
Õèìèêè ïðåäëàãàþò èçìåíèòü òàáëèöó Ìåíäåëååâà Ñðàçó äâîå ó÷åíûõ îïóáëèêîâàëè ðàáîòû, ïîñâÿùåííûå íîâûì èíòåðïðåòàöèÿì ïðèâû÷íîé âñåì òàáëèöû Ìåíäåëååâà. Îäèí èç èññëåäîâàòåëåé, Ìàðèñ Êèáëåð, ïðåäëàãàåò èñïîëüçîâàòü òåîðåòèêî-ãðóïïîâîé ïîäõîä, àíàëîãè÷íûé òîìó, êîòîðûé ïðèìåíÿåòñÿ â êâàíòîâîé ìåõàíèêå. Ñòàòüÿ ó÷åíîãî åùå íèãäå íå îïóáëèêîâàíà, îäíàêî åå ïðåïðèíò äîñòóïåí íà ñàéòå arXiv.org Â ðàìêàõ ñâîåãî èññëåäîâàíèÿ Êèáëåð èçó÷àë ãðóïïó SO(4,2)xSU(2). Ïåðâûé ìíîæèòåëü íàçûâàåòñÿ ñïåöèàëüíîé ïñåâäîîðòîãîíàëüíîé ãðóïïîé äëÿ ïðîñòðàíñòâà 4+2, à âòîðîé â€” ñïåöèàëüíîé óíèòàðíîé ãðóïïîé ïëîñêîñòè. Ýòè îáúåêòû åñòåñòâåííûì îáðàçîì âîçíèêàþò ïðè îïèñàíèè ÿâëåíèé êâàíòîâîé ìåõàíèêè. Êàæäûé ýëåìåíò Êèáëåð ïðåäëàãàåò êîäèðîâàòü íàáîðîì åãî ýëåêòðîíîâ. Ïðè ýòîì êàæäûé ýëåêòðîí ïðåäëàãàåòñÿ äëÿ óäîáñòâà ñ÷èòàòü ðàçìåùåííûì íà ýíåðãåòè÷åñêèõ óðîâíÿõ àòîìà âîäîðîäà. Ñîñòîÿíèå êàæäîãî òàêîãî ýëåêòðîíà îäíîçíà÷íî çàäàåòñÿ ÷åòûðüìÿ òàê íàçûâàåìûìè êâàíòîâûìè ÷èñëàìè. Òàêàÿ Â«âîäîðîäíî-ýëåêòðîííàÿÂ» êëàññèôèêàöèÿ çàìåòíî îòëè÷àåòñÿ îò ïðèâû÷íîé âñåì êëàññèôèêàöèè ïî ñâîéñòâàì è àòîìíûì íîìåðàì îáû÷íîé òàáëèöû Ìåíäåëååâà. Ïî ñëîâàì ó÷åíîãî, íîâûõ ïîäõîä ìîæåò îêàçàòüñÿ ïîëåçíûì äëÿ àíàëèçà ñâîéñòâ áóäóùèõ ñâåðõòÿæåëûõ ýëåìåíòîâ. Òåîðåòè÷åñêè, äàííûé ïîäõîä ìîæåò ïðèãîäèòüñÿ ïðè èçó÷åíèè òàê íàçûâàåìîãî Â«îñòðîâà ñòàáèëüíîñòèÂ» â€” ãðóïïû óñòîé÷èâûõ ñâåðõòÿæåëûõ ýëåìåíòîâ. Äðóãîé èññëåäîâàòåëü, Ìîä Àáóáàð èç Èíäèè, ïðåäëîæèë íà åãî âçãëÿä áîëåå ïðàâèëüíóþ çàïèñü ïåðèîäè÷åñêîé òàáëèöû. Îí ïðåäëàãàåò çàïèñûâàòü ýëåìåíòû ïî êîíöåíòðè÷åñêèì îêðóæíîñòÿì, ïîìåñòèâ îòäåëüíî áëèæå ê öåíòðó ãåëèé è âîäîðîä. Ïî ñëîâàì Àáóáàðà, ïîäîáíàÿ çàïèñü îòðàæàåò îòíîñèòåëüíûé ðàçìåð àòîìíûõ ÿäåð, ïîñêîëüêó ðàçìåðû ÿ÷ååê ê êðàþ òàáëèöû óâåëè÷èâàþòñÿ. Ïðè ýòîì, îäíàêî, ÷èòàòü êðóãëóþ òàáëèöó ãîðàçäî ìåíåå óäîáíî, ÷åì ïðÿìîóãîëüíóþ. Ïåðèîäè÷åñêàÿ òàáëèöà õèìè÷åñêèõ ýëåìåíòîâ áûëà ñîçäàíà Ìåíäåëååâûì â 1869 ãîäó. Ñåé÷àñ èçâåñòíî íåñêîëüêî ñîò âàðèàíòîâ èçîáðàæåíèÿ äàííîé òàáëèöû. Â ñîâðåìåííîì âàðèàíòå ñèñòåìû ïðåäïîëàãàåòñÿ ñâåäåíèå ýëåìåíòîâ â äâóìåðíóþ òàáëèöó, â êîòîðîé ïîëîæåíèå ýëåìåíòà â ñòîëáöå îïðåäåëÿåò åãî ôèçèêî-õèìè÷åñêèå ñâîéñòâà. Ïðè ýòîì ýëåìåíòû çàíóìåðîâàíû àòîìíûìè ÷èñëàìè, òî åñòü çàðÿäàìè ÿäåð.Â  Äæåðåëîì º ñàéò proUA.com. Â Â Íèæå ïðèâîäèì ïîëíûé òåêñò ðàáîòû èññëåäîâàòåëÿ Ìàðèñ Êèáëåðà Maurice R. Kibler íà ÿçûêå îðèãèíàëà.Â From the Mendeleev periodic table to particle physics and back to the periodic table Authors: M.R. Kibler (IPNL)(Submitted on 30 Nov 2006 (v1), last revised 12 Nov 2007 (this version, v2))Abstract: We briefly describe in this paper the passage from Mendeleev's chemistry (1869) to atomic physics (in the 1900's), nuclear physics (in the 1932's) and particle physics (from 1953 to 2006). We show how the consideration of symmetries, largely used in physics since the end of the 1920's, gave rise to a new format of the periodic table in the 1970's. More specifically, this paper is concerned with the application of the group SO(4,2)xSU(2) to the periodic table of chemical elements. It is shown how the Madelung rule of the atomic shell model can be used for setting up a periodic table that can be further rationalized via the group SO(4,2)xSU(2) and some of its subgroups. Qualitative results are obtained from this nonstandard table. Comments: 15 pages; accepted for publication in Foundations of Chemistry (special issue to commemorate the one hundredth anniversary of the death of Mendeleev who died in 1907); version 2: 16 pages; some sentences added; acknowledgment and references added; misprints correctedSubjects: Quantum Physics (quant-ph); High Energy Physics - Theory (hep-th)JournalÂ reference: Foundations of Chemistry 9 (2007) 221-234DOI: 10.1007/s10698-007-9039-9CiteÂ as: arXiv:quant-ph/0611287v2Â From the Mendeleev periodic table to particle physicsand back to the periodic tableMaurice R. KiblerUniversit.e de Lyon, Institut de Physique Nucl.eaire, universit.e Lyon 1 and CNRS/IN2P3 43 Bd du 11 Novembre 1918, Fâ€“69622 Villeurbanne Cedex, FranceWe briefly describe in this paper the passage from Mendeleevâ€™s chemistry (1869) to atomic physics (in the 1900â€™s), nuclear physics (in 1932) and particle physics (from 1953 to 2006). We show how the consideration of symmetries, largely used in physics since the end of the 1920â€™s, gave rise to a new format of the periodic table in the 1970â€™s. More specifically, this paper is concerned with the application of the group SO(4,2)âŠ—SU(2) to the periodic table of chemical elements. It is shown how the Madelung rule of the atomic shell model can be used to set up a periodic table that can be further rationalized via the group SO(4,2)âŠ—SU(2) and some of its subgroups. Qualitative results are obtained fromthis nonstandard table.