arXiv:hep-ph/0306150 v1 17 Jun 2003

hep-ph/0306150

Strings In Baryons And Matrix Coordinates

Amir H. Fatollahi Institute for Advanced Studies in Basic Sciences (IASBS), P. O. Box 159, Zanjan 45195, Iran fatho@mail.cern.ch

Abstract It is argued that the internal dynamics of a baryon, as a bound state of QCD-strings and quarks, may be captured by a theory of matrix coordinates.

PACS: 12.38.Aw, 11.25.Tq, 11.25.Uv, 02.10.Yn

There is a relatively common belief that gauge theories have some kinds of string theory as their dual description. The supports for this belief come from some phenomenological facts, such as Regge trajectories, and also some theoretical considerations, like those coming from large-N and lattice gauge theories [1][2]. In the theoretical side, the gauge/gravity duality in the AdS limit of brane backgrounds [3] has realized the idea by a definite relation between the objects in two sides [4]. The loop-space formulation [5] is another example of efforts for string theoretic presentation of gauge theory dynamics, still exciting theoretical research [6].

In providing a dictionary between gauge and string theories, it is usually assumed that the dynamics of the electric fluxes in confined phase is presented by a string theory, probably in non-critical dimensions. These electric fluxes are usually referred under the names of “flux-tubes” or “QCD-strings.” In this picture, the QCD-strings are stretched between and are responsible for the confinement of electric charges; similar to the scenario we expect, via the Meisner effect, for the confinement of a monopole and anti-monopole in a superconductor. One justification for giving a role to these kinds of strings is the linear potential that is usually supposed between the quark and anti-quark of a mesonic state; a potential which can generate Regge trajectories, and also is supported by lattice gauge theory calculations [2].

Although the QCD-strings are usually considered for mesons, there are quite reasonable proposals to introduce these strings to baryons too. In fact the results by lattice calculations for the nature of the inter-quark potential in a baryon strongly suggest that these kinds of strings should be present in baryons. There are two main proposals for the potential, the so-called: 1) Δ-shape, and 2) Y-shape. In the Δshape ansatz, the total potential of quarks is the sum of linear two-body ones, for three quarks as:

V (r_1, r_2, r_3) = σ 2 (r_{12} + r_{23} + r_{31}) (1)

in which r_{ij} = |r_i − r_j |, and σ is the tension of QCD-string in a mesonic state. The name Δ clearly comes from the proposed geometry by the potential, and also the suggested form for the QCD-strings in a baryon. This behavior is supported by some lattice calculations [7], at least for short distances. In the Y-shape ansatz, the total potential is introduced with the help of an extra point r_s, for which the length (r_{1s} + r_{2s} + r_{3s}) is minimum (r_{is} = |r_i − r_s|); the so-called Steiner (or Fermat) point. Then the total potential for three quarks is given by:

V (r_1, r_2, r_3) = σ(r_{1s} + r_{2s} + r_{3s}). (2)

The Y-shape ansatz has been used to extract the properties of baryons [8], and also has found supports by the lattice calculations [9]. The field correlator method also produces results closer to Y-ansatz [10]. Besides, the stringy shape of electric fluxes has been revealed also by this method [10].

Due to geometrical reasonings [11], the disagreement between Δ- and Y- ansatzes is at most about %15, which is still small to provide a final conclusion for lattice based calculations. Also both proposals are almost equally suitable for phenomenological purposes. One may state that by the present results the potential approaches the Δ-ansatz at short distances, but rises like the Y-ansatz at large distances [12, 11], and hence the Δ model is more appropriate inside a hadron [12, 11]. The deviations from the Y-ansatz in small separations is interpreted in [10] by the depletion of the electric field at and around the Steiner point (see Figs. by [10]). The depletion of electric field can be understood as the cancellation of different components of electric fields when they arrive the Steiner point. So by this interpretation we see that, quite interestingly, there is a very preferred Δ-shape for the profile of electric field and also for the configuration of QCD-strings inside baryons, specially for small separations of quarks.

