii uniparticula. Dupa cuantificarea campurilor libere au fost considerate campurile in interactie si a fost aplicat formalismul LSZ in vederea pregatirii unei metode de perturbatii eficiente.
Problematica abordata de proiect are un inalt grad de noutate si complexitate, cercetarile desfasurate conducand la noi rezultate in Teoria Cuantica a Campurilor si Gravitatie ce au fost publicate in reviste de specialitate cotate ISI, prezentate la conferinte internationale si inglobate in doua teze de doctorat.
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The project attained a fundamental research in Quantum Field Theory and Gravitation, subscribing to the thematic field 11 and being focused on four basic directions, pursuing the achievement of advanced knowledge in Physics.
For the first direction, we have investigated some aspects of Standard Model regarding perturbation theory and the nonperturbative regime of Quantum Chromodynamics. To this end, analytical methods play a crucial role. The analytical continuation of the perturbative expansion of QCD in the Borel plane allowed one to define a modified series, with superior convergence properties as compared to the standard one. In this project, the method described in the above have been applied to the computation of some Green functions measurable in high-energy experiments. Recent papers of some of the team members related to this perturbative framework proved that the infrared limit of Minkowskian observables, obtained by analytical continuation from the Euclidian region, is finite at any finite order of the perturbation theory, but divergent in the case of Borel-summed series. This result was shown using the two-loop approximation for calculating the beta function in Quantum Chromodynamics. In the present project we have investigated the infrared limit of more general solutions to the renormalization group equations in Quantum Chromodynamics. 

Analytical methods play an important role also in the nonperturbative sector of Quantum Chromodynamics, particularly in the study of interactions among pi mesons (Goldstone bosons for the spontaneous chiral symmetry breaking in Quantum Chromodynamics). The systematic exploration of Quantum Chromodynamics symmetries in the low energy expansion by using the chiral perturbative theory provides a powerful tool in hadronic physics. The chiral perturbation series converges very rapidly at the centre of the Mandelstam triangle, but the convergence is rather slowly nearby the unitarity thresholds (cuts). The correct inclusion of hadronic contributions within the spectral functions can only be realized by applying the dispersion relations. As it has recently been shown in, chiral perturbation theory combined with the analyticity and unitarity of the S-matrix led to results of remarkable accuracy for the low energy parameters (S-wave scattering lengths of pi-pi interaction). Within the present project we have investigated the hadronic interactions and the pseudoscalar meson form factors by means of chiral perturbation theory and analytical continuation, extending the theoretical predictions on pseudoscalar meson interactions at higher energies. The increase in the precision of the description of pi-pi interactions is a matter of more general interest: thus, the hadronic contribution to the muon anomalous magnetic momentum is dominated by the partial wave corresponding to L=1 of the pi-pi interaction.

At present, due to the lack of adequate nonperturbative methods for describing the quark bound states, hadronic spectroscopy frequently uses models with binding potentials. These models, essentially non-relativistic, are far from being connected to the fundamental theory of strong interactions, Quantum Chromodynamics. A major step towards the correlation between these two formalisms is represented by the elaboration of a method that allows for a relativistic representation of quark bound state wave functions. Starting from some results developed by some of the present team members we determined the manifestation at low energy of the continuous series of vacuum-like quantum excitations that generate the binding forces.

Also we have approached some aspects regarding the predictions of the GSW electroweak model, an extremely useful tool in this context being the CKM matrix, whose elements must be determined with high accuracy. We proposed a new method of correlating the parameters of the CKM matrix to the experimental data, namely, based on expressing these parameters only in terms of experimentally measurable quantities. This new approach has the advantage of emphasizing the so-called doubly stochastic matrices, only a subset of which is given by the unitary matrices. In this manner, by expressing the CP-violation phase by four independent formulas, one detects a tool very sensitive to unitarity, namely, the cosine of this phase. This technique have been further used at the study of unitarity correlations in both quark and lepton sectors.