Â  PACS: 03.65.Fd, 31.15.HzKey words: atomic physics, subatomic physics, group theory, flavor group, periodic tableof chemical elements1 IntroductionAntoine Laurent de Lavoisier (1743-1794) is certainly the father of modernchemistry. Nevertheless, the first important progress in the classification of chemicalelements is due to Dimitri Ivanovitch Mendeleev (1834-1907). Indeed, theclassification of elements did not start with Mendeleev. The impact for chemistryof numerous precursors of Mendeleev is wellâ€“known (van Spronsen, 1969; Rouvrayand King, 2004; Scerri, 2007). For example we can mention, among others, JohannW. D.obereiner and his triads of elements (1829), Max von Pettenkofer andhis groupings of elements (1850), Alexandre E. Beguyer de Chancourtois and hisspiral or telluric periodic table (1862), John A.R Newlands and his law of octaves(1864), William Odling and his periodic table (1864), and Julius Lothar Meyer andhis curve of atomic volumes (1868). In spite of the interest of the works of his predecessors,Mendeleev is recognized as the originator of the classification of elementsfor the following reasons. As a matter of fact, in 1869 Mendeleev was successful infour directions: (i) he gave a classification of elements according to growing atomicweights; (ii) he made two inversions (Te/I and Ni/Co) violating the ordering viagrowing atomic weights and thus compatible with the now accepted ordering viagrowing atomic numbers; (iii) he predicted the existence of new elements (via theeka-process); and (iv) he described in a qualitative and quantitative way the mainchemical and physical properties of the predicted elements. It is true that otherscientists tried to develop ideas along the lines (i)-(iv). However, Mendeleev wasthe first to make observable predictions for new elements. A question naturallyarises: What happened after the establishment of the Mendeleev periodic table?There are two answers.First, let us mention the development and the extension of the table with thediscovery of new elements. For instance, the element called eka-silicon predictedby Mendeleev was discovered in 1886. Such an element, now called germanium,belongs to the same column as silicon (it is located below silicon and above tinin the periodic table with horizontal lines). This discovery illustrates the â€˜ekaâ€™-process or â€˜something is missingâ€™-process: In order to respect some regularity andperiodicity arguments, Mendeleev left an empty box at the right of silicon (in hisperiodic table with vertical lines) and predicted a new element with the correctmass and density.The discovery of new elements continued during the end of the 19th century,during the whole 20th century and is still the subject of experimental and theoreticalinvestigations. Approximately, 70 elements were known in 1870, 86 in 1940 and 102in 1958. In the present days, we have 116 elements (the last ones are less and lessstable). Some of the recently observed elements do not have a name (the last namedis called roentgenium). There is no major reason, except for experimental reasons,to have an end for the periodic table. The research for heavy elements (indeed,superheavy nuclei) is far from being finished.Second, let us mention a spectacular advance in the understanding of the complexityof matter. This gave rise to the discovery of sub-structures with the adventof classification tables for the constituents of the chemical elements themselves.More precisely, the discovery of atomic structure led to atomic physics at the beginningof the 20th century, then to the birth of nuclear physics in 1932 and, finally,to particle physics in the 1950â€™s. In the present days, subatomic physics deals withthe elementary constituents of matter and with the forces or interactions betweenthese constituents.2 From chemistry to atomic, nuclear and particle physicsAccording to Mendeleev, a chemical element had no internal structure. Thechemical elements are made of atoms without constituents. The discovery of theelectron by J.J. Thomson in 1897 and that of the atomic nucleus by E. Rutherfordin 1911 led to the idea of a planetary model for the atom where the electrons orbitaround the nucleus. The simplest nucleus, namely, the proton, was observed byRutherford in 1919. The simplest atom, the hydrogen atom, is made of a nucleusconsisting of a single proton considered as fixed and of an electron moving aroundthe proton. Atomic spectroscopy, seen via the prism of the old theory of quanta(the starting point for quantum mechanics), was born in 1913 when N. Bohr introducedhis semi-classical treatment of the hydrogen atom. In 1922, Bohr proposed abuilding-up principle for the atom based on the planetary Bohr-Sommerfeld modelwith elliptic orbits and on the filling of each orbit with a maximum of two electrons.This led him to adopt a pyramidal form for the periodic table, that had beenalready proposed by others like Bayley, and to predict that hafnium is a transitionmetal as opposed to a rare earth (Scerri, 1994).A further step towards complexity occurred with the discovery of the neutronby J. Chadwick in 1932. A nucleus is made of protons and neutrons, collectivelydenoted as nucleons. A proton has a positive electric charge, which is the oppositeof the electronic charge of the electron, and the neutron has no electric charge. Thediscovery of a substructure for the nucleus opened the door of nuclear physics. Thefirst model for the description of the strong interactions between nucleons insidethe nucleus, the SU(2) model of W. Heisenberg, goes back to 1932. It was sooncompleted by the prediction by I. Yukawa of the meson Ï€ in 1933. It can be saidthat the first version of the strong interaction theory (the ancestor of quantumchromodynamics developed in the 1970â€™s) was born with the works of Heisenbergand Yukawa. In a parallel way, E. Fermi developed in 1933 a theory for the weakinteractions inside the nucleus (the ancestor of the electroweak model developed inthe 1960â€™s).In 1932, the situation