The picture of baryons as bound states of quarks and QCD-strings has been used for many years for phenomenological aims, and has been able to produce a lots of considerable ‘numbers’. The natural guess about the relevant theory is the formulation for the system of “three point-like masses bounded by relativistic strings” [8] [13]. By this formulation one can explain somehow directly some known facts, such as Regge behavior. In spite of long history of the efforts based on string-quark picture, however, there are difficulties with this formulation. One is that the string theory in use is in non-critical dimensions, and so in principle, one expects that in the level of complete quantum theory some kinds of anomalies or infinities appear. The source of anomalies or infinities simply is that, after all, we are dealing with a field theory, living on the world-sheets of some strings. The other problem is related to high non-linearity of the system; a non-linearity which can not be get rid of easily due to non-critical dimension.

As the existence of QCD-strings is well accepted, and as the models based on quark-string picture have shown to be practically useful, it is apposite to suggest models that while they capture the essential features of the quark-string picture, they avoid difficulties that one usually is faced in studying the highly non-linear field theory on the world-sheet. To avoid unwanted infinities one way is dealing with a quantum mechanical system rather than a quantum field theory. In this direction, one analogy with the picture we imagined for baryons and the introduction of D0- branes in string theory may be suggestive. D0-branes are defined as massive pointlike objects to whom the open strings end [14]. While the open strings are stretched between the D0-branes, they join D0-branes together, making a bound state of D0- branes and strings. Here two cases can be considered, as one assumes the open strings are oriented or unoriented. Eventually it appears that in a bound state of N D0-branes the relevant degrees of freedom in each direction of space, rather than N, are N^2 in the case of oriented strings, and N(N + 1)/2 for unoriented case. These degrees of freedom may be represented by matrices belonging to U(N) and O(N) algebras, for oriented and unoriented cases, respectively. So one may argue that the degrees of freedom for system of N D0-branes, rather than d.N numbers in d dimensions, are d matrices of dimension N ×N [15][16]. The matrix coordinates find this interpretation that the diagonal elements capture the dynamics of D0-branes, and the dynamics (oscillations) of strings are encoded in off-diagonal elements; for example, the dynamics of the string(s) stretched between a-th and b-th D0-branes has (have) been encoded in the element X_{ab} (a ≠ b).

In [17, 18] the action for D0-branes was considered as a model for QCD purposes. The first motivations for these studies originated by some early results which appear quite suggestive to take serious analogy between quark-strings systems and bound state of D0-branes. For this one should assume that the theory for matrix coordinates, perhaps coming from a critical string theory, should be also suitable for non-critical dimensions. This needs justification, though since the theory in its quantized form is just a quantum mechanics, one might be so hopeful that the results should be free from very bad and unwanted behaviors. The concerned model in [17, 18] has shown its ability to reproduce and recover some features and expectations in hadron physics. Some of these features and expectations are: the linear inter-quark potentials, the behavior of total scattering amplitudes, rich polology of scattering amplitude, behavior in large-N limit, and the whiteness of baryons with respect to the SU(N) sector of the external fields. The purpose of this Letter is to restate and refresh the main idea, in particular, via appreciating the suggestive and insightful presence of QCD-strings in a baryon, revealed by the recent lattice calculations and the field correlator method.

The dynamics for the matrix coordinates of D0-branes is formulated as a matrix theory. Although the exact form of the action should come from stringy calculations, based on some general arguments one suggestion is:

S[X, a_t] = ∫ dt Tr (1 2 mD_tX · D_tX + qD_tX · A(X, t)