The implementation of the second direction takes into account the results deduced previously by some of this project team members on BF models and tensor gauge fields with mixed symmetry as well as the results known from literature concerning Abelian forms of rank 2 and 3. In both cases, namely, of the interactions between BF models and Abelian 2-, respectively, 3-forms, and of the couplings for collections of tensor fields with the mixed symmetry of the type (2,2) and respectively (3,1), we used the deformation technique for the canonical generator of the BRST symmetry (the solution to the classical master equation). The general hypotheses which we worked with in all situations was: spacetime locality, Poincare invariance, (background) Lorentz invariance, smoothness of the deformations in the coupling constant, and the preservation of the differential order of the deformed field equations with respect to the associated free ones. Initially, the local BRST cohomology (the BRST cohomology modulo the exterior spacetime derivative) have been calculated for each of the free starting theories. Since the generators of the gauge transformations are field independent for all the investigated free models, it follows that the BRST differential simply splits like the sum between the exterior longitudinal differential and the Koszul-Tate differential. The evaluation of the local BRST cohomology required the preliminary computation of the cohomology of the exterior longitudinal differential and of the local cohomology associated with the Koszul-Tate differential. Once this step successfully implemented, we determined the deformation of the solution to the master equation at order one in the coupling constant for each of the theories under consideration. Subsequently, the consistency of the first-order deformation was investigated in order to obtain the possible deformations of higher-orders. From the expression of the deformed solution to the master equation, consistent to all orders in the coupling constant, the entire information on the Lagrangian formulation of the resulting interacting models have been extracted: the interacting action, its deformed gauge transformations, the accompanying algebra. In the end we gave a interpretation to the deduced coupled theories in terms of algebraic or geometric structures. 

For the third direction, the existence of a non-commutativity relation among the spatial co-ordinates raises serious causality problems, since in field theory the field operators at space-like distances usually commute. This situation is not so dramatic in relation to the Landau problem for the Hall effect because the corresponding eigenvalues and eigenvectors are obtained from the Schrödinger (non-relativistic) equation. Such a problem becomes acute in the case of relativistic equations. In view of this, the solution to the Landau problem for some relativistic equations (Klein-Gordon, Dirac) have been investigated and the apparent non-causality was clarified.

The starting observation is that the appearance of new non-vanishing commutators can be regarded in two different ways: either like a modification of the standard symplectic structure in the presence of constraints due to the canonical Dirac formalism for constrained dynamics, or like a truncation of the Hilbert space. It is suggested in the literature that a commutator as well as the zitterbewegung from the one-particle description of relativistic quantum fields (without particle creation) have a common root, namely, the non-completeness of the Hilbert space. 

We shown that the existence of a non-standard symplectic structure necessarily implies, on one hand, a relation between entropy and horizon area, and, on the other, the quantization of the latter when one considers that: (1) entropy in the micro canonical ensemble is a measure of the phase-space volume (with the edge length of the cell equal to the Planck constant), and (2) the phase-space domain is split into null or spatial cells, depending on the noncommutativity scale.
The Wheeler–de Witt equation, describing the dynamics in quantum cosmology, have been further investigated on a noncommutative superspace taking into account that some results  indicate a cure of the cosmological constant paradox.

A formulation of perturbation theory on noncommutative spaces have been given and the clarification of some aspects related to the introduction of time as an operator have been emphasized. We have also investigated the degree of divergence of the perturbative expansions for various models, starting in some cases from the canonical formulation of perturbation theory, and in other situations from a coherent state representation.

The link between prescribed boundary conditions, causality, and unitarity on noncommutative spaces have been also investigated and the formulation of the dispersion relations, incompletely solved so far in the Weyl-Wigner-Moyal formalism, have been approached.

Within the last direction, we investigated the symmetries and supersymmetries of some new algebraic structures obtained with the help of Dirac-type operators as well as their correlation to the dynamical algebras of some interacting theories involving spinor.

The accomplishment of the objectives foreseen for the this last direction is based on the already obtained results regarding the role of the square roots of the metric tensor at the construction of some Dirac-type operators. In addition, these square roots, covariantly constant antisymmetric tensors, can play the role of manifold gauge group parameters. In this manner, one determined the group of automorphisms of the Dirac operator superalgebra constructed from these roots, this being in general the complex extension of a pseudo-orthogonal group whose representations and discrete subgroups are known. The fact that the Minkowski space admits a system of roots allow one to apply this procedure gradually and to provide predictable and definite results.

The investigation of quantum field operators on de Sitter spaces requires a complex study at the level of both field equations and quantization method. Firstly, a complete system of solutions to the free vector field equations on the de Sitter space on which the main constants of motion have already been defined have been determined. Under these circumstances, the integration constants exhibit precise physical significances and the conserved quantities associated with the free fields can be produced through the Noether theorem. Further, one proceeded to the quantization of the free theory using the Bogoliubov method, which requires that the conserved quantities become one-particle operators. After the quantization of free fields, the interacting ones was considered and the LSZ formalism have been applied in view of preparing an efficient perturbation method.

The topic exposed in the above exhibits a high degree of novelty and complexity, the research carried out within this project leading to new results in Quantum Field Theory and Gravitation, published in prestigious ISI journals, presented to international conferences and included in two PhD theses.