for emerging particle physics was very simple and symmetrical.At this time, we had four particles: two hadrons (proton and neutron)and two leptons (electron and neutrino), as well as their antiparticles resulting fromthe P.A.M. Dirac relativistic quantum mechanics introduced in 1928. Rememberthat the neutrino (in fact the antineutrino of the electron) was postulated by W.Pauli in 1931 in order to ensure the conservation of energy. In some sense, the introductionof the neutrino was made along lines that parallel the eka-process usedby Mendeleev. Furthermore, with the discovery of a new lepton, the muon in 1937,of three new hadrons, the pions in 1947-50, and of a cascade of strange hadronicparticles (mesons and baryons) in cosmic rays in the 1950â€™s, particle physics was inthe 1950â€™s in a situation similar to the one experienced by chemistry in the 1860â€™s.The need for a classification was in order. In this direction, S. Sakata tried withoutsuccess to introduce in 1956 three elementary particles (proton, neutron, lambdaparticle) from which it would be possible to generate all hadrons. Indeed, this trialbased on the group SU(3) was an extension of the model developed by E. Fermiand C.N. Yang in 1949, based on the group SU(2), with two basic hadrons (proton,neutron).A decisive step was made with the introduction of the so-called eightfold way byM. Gell-Mann and Y. Neâ€™eman in 1961. The eightfold way is a model for the classificationof hadrons within multiplets (singlets, octets and decuplets) correspondingto some irreducible representation classes (IRCs) of the group SU(3). More precisely,the eight (0)âˆ’ pseudo-scalar mesons and the eight (1)âˆ’ vector mesons wereclassified in two nonets (nonet = â€˜octet plus singletâ€™) while the eight ( 12 )+ baryonswere classified in an octet. At this time, we knew nine ( 32 )+ baryons (the four, the three _âˆ— and the two _âˆ—). It was not possible to accommodate these nineparticles into an â€˜octet plus singletâ€™. The closer framework or â€˜perodic tableâ€™ foraccomodating the nine hadrons was a decuplet with ten boxes. Along the lines ofan eka-process, in 1962 Gell-Mann was very well inspired to fill the empty box witha new particle, the particle . He was also able to predict the main characteristicsof this postulated particle (spin, parity, isospin, charge, mass, etc.). This particlewas observed two years later, in 1964. The interest of group theory for classifyingpurposes was thus clearly established. The relevance and usefulness of SU(3) wasconfirmed with the introduction of new particles in 1964: the â€˜quarksâ€™of M. Gell-Mann and the â€˜acesâ€™of G. Zweig. Gell-Mann and Zweig postulated the existenceof three elementary particles and their anti-particles, now called quarks and antiquarks,classified into a triplet and an anti-triplet of SU(3) from which it is possibleto generate all hadrons.As soon as 1970, a fourth quark was postulated by S.L. Glashow, J. Iliopoulosand L. Maiani to explain the non-observation of certain a priori allowed decays.This quark was indirectly observed in 1974 through the production of a charmedmeson so that the matter world was again very symmetrical at that time with fourquarks (u, d, c, s) and four leptons (e, Î¼, Î½e, Î½Î¼). The interest, for the classificationof hadrons, of symmetry groups like SU(n), now called flavor groups, was thenfully confirmed. Besides flavor groups, other groups, called gauge groups, appearedduring the 1960â€™s and 1970â€™s to describe interactions between particles. Let usmention the group SU(2)âŠ—U(1) for the weak and electromagnetic interactions, thegroup SU(3) for the strong interactions and the groups SU(5), SO(10) and E6 fora grand unified description of electroweak and strong interactions. In addition, thesupersymmetric Poincar.e group was introduced for unifying external (space-time)symmetries and internal (flavor and gauge) symmetries. As a result of investigationsbased on symmetries and supersymmetries, we now have in 2006 the standard modeland its supersymmetric extensions for describing particles and their interactions(gravitation excluded). This model is based on twelve matter fields, twelve gaugefields mediating interactions between matter fields and one feeding particle (theHiggs boson) which gives mass to massive particles. Indeed, the matter particles(six quarks and six leptons) can be accomotaded in a periodic table with threegenerations or periods.The advances in groupâ€“theoretical methods in direction of particle physics aswell as the introduction of invariance groups and noninvariance groups for describingdynamical systems were a source of inspiration for the use of groups in connectionwith the periodic table. The rest of this paper is devoted to the building of aperiodic table based on the direct product group SO(4,2)âŠ—SU(2).3 Introducing the group SO(4,2)Most of the modern presentations of the periodic table of chemical elementsare based on a quantumâ€“mechanical treatment of the atom. In this respect, thesimplest atom, namely the hydrogen atom, often constitutes a starting point forstudying manyâ€“electron atoms. Naively, we may expect to construct an atom withatomic number Z by distributing Z electrons on the oneâ€“electron energy levels ofa hydrogenâ€“like atom. This building-up principle can be rationalized and refinedfrom a groupâ€“theoretical point of