−qA_0(X, t) + m 4l^4

[X^i, X^j ]^2 + · · ·) ) , (3)

where Tr acts on the matrix structure, and D_tX = Ẋ + i[a_t, X] is the covariant velocity, with a_t(t) as the one dimensional N × N gauge field. l in the language of string theory is order of the string length. The potentials (A_0(X, t), A(X, t)) are functionals of symmetrized products of the matrix coordinates, and “· · ·” is for O(X^6) and higher non-symmetrized terms, and also non-linear terms in velocity D_tX. We note that the fields (A_0(X, t), A(X, t)) appear as N ×N hermitian matrices due to their functional dependence on the matrix coordinate X. One can check easily that action (3) is invariant under the symmetry transformations [19, 20, 21]:

X → X^′ = UXU^†, a_t → a^′_t = Ua_tU^† − iU d dt U^†, A_i(X, t) → A^′_i(X^′, t) = UA_i(X, t)U^† + iUδ_iU^†, A_0(X, t) → A^′_0(X^′, t) = UA_0(X, t)U^† − iU∂_tU^†, (4)

where U ≡ U(X, t) = exp(iΛ) is arbitrary up to the condition that Λ(X, t) is totally symmetrized in the X^i’s. In above δ_i is the functional derivative^δ_{δX i} . We recall that in approving the invariance of the action, the symmetrization prescription on the matrix coordinates plays an essential role [19, 20]. The above transformations on the gauge potentials are similar to those of non-Abelian gauge theories, and we mention that it is just the consequence of enhancement of degrees of freedom from numbers to matrices. In other words, we are faced with a situation in which ‘the rotation of fields’ is generated by ‘the rotation of coordinates’ [20]. Despite the non-Abelian behavior of the gauge transformations, since they are defined by just one function Λ(x, t) after replacing ordinary coordinates by their matrix partners, i.e. x → X, the transformations are not equivalent to non-Abelian ones [22]. After all, it is quite natural to interpret the fields (A_0, A) as the external gauge fields that the constituents, whose degrees of freedom are included in the matrix coordinate, interact with them [21].

By ignoring the external fields (A_0, A), one can find the effective theory for the matrices

X(t) = diag. (x_1(t), · · · , x_N (t)), a_t(t) = diag. (a_{t1}(t), · · · , a_{tN} (t)), (5)

with x_a = x_{a0} + v_at, a = 1, · · · , N. This configuration solves the equations of motion, and describes the “classical” free motion of N D0-branes, neglecting the effects of the strings. The situation is different when we consider quantum effects, and it will be realized that the dynamics of the off-diagonal elements affect the dynamics of D0-branes significantly. Concerning the effect of the strings, one may try to extract the effective theory for D0-branes. In particular, it will be found out that the commutator potential is responsible for the formation of the bound state, and by a simple dimensional analysis we understand that the size of the bound state, ℓ, is ∼ m^{−1/3}l^{2/3}. For the static configuration [17] one can easily calculate one-loop effective potential between the D0-branes, getting [18, 17]:

V_{one−loop} ∼ N∑ a>b=1 |x_a − x_b| l^2

. (6)

This result shows that the matrix theory, up to this order of expansion in use, is in accordance with Δ-ansatz for potential. Since the original theory is invariant under the rotation among the indices 1, · · · , N, only the states which are singlets under the global rotation among the indices can be accepted as the physical states of effective theory for diagonal elements.

The concerned model above is in the non-relativistic limit, and though it may appear suitable for heavy quarks, for light or massless quarks we should change our approach. The formulation in use is that of the M(atrix) model conjecture [23], accompanied with the gauge field terms. To approach the covariant formulation, following finite-N interpretation of [24], it is reasonable to interpret things in the DLCQ (Discrete Light Cone Quantization) framework, see [21] and Appendix of [18].

In [22] a construction of matrix coordinates from some basic tools and expectations in QCD was proposed. In particular, by giving an equivalent role to color labels in gauge theory, and the so-called Chan-Paton labels in open strings, one observes that by the wave functions of individual quarks, say in a Hartree-Fock approximation for the internal dynamics of baryon, one can define the matrix coordinates by their elements: X_{ab}(t) = ⟨ψ_b(t)|x̂|ψ_a(t)⟩ = ∫ dx ψ^∗_a(x, t)xψ_b(x, t) = X^∗_{ba}(t). (7)

It was argued in [22] that the amount of simultaneous diagonalizability of matrix coordinates, and their generalizations to higher moments, can be used as a criteria for identifying the confined phase of a gauge theory.

