arXiv:0912.3993v1 [hep-th] 20 Dec 2009

Classical solutions for Yang-Mills-Chern-Simons field coupled to an external source

Vivek M. Vyas,^{1, ∗} T. Soloman Raju,^2 and T. Shreecharan^{3, †} 1 IISER Kolkata, Mohanpur Campus, PO: BCKV Campus Main Office, Mohanpur, West Bengal, India-741 252.

2Birla Institute of Technology & Science-Pilani, Goa Campus, Zuarinagar, Goa, India-403 726. 3The Institute of Mathematical Sciences, C.I.T.Campus,Taramani, Chennai, Tamil Nadu, India-600 113.

Abstract

We find wide class of exact solutions of Yang-Mills-Chern-Simons theory coupled to an external source, in terms of doubly periodic Jacobi elliptic functions. The obtained solutions include localized solitons, trigonometric solutions, pure cnoidal waves, and singular solutions in certain parameter range. Furthermore, it is observed that these solutions exist over a nonzero background.

I. INTRODUCTION

Abelian and non-Abelian gauge theories in lower space-time dimensions manifest in diverse condensed matter systems. The planar 2 + 1 dimensional field theories find extensive applications in the description of quantum Hall effect [1], high-T_c superconductivity [2] and recently in graphene [3]. Both Abelian and non-Abelian gauge symmetries often emerge in constrained systems e.g., deviations from half filling in the t-J model [4, 5]. The gauge fields, initially appearing as Lagrange multipliers, acquire dynamics through their coupling to the fermionic degrees of freedom via quantum corrections. Unlike even space-time dimensions, in (2 + 1) dimensional world, the dominant term in the low energy effective action happens to be the topological Chern-Simons (CS) term [6, 7, 8]. Being parity and time reversal symmetry violating, this term naturally appears when the underlying fermionic systems break these symmetries [7, 8]. In presence of this term, the fermions can acquire additional statistical phase, thereby becoming anyons [9, 10]. These theories have been systematically investigated since last thirty years, yielding significant connections with conformal field theories and knot theory [11, 12, 13].

Non-Abelian CS field coupled to a matter field has been well studied, and it has been shown that this system is connected with a host of integrable models [14]. The next important contribution to the effective action is the two derivative kinetic term, which gives dynamics to the underlying gauge field. Simplest example of such a theory is the Maxwell-CS theory, in which a usual Maxwell Lagrangian is augumented with a CS term. It is known that in such a theory, photon acquires a gauge invariant mass [15]. In the presence of interacting matter, this theory is known to have charged vortices [16] and anyonic excitation [15]. Interestingly, this system can also show chaotic dynamics under suitable conditions [17, 18]. The fact that the CS theory coupled to matter system has rich dynamical structure, from integrability to chaotic behaviour, makes this systems interesting for analysis.

In the present paper, we investigate non-Abelian SU(2) CS theory coupled to external matter field and investigate the structure of the classical solution space. The initial interest in the study of classical solutions can be traced to the fact that for a non-Abelian gauge theory like QCD, the ground state is not known. It was hoped that a classical study might provide some insight. The study indeed has thrown up some interesting solutions like the Wu-Yang monopole [19], non-Abelian plane waves [20], ’t Hooft-Polyakov monopole [21], instanton [22] and meron [23] solutions. The equations of motion for non-Abelian gauge theories in general are complicated non-linear partial differential equations (PDEs), and hence have a rich solution space.

The fact that equations of motion are coupled nonlinear PDEs, which unlike linear ones, do not always exhibit exact solubility. By employing an ansatz we are able to map this infinite dimensional dynamical system to finite dimensional ordinary DE. Making use of a conformal transformation, we show that this finite dimensional problem is exactly soluble and find a wide variety of solutions from periodic to localised soliton solutions. The solution show a signficantly different asymptotic behaviour than the solutions that have been studied so far.

∗Electronic address: vivek@prl.res.in †Electronic address: shreet@imsc.res.in

The manuscript is organized as follows. In the subsequent section, we present the action and the equations of motion of the gauge field under consideration. In Section III, we analyse the low energy dynamics offered by these classical equations. We summarize our results with a discussion in Section IV.

II. THE EQUATIONS OF MOTION

The Lagrangian for the SU(2) Yang-Mills-Chern-Simons theory (YMCS) is given by

L_{YMCS} = − 1 4 F^a_{μν}F^{μνa} + M 4 ϵ^{μνρ}[F^a_{μν} A^a_ρ − g 3 ϵ^{abc} A^a_μ A^b_ν A^c_ρ], (1)

where F^a_{μν} = ∂_μ A^a_ν − ∂_ν A^a_μ + gϵ^{abc} A^b_μ A^c_ν is the field strength tensor, M is the topological mass of the gauge field A, and g is the coupling constant. The ϵ’s are the completely antisymmetric structure constants of the gauge group.