view. As a matter of fact, we know that thedynamical noninvariance group of a hydrogenâ€“like atom is the special real pseudoorthogonalgroup in 4+2 dimensions SO(4,2) or SO(4,2)âŠ—SU(2) if we introduce thegroup SU(2) that labels the spin (Malkin and Manâ€™ko, 1965; Barut and Kleinert,1967). This result can be derived in several ways. We briefly review two of them(one is wellâ€“known, the other is little known).The first way corresponds to a symmetry ascent process starting from the geometricalsymmetry group SO(3) of a hydrogenâ€“like atom. Then, we go from SO(3)to the dynamical invariance group SO(4) for the discrete spectrum or SO(3,1) forthe continuous spectrum. The relevant quantum numbers for the discrete spectrumare n, � and m� (with n = 1, 2, 3, â€¢ â€¢ â€¢; for fixed n: � = 0, 1, â€¢ â€¢ â€¢ , nâˆ’1; for fixed �: m� =âˆ’�,âˆ’�+1, â€¢ â€¢ â€¢ , �). The corresponding state vectors Â n�m� can be organized to spanmultiplets of SO(3) and SO(4). The set {Â n�m� : n and � fixed ; m� ranging} generatesan IRC of SO(3), noted (�), while the set {Â n�m� : n fixed ; � and m� ranging}generates an IRC of SO(4). The direct sum spanned by all the possible state vectors Â Â corresponds to an IRC of the de Sitter group SO(4,1). The IRC h is also an IRC of SO(4,2). This IRC thusremains irreducible when restricting SO(4,2) to SO(4,1) but splits into two IRCâ€™swhen restricting SO(4,2) to SO(3,2). The groups SO(4,2), SO(4,1) and SO(3,2) aredynamical noninvariance groups in the sense that not all their generators commutewith the Hamiltonian of the hydrogenâ€“like atom.The second way to derive SO(4,2) corresponds to a symmetry descent processstarting from the dynamical noninvariance group Sp(8,R), the real symplectic groupin 8 dimensions, for a fourâ€“dimensional isotropic harmonic oscillator. We know thatthere is a connection between the hydrogen-like atom in R3 and a fourâ€“dimensionaloscillator in R4 (Kibler and N.egadi, 1984). Such a connection can be establishedvia Lieâ€“like methods (local or infinitesimal approach) or algebraic methods basedon the so-called Kustaanheimoâ€“Stiefel transformation (global or partial differentialequation approach). Both approaches give rise to a constraint and the introductionof this constraint into the Lie algebra of Sp(8,R) produces a Lie algebra underconstraints that turns out to be isomorphic with the Lie algebra of SO(4,2). Froma mathematical point of view, the latter Lie algebra is given bycentsp(8,R)so(2)/so(2) = su(2, 2) âˆ¼ so(4, 2)in terms of Lie algebras.Once we accept that the hydrogenâ€“like atom may serve as a guide for studyingthe periodic table, the group SO(4,2) and some of its subgroups play an importantrole in the construction of this table. This was first realized by Rumer andFet (Rumer and Fet, 1971) and, independently, by Barut (Barut, 1972). Later,Byakov, Kulakov, Rumer and Fet (Konopelâ€™chenko and Rumer, 1979) further developedthis groupâ€“theoretical approach of the periodic chart of chemical elementsby introducing the direct product SO(4,2)âŠ—SU(2) and Kibler (Kibler, 2004, 2006)fully described the SO(4,2)âŠ—SU(2) table in connection with the so-called Madelungrule of atomic spectroscopy.4 The periodic table `a la MadelungBefore introducing the table based on SO(4,2)âŠ—SU(2), we describe the constructionof a periodic table based on the Madelung rule which arises from theatomic shell model. This approach to the periodic table uses the quantum numbersoccurring in the quantumâ€“mechanical treatment of the hydrogen atom as well asof a manyâ€“electron atom.Several authors have claimed that the Madelung rule has not been deduced fromthe first principles of Quantum Mechanics (L.owdin, 1969; Scerri, 2006). This is certainlytrue if we limit the study of quantum dynamical systems to the paradigmaticquantum systems (and their trivial extensions), namely, the Coulomb and harmonicoscillator systems. However, as shown by Demkov and Ostrosvky (Ostrovsky, 2001)in their remarkable work, it is feasible to deduce the Madelung rule from an effectiveoneâ€“electron potential of a type similar to the one used in the Thomas-Fermi theoryof the atom. In some sense, their approach exhibits a phenomenological character.However, the result really follows from ab initio calculations in the framework ofnonrelativistic Quantum Mechanics and, from the mathematical point of view, itcorresponds to the difficult inverse problem of finding the potential from the spectrum.The approach followed in the present work for presenting (not deriving)the Madelung rule is entirely different. Indeed, we examine the SO(3) and SO(4)content of the rule in order to be prepared to pass to the SO(4,2) and then to theSO(4,2)âŠ—SU(2) format of the periodic table.In the centralâ€“field approximation, each of the Z electrons of an atom withatomic number Z is partly characterized by the quantum numbers n, �, and m�.The numbers � and m� are the orbital quantum number and the magnetic quantumnumber, respectively. They are connected to the chain of groups SO(3)âŠƒSO(2): thequantum number � characterizes an IRC, of dimension 2� + 1, of SO(3) and m� aoneâ€“dimensional IRC of SO(2). The principal quantum number n is such thatn âˆ’ � âˆ’ 1 is the number of nodes of the radial wave function associated with thedoublet (n, �). In the case of the hydrogen atom or of a hydrogenâ€“like atom, thenumber n is connected