One may wonder why a formulation of a non-Abelian gauge theory in confined phase, according to a proposal for covering the stringy behavior, should be involved by matrix coordinates. In [20, 18] a conceptual relation between appearance of matrix coordinate in formulation of a non-Abelian gauge theory and one interpretation of special relativity is mentioned. According to an interpretation of the special relativity, it is meaningful if the ‘coordinates’ and the ‘fields’ that are involved in a theory have some kinds of similar characters. Accordingly, we see that both the space-time coordinates x^μ and the electro-magnetic potentials A^μ(x) transform as a four-vector under the boost transformations. Also by this way of interpretation, the superspace formulations of supersymmetric field and superstring theories are the continuation of the special relativity program: adding spin-half coordinates as representatives of the fermionic degrees freedom of the theory. It may be argued that the relation between ‘matrix coordinates’ and ‘matrix fields’ is one of the expectations which is supported by the spirit of the special relativity. By previous discussion we recall, 1) the matrix character of gauge fields is the result of dependence of them on matrix coordinates [20], 2) the symmetry transformations of gauge fields are induced by the transformations of matrix coordinates [20], 3) the transformations of fields in the theory on matrix space appeared to be similar to those of non-Abelian gauge theories. We note that by the picture supposed in this work, we expect that the matrix coordinates become relevant just for studying the internal dynamics of bound states, a situation reffered in [19, 20, 21, 22] as ‘confined non-commutativity.’ This way of interpretation may lead us to conclude that the non-Abelian gauge fields in a confined theory do not have an independent character, and they are introduced to the formalism just through the functional dependence of Abelian gauge fields on the matrix coordinates of ‘bounded quarks’. It is very interesting when we note that by the present status of the experimental data, the existence of pure gluonic states, the so-called glueballs, is quite doubtful. This lack of detection, while it is quite unexpected by the masses we expect for glueballs, may be taken as a support for this interpretation.

Acknowledgments The author is thankful for useful comments by M. Khorrami, M. M. Sheikh-Jabbri and S. Parvizi.

References

[1] G. ’t Hooft, “A Planar Diagram Theory For Strong Interactions,” Nucl. Phys.

B72 (1974) 461.

[2] K. G. Wilson, “Confinement Of Quarks,” Phys. Rev. D10 (1974) 2445.

[3] J. Maldacena, “The Large N Limit Of Superconformal Field Theories And Supergravity,” Adv. Theor. Math. Phys. 2 (1998) 231, hep-th/9711200.

[4] S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge Theory Correlators From Non-Critical String Theory,” Phys. Lett. B428 (1998) 105, hepth/9802109; E. Witten, “Anti De Sitter Space And Holography,” Adv. Theor. Math. Phys. 2 (1998) 253, hep-th/9802150.

[5] A. M. Polyakov, “Gauge Fields As Rings Of Glue,” Nucl. Phys. B164 (1980) 171; “String Representations And Hidden Symmetries For Gauge Fields,” Phys. Lett. B82 (1979) 247; Y. M. Makeenko and A. A. Migdal, “Quantum Chromodynamics As Dynamics Of Loops,” Nucl. Phys. B188 (1981) 269.

[6] A. M. Polyakov, “Gauge Fields And Space-Time,” Int. J. Mod. Phys. A17S1 (2002) 119, hep-th/0110196; “String Theory And Quark Confinement,” talk at STRINGS’ 97, Nucl. Phys. Proc. Suppl. 68 (1998) 1, hep-th/9711002; A. M. Polyakov and V. S. Rychkov, “Loop Dynamics And AdS/CFT Correspondence,” Nucl. Phys. B594 (2001) 272, hep-th/0005173; “Gauge Fields - Strings Duality And The Loop Equation,” Nucl. Phys. B581 (2000) 116, hepth/0002106; V. S. Rychkov, “Wilson Loops, D-Branes, and Reparametrization Path-Integrals,” JHEP 0212 (2002) 068, hep-th/0204250.