The above Lagrangian (1), is not explicitly gauge invariant, since it changes by a full derivative under a gauge transformation

S_{YMCS} = ∫ d^3x L_{YMCS} −→ ∫ d^3x L_{YMCS} +

8π^2 M g^2

W(U), (2)

where W(U) is the winding number:

W(U) = 1 24π^2 ∫ d^3xϵ^{αβγ} tr[∂_αUU^{−1}∂_βUU^{−1}∂_γUU^{−1}].

Here U(x) = exp[iσ^aλ^a(x)] is the non-Abelian gauge transformation and σ^a are the the Pauli matrices. Demanding the gauge invariance of the partition function, results in the quantization of the CS parameter M: M = g^2n 4π , n ∈ Z. (3)

The YMCS gauge field can be coupled to an external source field by augumenting Lagrangian L_{YMCS} with an interaction term:

L_S = A^a_μ J^{μ a}, (4)

to give the classical Euler-Lagrange equation:

D_νF^{νμa} + M 2 ϵ^{μνρ}F^a_{νρ} = J^{μ a}; (5)

where D_μF^a_{νρ} = ∂_μ F^a_{νρ} + gϵ^{abc} A^b_μF^c_{νρ}.

Equations (5) are coupled nonlinear PDEs and have infinite degrees of freedom. Ideally, it is desirable to have exact solutions to these equations, so that a complete understanding of the classical phase space is obtained. However, there are only a handful such theories, which are said to be integrable, for which the classical phase is completely understood, Sine-Gordon model being one of the celebrated ones [24]. In such an integrable theory, there exists an infinite dimensional symmetry algebra, which provides infinite conserved quantities, which leads to exact solubility of the equations of motion.

The symmetry algebra of Yang-Mills-Chern-Simons theory is only finite dimensional, and hence does not belong to the integrable class, like most non-trivial realistic theories. Hence, the hope to solve Eq. (5) in its full generality, is futile. However, the nonintegrable set of equations open up an interesting possibility of having chaos, wherein the evolution of the system shows sensitive dependence on initial conditions, and evolution from any two infinitesimally close points in the phase leads to exponential separation in the trajectories [25]. It is obvious that, such a behaviour can not be described analytically, and numerical evolution methods are used to study such systems. Still, the equations (5) are too difficult to study right away, even numerically. A convenient way to sneak in the dynamics, is to reduce the degrees of freedom, such that the system then becomes tractable. The dynamical systems with two and three dimensional phase space are well understood [25]. By choosing a convenient ansatz, one can reduce the dimensionality of phase space, and then study the dynamics of the resultant system. Although such a study would be restrictive, but it would certainly throw some light on the dynamics of the parent model.

III. TIME DEPENDENT SOLUTION

The classical solutions of YMCS field theories with and without a source term have been investigated over the years by a number of authors [17, 18, 26, 27, 28, 29, 30]. Restricting ourselves to purely time dependent situations of (5): A^a_μ = A^a_μ(t) and J^{μ a} = J^{μ a}(t), we choose the following ansatz [30] for the fields, along with external source as:

A^a_μ = δ^a_μ f_a(t), A^{μa} = g^{μa} f_a(t), J^{μa} = g^{μa} j_a(t), (6)

where a = 1, 2, 3, μ = 1, 2, 3 (x_1 = t, x_2 = x, x_3 = y) and g_{μν} = diag(+, −, −). Note that there is no summation for a. Although we are restricting to purely time dependent gauge field configurations, our theory is Lorentz covariant. And this symmetry permits us always to boost our solutions to a frame which is moving with some non-zero relative velocity. Hence, the solutions that we will be discussing henceforth can well be thought of as wave packets with a functional form: f (k_μx^μ). With abovementioned ansatz, the equations of motion can be written in explicit component form as

Mg f_2 f_3 + g^2 f_1( f^2_2 + f^2_3 ) = j_1, Mg f_1 f_3 − f̈_2 + g^2 f_2( f^2_1 − f^2_3 ) = j_2, Mg f_1 f_2 − f̈_3 + g^2 f_3( f^2_1 − f^2_2 ) = j_3, (7) M ḟ_2 + g( ḟ_1 f_3 + 2 f_1 ḟ_3) = −j_2, M ḟ_3 + g( ḟ_1 f_2 + 2 f_1 ḟ_2) = −j_3,

where ḟ_a denotes derivative with respect to time. Notice, that this system has only finite number of degrees of freedom, and hence finite dimensional phase space.

Our goal of solving nonlinear PDEs (5) is reduced to finding non-trivial solutions for the above system of coupled ordinary differential equations. To this end let us set f_1 = κ (a constant) and take f_2 = f_3 = f (t). With j_1 = 0 the first equation in the above set gives κ = −M/2g. Now we set j_2 = j = j_3 = j to get

f̈ (t) + M^2 4 f (t) + g^2 f (t)^3 + j(t) = 0, (8)

which when solved would give information about dynamics of this model. When j(t) is absent this equation reduces to an elliptic differential equation, whose solutions can be expressed in terms of elliptic functions. Unlike linear differential equations, the above equation does not allow general solution for any arbitrary function j. Instead, only special solutions for certain form of j can be found. At this point, we emphasize that for propagating solitons (in co-moving frame), the equations of motion of YMCS field coupled to an external source, yield nonlinear Scrodinger equation interacting with an external source. Inspired by this fact, we investigate the localized solutions of Eq. (8) for j(t) = j [31, 32].