to the group SO(4): the quantum number n characterizesan IRC, of dimension n2, of SO(4). The latter IRC splits into the IRCâ€™s of SO(3)corresponding to � = 0, 1, â€¢ â€¢ â€¢ , nâˆ’1 when SO(4) is restricted to SO(3). A completecharacterization of the dynamical state of each electron is provided by the quartet(n, �,m�,ms) or alternatively (n, �, j,m). Here, the spin s = 12 of the electron has been introduced and ms is the zâ€“component of the spin. Furthermore, j = 12 for � = 0 and j can take the values j = � âˆ’ s and j = � + s for � 6= 0. The quantumnumbers j and m are connected to the chain of groups SU(2)âŠƒU(1): j characterizesan IRC, of dimension 2j + 1, of SU(2) and m a oneâ€“dimensional IRC of U(1).Each doublet (n, �) defines an atomic shell. The ground state of the atomis obtained by distributing the Z electrons of the atom among the various atomicshells n�, nâ€²�â€², nâ€²â€²�â€²â€², â€¢ â€¢ â€¢ according to (i) an ordering rule and (ii) the Pauli exclusionprinciple. A somewhat idealized situation is provided by the Madelung orderingrule: the energy of the shells increases with n+� and, for a given value of n+�, withn. This may be depicted by Fig. 1 where the rows are labelled with n = 1, 2, 3, â€¢ â€¢ â€¢and the columns with � = 0, 1, 2, â€¢ â€¢ â€¢ and where the entry in the nâ€“th row and �â€“thcolumn is [n + �, n]. We thus have the ordering [1, 1] < [2, 2] < [3, 2] < [3, 3] <[4, 3] < [4, 4] < [5, 3] < [5, 4] < [5, 5] < [6, 4] < [6, 5] < [6, 6] < â€¢ â€¢ â€¢. This dictionaryorder corresponds to the following ordering of the n� shells1s < 2s < 2p < 3s < 3p < 4s < 3d < 4p < 5s < 4d < 5p < 6s < â€¢ â€¢ â€¢ ,which is verified to a good extent by experimental data.Fig. 1. The [n + �, n] Madelung array. The lines are labelled by n = 1, 2, 3, û û û and thecolumns by � = 0, 1, 2, û û û. For fixed n, the label � assumes the values � = 0, 1, û û û , nâˆ’1.From these considerations of an entirely atomic character, we can construct aperiodic table of chemical elements. We start from the Madelung array of Fig. 1.Here, the significance of the quantum numbers n and � is abandoned. The numbersn and � are now simple row and column indexes, respectively. We thus forget aboutthe significance of the quartet n, �, j, m. The various blocks [n + �, n] are filledin the dictionary order, starting from [1, 1], with chemical elements of increasingatomic numbers. More precisely, the block [n+�, n] is filled with 2(2�+1) elements,the atomic numbers of which increase from left to right. This yields Fig. 2, whereeach element is denoted by its atomic number Z. For instance, the block [1, 1] isfilled with 2(2 Ã— 0 + 1) = 2 elements corresponding to Z = 1 up to Z = 2. In asimilar way, the blocks [2, 2] and [3, 2] are filled with 2(2Ã—0+1) = 2 elements and2(2 Ã— 1 + 1) = 6 elements corresponding to Z = 3 up to Z = 4 and to Z = 5 up toZ = 10, respectively. It is to be noted, that the so obtained periodic table a prioricontains an infinite number of elements: the nâ€“th row contains 2n2 elements andeach column (bounded from top) contains an infinite number of elements.Fig. 2. The periodic table deduced from the Madelung array. The box [n + �, n] is filledwith 2(2�+1) elements. The filling of the various boxes [n+�, n] is done according to thedictionary order implied by Fig. 1.5 The periodic table `a la SO(4,2)âŠ—SU(2)We are now in a position to give a groupâ€“theoretical articulation to the periodictable of Fig. 2. For fixed n, the 2(2�+1) elements in the block [n+�, n], that we shallrefer to an �â€“block, may be labelled in the following way. For � = 0, the sâ€“block inthe nâ€“th row contains two elements that we can distinguish by the number m withm ranging from âˆ’12 to 12 when going from left to right in the row. For � 6= 0, the�â€“block in the nâ€“th row can be divided into two sub-blocks, one corresponding toj = � âˆ’ 12 (on the left) and the other to j = � + 12 (on the right). Each sub-blockcontains 2j + 1 elements, with 2j + 1 = 2� for j = � âˆ’ 12 and 2j + 1 = 2(� + 1) forj = � + 12 , that can be distinguished by the number m with m ranging from âˆ’jto j by step of one unit when going from left to right in the row. In other words,a chemical element can be located in the table by the quartet (n, �, j,m), wherej = 12 for � = 0.Following Byakov, Kulakov, Rumer and Fet (Konopelâ€™chenko and Rumer, 1979)it is perhaps interesting to use an image with streets, avenues and houses in a city.Let us call Mendeleev city the city whose westâ€“east streets are labelled by n andnorthâ€“south avenues by (�, j,m). In the nâ€“th street there are n blocks of houses.The n blocks are labelled by � = 0, 1, â€¢ â€¢ â€¢ , n âˆ’ 1 so that the address of a block is(n, �). Each block contains one sub-block (for � = 0) or two sub-blocks (for � 6= 0).An address (n, �, j,m) can be given to each house: n indicates the street, � theblock, j the sub-block and m the location inside the sub-block. The organizationof the city appears in Fig. 3.At this stage, it is worthwhile to re-give to the quartet (n, �, j,m) its groupâ€“theoretical significance. Then, Mendeleev city is clearly associated to the IRC hâŠ—[2]of SO(4,2)âŠ—SU(2) where [2] stands for the fundamental representation of SU(2).The whole city corresponds to the IRCof SO(4,2)âŠ—SU(2) in the sense that all the possible quartets (n, �, j,m), or alternatively(n, �,m�,ms), can be