[7] C. Alexandrou, P. de Forcrand and O. Jahn, “The Ground State Of Three Quarks,” talk at Lattice 2002 (topology), hep-lat/0209062; C. Alexandrou, P. de Forcrand and A. Tsapalis, “The Static Baryon Potential,” invited talk at the Workshop on Lattice Hadron Physics 2001, Jul 9-18, 2001, Cairns, Australia, Nucl. Phys. Proc. Suppl. 109 (2002) 153, nucl-th/0111046; “Static Three- And Four- Quark Potentials,” Lattice 2001 (heavyquark) Nucl. Phys. Proc. Suppl. 106 (2002) 403, hep-lat/0110115; “The Static Three-Quark SU(3) And Four- Quark SU(4) Potentials,” Phys. Rev. D65 (2002) 054503, hep-lat/0107006.

[8] N. Isgur and J. Paton, “Flux-Tube Model For Hadrons In QCD,” Phys. Rev.

D31 (1985) 2910.

[9] H. Suganuma, H. Matsufuru, Y. Nemoto and T. T. Takahashi, “Three-Quark Ground-State Potential In The SU(3) Lattice QCD,” Nucl. Phys. A680 (2000) 159, hep-lat/0205029; T. T. Takahashi, H. Suganuma, Y. Nemoto and H. Matsufuru, “Detailed Analysis Of The Three Quark Potential In SU(3) Lattice QCD,” Phys. Rev. D65 (2002) 114509, hep-lat/0204011; T. T. Takahashi, H. Matsufuru, Y. Nemoto and H. Suganuma, “Three-Quark Potential In SU(3) Lattice QCD,” Phys. Rev. Lett. 86 (2001) 18, hep-lat/0006005.

[10] D. S. Kuzmenko and Y. A. Simonov, “QCD String In Mesons And Baryons,” Phys. Atom. Nucl. 64 (2001) 107, hep-ph/0010114; A. D. Giacomo, H. G. Dosch, V. I. Shevchenko and Y. A. Simonov, “Field Correlators In QCD. Theory And Applications,” hep-ph/0007223.

[11] G. S. Bali, “QCD Forces And Heavy Quark Bound States,” Phys. Rept. 343 (2001) 1, hep-ph/0001312, page 73; “Baryons From The Lattice: Past, Present And Future,” invited plenary talk at NSTAR 2002 Workshop on the Physics of Excited Nucleons, Pittsburgh, Pennsylvania, Oct 9-12, 2002, nucl-th/0302039.

[12] R. G. Edwards, “Baryon Spectroscopy On The Lattice,” plenary talk at Baryons 2002, Newport News, Virginia, 3-8 Mar 2002, hep-lat/0210027.