associated to state vectors spanning this IRC. In thelatter equation, (�) and (j) stand for the IRCâ€™s of SO(3) and SU(2) associated withthe quantum numbers � and j, respectively.We can ask the question: How to move in Mendeleev city? Indeed, there areseveral bus lines to go from one house to another one? The SO(3) bus lines, alsocalled SO(3)âŠ—SU(2) ladder operators, make it possible to go from one house ina given �â€“block to another house in the same �â€“block. The SO(4) bus lines, alsocalled SO(4)âŠ—SU(2) ladder operators, and the SO(2,1) bus lines, also called SO(2,1)ladder operators, allow to move in a given street and in a given avenue, respectively.Finally, it should be noted that there are taxis, also called SO(4,2)âŠ—SU(2) ladderoperators, to go from a given house to an arbitrary house.Another question concerns the inhabitants, also called chemical elements, ofMendeleev city. In fact, they are distinguished by a number Z, also called atomicnumber. The inhabitant living at the address (n, �, j,m) has the numberÃ— (n + � + 1) âˆ’ 4�(� + 1) + � + j(2� + 1) + m âˆ’ 1.Each inhabitant may also have a nickname. All the inhabitants up to Z = 110 havea nickname. For example, we have Ds, or darmstadtium in full, for Z = 110. Notall the houses in Mendeleev city are inhabited. The inhabited houses go from Z = 1to Z = 116 (the houses Z = 113 and Z = 115 are occupied since the beginning of2004). The houses corresponding to Z â‰¥ 117 are not presently inhabited. Whena house is not inhabited, we also say that the corresponding element has not beenobserved yet. The houses from Z = 111 to Z = 116 are inhabited but have notreceived a nickname yet. The various inhabitants known at the present time areindicated on Fig. 4.It is not forbidden to get married in Mendeleev city. Each inhabitant mayget married with one or several inhabitants (including one or several clones). Forexample, we know H2 (including H and its clone), HCl (including H and Cl), andH2O (including O, H and its clone). However, there is a strict rule in the city:the assemblages or married inhabitants have to leave the city. They must live inanother city and go to a city sometimes referred to as a molecular city. Only theclones may stay in Mendeleev city.6 Qualitative aspects of the SO(4,2)âŠ—SU(2) periodic tableGoing back to Physics and Chemistry, we now describe Mendeleev city as aperiodic table for chemical elements. We have obtained a table with rows andcolumns for which the nâ€“th row contains 2n2 elements and the (�, j,m)â€“th columncontains an infinite number of elements. A given column corresponds to a family ofchemical analogs, as in the standard periodic table, and a given row may containseveral periods of the standard periodic table.The chemical elements in their ground state are considered as different statesof atomic matter: each atom in the table appears as a particular partner forthe (infiniteâ€“dimensional) unitary irreducible representation h âŠ— [2] of the groupSO(4,2)âŠ—SU(2), where SO(4,2) is reminiscent of the hydrogen atom and SU(2) isintroduced for a doubling purpose. In fact, it is possible to connect two partnersof the representation h âŠ— [2] by making use of shift operators of the Lie algebra ofSO(4,2)âŠ—SU(2). In other words, it is possible to pass from one atom to another oneby means of raising or lowering operators. The internal dynamics of each element isignored. In other words, each neutral atom is assumed to be a noncomposite physicalsystem. By way of illustration, we give a brief description of some particularcolumns and rows of the table.The alkaliâ€“metal atoms are in the first column (with � = 0, j = 12 , m = âˆ’12 , andn = 1, 2, â€¢ â€¢ â€¢); in the atomic shell model, they correspond to an external shell of type1s, 2s, 3s, â€¢ â€¢ â€¢; we note that hydrogen (H) belongs to the alkaliâ€“metal atoms. Thesecond column (with � = 0, j = 12 , m = 12 , and n = 1, 2, â€¢ â€¢ â€¢) concerns the alkalineearth metals with an external atomic shell of type 1s2, 2s2, 3s2, â€¢ â€¢ â€¢; we note thathelium (He) belongs to the alkaline earth metals. The sixth column corresponds tochalcogens (with � = 1, j = 32 , m = âˆ’12 , and n = 2, 3, â€¢ â€¢ â€¢) and the seventh columnto halogens (with � = 1, j = 32 , m = 12 , and n = 2, 3, â€¢ â€¢ â€¢); it is to be observedthat hydrogen does not belong to halogens as it is often the case in usual periodictables. The eighth column (with � = 1, j = 32 , m = 32 , and n = 2, 3, â€¢ â€¢ â€¢) gives thenoble gases with an external atomic shell of type 2p6, 3p6, 4p6, â€¢ â€¢ â€¢; helium, with theatomic configuration 1s22s2, does not belong to the noble gases in contrast withusual periodic tables.The dâ€“blocks with n = 3, 4 and 5 yield the three familiar transition series: theiron group goes from Sc(21) to Zn(30), the palladium group from Y(39) to Cd(48)and the platinum group from Lu(71) to Hg(80). A fourth transition series goesfrom Lr(103) to Z = 112 (observed but not named yet). In the shell model, thefour transition series correspond to the filling of the nd shell while the (n+1)s shellis fully occupied, with n = 3 (iron group series), n = 4 (palladium group series),n = 5 (platinum group series) and n = 6 (fourth series). The two familiar innertransition series are the fâ€“blocks with n = 4 and n = 5: the lanthanide series goesfrom La(57) to Yb(70) and the actinide series from Ac(89) to