[13] Some examples, among many others: S. Capstick and P. R. Page, “Hybrid And Conventional Baryons In The Flux-Tube Model,” Phys. Rev. C66 (2002) 065204, nucl-th/0207027; G. S. Sharov, “Four Various String Baryon Models And Regge Trajectories,” hep-ph/9809465; “String Baryon Model ‘Triangle’: Hypocycloidal Solutions,” Phys. Rev. D58 (1998) 114009, hep-th/9808099; “Strings In Meson And Baryon Physics,” talk at International Conference on Quantization, Gauge Theory, and Strings, Russia, Jun 5-10 2000, hepph/0010236; B. O. Kerbikov “Magnetic Moment Of Delta++ Baryon In QCD String Approach,” Phys. Atom. Nucl. 64 (2001) 1856, hep-ph/0003209; B. O. Kerbikov and Y. A. Simonov, “Baryon Magnetic Moments In The QCD String Approach,” Phys. Rev. D62 (2000) 093016, hep-ph/0001243; Y. S. Kalashnikova and A. V. Nefediev, “QCD String In The Baryon,” Phys. Atom. Nucl. 60 (1997) 1333, hep-ph/9604411; M. S. Plyushchay, G. P. Pronko and A. V. Razumov, “Baryon String Model. 1,” Theo. Math. Phys. 63 (1985) 389; S. V. Klimenko, V. N. Kochin, M. S. Plyushchay, G. P. Pronko, A. V. Razumov and A. V. Samarin, “Baryon String Model. 2,” Theo. Math. Phys. 64 (1986) 810; M. S. Plyushchay, G. P. Pronko and A. V. Razumov, “Baryon String Model. 3,” Theo. Math. Phys. 67 (1986) 576; S. Capstick and N. Isgur, “Baryons In A Relativized Quark Model With Chromodynamics,” Phys. Rev. D34 2809 (1986); O. W. Greenberg, R. J. Perry and R. D. Smith, “String Breaking Description Of The Baryon-Meson Interaction,” Phys. Lett. B131 (1983) 209; J. Carlson, J. B. Kogut and V. R. Pandharipande, “Hadron Spectroscopy In A Flux Tube Quark Model,” Phys. Rev. D28 (1983) 2807; A. L. Koshkarov, “Dynamics Of Relativistic Baryon String With Mass Ends,” (Dubna, JINR). JINR-P2-11104, Nov 1977; K. Sundermeyer and A. de la Torre, “Quantizarion Of A Three - String,” Phys. Rev. D15 (1977) 1745; R. E. Cutkosky and R. E. Hendrick,

“Baryon Spectrum In A Linear String Model,” Phys. Rev. D16 (1977) 786; P. A. Collins, J. F. L. Hopkinson and R. W. Tucker, “Classical Solutions For The Relativistic Three String Baryon Problem,” Nucl. Phys. B100 (1975) 157.

[14] J. Polchinski, “Dirichlet-Branes And Ramond-Ramond Charges,” Phys. Rev.

Lett. 75 (1995) 4724, hep-th/9510017.

[15] E. Witten, “Bound States Of Strings And p-Branes,” Nucl. Phys. B460 (1996) 335, hep-th/9510135.

[16] J. Polchinski, “TASI Lectures On D-Branes,” hep-th/9611050.

[17] A. H. Fatollahi, “Do Quarks Obey D-Brane Dynamics?,” Europhys. Lett. 53(3) (2001) 317, hep-ph/9902414; “Do Quarks Obey D-Brane Dynamics? II,” Europhys. Lett. 56(3) (2001) 523, hep-ph/9905484.

[18] A. H. Fatollahi, “D0-Branes As Light-Front Confined Quarks,” Eur. Phys. J.

C19 (2001) 749, hep-th/0002021; “D0-Branes As Confined Quarks,” talk at Isfahan String Workshop 2000, May 13-14, Iran, hep-th/0005241.

[19] A. H. Fatollahi, “On Non-Abelian Structure From Matrix Coordinates,” Phys.

Lett. B512 (2001) 161, hep-th/0103262.

[20] A. H. Fatollahi, “Electrodynamics On Matrix Space: Non-Abelian By Coordinates,” Eur. Phys. J. C21 (2001) 717, hep-th/0104210.

[21] A. H. Fatollahi, “Interaction Of D0-Brane Bound States And Ramond-Ramond Photons,” Phys. Rev. D65 (2002) 046004, hep-th/0108198.

[22] A. H. Fatollahi, “On Relevance Of Matrix Coordinates For The Inside Of Baryons,” Eur. Phys. J. C27 (2003) 145, hep-ph/0203115.

[23] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, “M Theory As A Matrix Model: A Conjecture,” Phys. Rev. D55 (1997) 5112, hep-th/9610043.

[24] L. Susskind, “Another Conjecture About M(atrix) Theory,” hep-th/9704080.