No(102). Observethat lanthanides start with La(57) not Ce(58) and actinides start with Ac(89) notTh(90). We note that lanthanides and actinides occupy a natural place in the tableand are not reduced to appendages as it is generally the case in usual periodictables in 18 columns. A superactinide series is predicted to go from Z = 139 toZ = 152 (and not from Z = 122 to Z = 153 as predicted by G.T. Seaborg). Ina shell model approach, the inner transition series correspond to the filling of thenf shell while the (n + 2)s shell is fully occupied, with n = 4 (lanthanides), n = 5(actinides) and n = 6 (superactinides). In contrast with Seaborg predictions, thetable in Fig. 4 shows that the elements from Z = 121 to Z = 138 form a new periodhaving no homologue among the known elements.In Section 5, we have noted that each �â€“block with � 6= 0 gives rise to two subblocks.As an example, the fâ€“block for the lanthanides is composed of a sub-block,corresponding to j = 52 , from La(57) to Sm(62) and another one, corresponding toj = 72 , from Eu(63) to Yb(70). This division corresponds to the classification inlight or ceric rare earths (j = 52 ) and heavy or yttric rare earths (j = 72 ). It hasreceived justifications both from the experimental (Pascal, 1960) and the theoretical(Oudet, 1979) sides.From a qualitative point of view, the new aspects to come out of this theoreticalanalysis can be summed up as follows: (i) hydrogen and helium naturally occur inthe first and second columns, respectively; (ii) the inner transition series (d-block),the transition series (f-block) and the g-block occupy a natural place in the table(they are not relegated at the periphery of the table); (iii) each of the latter blocks(as well as the p-block) exhibits a division into two sub-blocks that is reminiscent ofthe relativistic splitting (�) â†’ (�âˆ’ 12 )âŠ•(�+ 12 ) which should be significant for heavyelements, cf. the distinction between ceric earths and yttric earths (Pascal, 1960);(iv) the number of elements afforded by the table is a priori infinite, in view ofthe infiniteâ€“dimensional irreducible representation of SO(4,2) on which the table isbased (observable elements and/or particles correspond to only a few of the allowedquantum mechanical states).Another radical outcome from this approach concern the possibility of usinggroup theory from a quantitative point of view. Chemists are very familiar withthe use of groupâ€“theoretical methods for deriving qualitative results (vibrationmodes, level splitting, selection rules, etc.). We give in the following section themain lines of a research programme for quantitatively exploiting the potential forcesof SO(4,2)âŠ—SU(2).7 Quantitative aspects of the SO(4,2)âŠ—SU(2) periodic tableTo date, the use of SO(4,2) or SO(4,2)âŠ—SU(2) in connection with periodic chartshas been limited to qualitative aspects only, viz., classification of neutral atomsand ions as well. We would like to give here the main lines of a programme underdevelopment (inherited from nuclear physics and particle physics) for dealing withquantitative aspects.The first step concerns the mathematics of the programme. The direct productgroup SO(4,2)âŠ—SU(2) is a Lie group of order eighteen. Let us first consider theSO(4,2) part which is a semi-simple Lie group of order r = 15 and of rank � = 3.It has thus fifteen generators involving three Cartan generators (i.e., generatorscommuting between themselves). Furthermore, it has three invariant operators orFrom the Mendeleev periodic table . . .Fig. 4. The inhabitants of Mendeleev city. The houses up to number Z = 116 areinhabited [â€˜X?â€™ means inhabited (or observed) but not named, â€˜noâ€™ means not inhabited(or not observed)].Casimir operators (i.e., independent polynomials, in the enveloping algebra of theLie algebra of SO(4,2), that commute with all generators of the group SO(4,2)).Therefore, we have a set of six (3+3) operators that commute between themselves:the three Cartan generators and the three Casimir operators. Indeed, this set is notcomplete from the mathematical point of view. In other words, the eigenvalues ofthe six above-mentioned operators are not sufficient for labelling the state vectorsin the representation space of SO(4,2). According to a not very wellâ€“known result,popularized by Racah, we need to find 12 (r âˆ’ 3�) = 3 additional operators in orderto complete the set of the six preceding operators. This yields a complete set ofnine (6 + 3) commuting operators and this solves the state labelling problem forthe group SO(4,2). The consideration of the group SU(2) is trivial: SU(2) is asemi-simple Lie group of order r = 3 and of rank � = 1 so that 12 (r âˆ’ 3�) = 0 inthat case. As a result, we end up with a complete set of eleven (9 + 2) commutingoperators.The second step establishes contact with chemical physics. Each of the elevenoperators can be taken to be self-adjoint and thus, from the quantumâ€“mechanicalpoint of view, can describe an observable. Indeed, four of the eleven operators,namely, the three Casimir operators of SO(4,2) and the Casimir operator of SU(2),serve for labelling the representation h âŠ— [2] of SO(4,2)âŠ—SU(2) for which the variouschemical elements are partners. The seven remaining operators can thus beused for describing chemical and physical properties of the elements, as for instance:ionization energy; oxidation degree; electron affinity; electronegativity; melting andboiling points; specific heat; atomic radius; atomic volume; density; magnetic susceptibility;solubility; etc. In most cases, this can be done by expressing a chemicalobservable associated with a given property (for which we have few experimentaldata) in terms of the seven operators which serve as an integrity basis for the variousobservables. Each observable can be developed as a linear combination of operatorsconstructed from the integrity basis. This is reminiscent of groupâ€“theoretical techniquesused in nuclear and atomic spectroscopy (cf. the Interacting Boson Model)or in hadronic spectroscopy (cf. the Gell-Mann/Okubo mass formulas for baryonsand mesons).The last step is to proceed with a diagonalization process and then to fit thevarious linear combinations to experimental data. This can be achieved throughfitting procedures concerning either a period of elements, taken along a same lineof the periodic table, or a family of elements, taken along a same column of theperiodic table. For each property this will lead to a formula or phenomenological lawthat can be used in turn for making predictions concerning the chemical elementsfor which no data are available. In addition, it is hoped that this will shed light onregularities and wellâ€“known as well as recently discovered patterns of the periodictable, such as unexpected patterns connecting elements via a knightâ€™s move in thetable (Laing, 2004; Raynerâ€“Canham, 2004).8 Closing remarksGroupâ€“theoretical methods based on symmetry considerations have been continuouslydeveloped during the 20th century in order to classify the constituentsof matter and to understand their interactions. The SO(4,2)âŠ—SU(2) periodic tablepresented in this article was set up along lines similar to the ones used for classifyingfundamental particles via flavor groups. The group SO(4,2)âŠ—SU(2) is a flavorgroup in the sense that each chemical element appears to be a particular state (orflavor) of a single element.We close this paper with two remarks. Possible extensions of the work presentedin Sections 5â€“7 concern isotopes and molecules. The consideration of isotopes needsthe introduction of the number of nucleons in the atomic nucleus. With such anintroduction we have to consider other dimensions for Mendeleev city: the city isno longer restricted to spread in Flatland. Groupâ€“theoretical analyses of periodicsystems of molecules can be achieved by considering direct products involving severalcopies of SO(4,2)âŠ—SU(2). Several works have been already devoted to thissubject (Kibler, 2006).AcknowledgementsThanks are due to the Referee for pertinent criticism and useful suggestions.References[1] Barut, A.O. Group Structure of the Periodic System. In B.G. Wybourne, editor,The Structure of Matter. University of Canterbury Publications, Christchurch, NewZealand, pp. 126-136, 1972.[2] Barut, A.O. and H. Kleinert. Transition Form Factors in the H Atom. Phys. Rev.,160:1149â€“1151, 1967.[3] Kibler, M.R. On the Use of the Group SO(4,2) in Atomic and Molecular Physics.Mol. Phys., 102:1221â€“1230, 2004.[4] Kibler, M.R. A groupâ€“Theoretical Approach to the Periodic Table: Old and NewDevelopments. In D.H. Rouvray and R.B. King, editors, The Mathematics of thePeriodic Table. Nova Science, NY, pp. 237-263, 2006.[5] Kibler, M. and T. N.egadi. Connection between the Hydrogen Atom and the HarmonicOscillator. Phys. Rev. A, 29:2891â€“2894, 1984.[6] Konopelâ€™chenko, V.G. and Yu.B. Rumer. Atoms and Hadrons (Classification Problems).Sov. Phys. Usp., 22:837â€“840, 1979.[7] Laing, M. Patterns in the Periodic Table â€“ Old and New. In D.H. Rouvray and R.B.King, editors, The Periodic Table: Into the 21st Century. Research Studies Press,Baldock, U.K., pp. 123-140, 2004.[8] L.owdin, P.-O. Some Comments on the Periodic System of the Elements. Int. J.Quantum Chem., Quantum Chem. Symp., 3:331-334, 1969.[9] Malkin, I.A. and V.I. Manâ€™ko. Symmetry of the Hydrogen Atom. Sov. Phys. JETPLett., 2:146â€“148, 1965.15M.R. Kibler: From the Mendeleev periodic table . . .[10] Ostrovsky, V.N. What and How Physics Contributes to Understanding the PeriodicLaw. Found. Chem., 3:145-182, 2001.[11] Oudet, X. Valency, Ionicity and Electronic Configuration in Rare Earths. J. Physique(Paris), 40(C5):395-397, 1979.[12] Pascal, P. Nouveau trait.e de chimie min.erale. Masson, Paris, 1960.[13] Rayner-Canham, G.W. The Richness of Periodic Patterns. In D.H. Rouvray andR.B. King, editors, The Periodic Table: Into the 21st Century. Research StudiesPress, Baldock, U.K., pp. 161-186, 2004.[14] Rouvray, D.H. and R.B. King. The Periodic Table: Into the 21st Century. ResearchStudies Press, Baldock, U.K., 2004.[15] Rumer, Yu.B. and A.I. Fet. The Group Spin(4) and the Mendeleev System. Teoret.Mat. Fiz., 9:203â€“210, 1971.[16] Scerri, E. Prediction of the Nature of Hafnium from Chemistry, Bohrâ€™s Theory andQuantum Theory. Ann. Sc., 51:137-150, 1994.[17] Scerri, E. Commentary on Allen & Knightâ€™s Response to the L.owdin Challenge.Found. Chem., 8:285-293, 2006.[18] Scerri, E. The Periodic Table: Its Story and Its Significance. Oxford University Press,New York, NY, 2007.[19] van Spronsen, J.W. The Periodic System of Chemical Elements: A History of theFirst Hundred Years. Elsevier, Amsterdam, 1969.PortalLgUa :)
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