Further, in this case, solution to above equation is related to Jacobi elliptic functions via a conformal (Möbius) transformation, which amounts to say that:

f (t) =

A + B ϕ(t, m) C + D ϕ(t, m)

. (9)

Here A, B, C & D are real constants, such that AD − BC ≠ 0, and ϕ(t, m) is one of the twelve Jacobi elliptic functions, which satisfy a differential equation of the kind:

ϕ̈ + aϕ + bϕ^3 = 0, (10)

with a & b being real constants. These Jacobi elliptic functions are generalization of circular and hyperbolic trigonometric functions [33]. Each of these functions, is characterised by a modulus parameter m, for example, the elliptic function cn(x, m) goes to cos(x) in the limit m → 0, and to sech(x) when m → 1. Although for m > 1 these elliptic functions are defined, they can be rewritten in terms of elliptic functions with 0 < m < 1. The first integral of Eq. (10) is

E_0 = ϕ̇^2 2 − aϕ^2 2 − bϕ^4 4 , (11) and substituting (9) in equation (8), one ends up to get consistency conditions in equation parameters and the solution parameters:

− 4BCDE_0 + 4AD^2E_0 +

M^2 4 AC^2 + g^2 A^3 + jC^3 = 0, (12)

aBC^2 − aACD +

M^2 4 BC^2 +

M^2 2 ACD + 3g^2A^2B + 3jC^2D = 0, (13)

− aBCD + aAD^2 +

M^2 2 BCD +

M^2 4 AD^2 + 3g^2AB^2 + 3jCD^2 = 0, (14)

bBC^2 − bACD +

M^2 4 BD^2 + g^2B^3 + jD^3 = 0. (15)

Equations (12) to (15) can be solved in terms of solution parameters and equation parameters to give:

E_0 = − bAC^3 + aBC^2D + aACD^2 4BD^3

, (16)

M^2 = 4

−3bAC^2 − 2aBCD − aAD^2

D(−BC + AD)

, (17)

g^2 =

−bC^3 − aCD^2 B(BC − AD)

, (18)

j = − bABC^2 + bA^2CD + aB^2CD + aABD^2 D^2(BC − AD)

. (19)

By choosing various values for A, B, C & D, we get a spectrum of values for the equation parameters for which above considered ansatz is a solution. For example, for ϕ = cn(t, m), a = 2m − 1 and b = −2m, and above relations with these values determine the equation parameters for which this ansatz is a solution. Interestingly, for m = 1, this choice of ansatz yields dark and bright localized solitons, which are of the type: f = A + B Sech(t) C + D Sech(t)

. (20)

When AD > BC one gets dark solitons, and when AD < BC one gets bright solitons (and ofcourse if AD = BC then there is only trivial solution), and for C = 1 and D = −2, f (t) will become a singular solution. On the other hand, when m = 0, one gets periodic solutions of the kind: f = A + B Cos(t) C + D Cos(t)

. (21)

Another interesting class of explicit solutions of this dynamical system emerges by choosing ϕ = sn(t, m). This case, in the limit of elliptic modulus m-¿1 yields kink-type of solution. Hence, various possible choice of elliptic functions and possible values for A, B, C & D, which ensure the positivity of M^2 and g^2, yield various valid solutions to equation (8). An interesting point to notice is that, the solutions are necessarily defined over a constant background A C , which is present as a consequence of a constant source term. Hence, the solutions found above do not obey equation (5) with the usually assumed boundary conditions A^{μa} → 0 as x, y → ±∞.

One may wonder, whether this model (8) exhibits chaos or not, for some nontrivial j(t). For, j(t) = Cos(t), equation (8) resembles the famous forced Duffing oscillator, which is a standard example to demonstrate chaotic dynamics. Unfortunately, positivity of M^2 and g^2, does not allow this model to exhibit chaos, which requires any one of these to be negative. Hence, we conclude that this model, defined by (8), can not be made chaotic by coupling it with an external source.

IV. CONCLUSION

We have shown that Yang-Mills Chern-Simons theory coupled to a constant external current density, yields a host of interesting solutions, from localised soliton type to periodic solutions of infinite extent. The solutions are necessarily defined over a nonzero constant background. It has been shown that this model, to the extent of validity of the ansatz, can not exhibit chaos. It worth mentioning here that if the sources are not external, but say are dynamic like a Higgs field, then such a system indeed exhibits chaos [17, 18, 29, 30]. It is interesting to speculate about the quantum theory defined over above dicussed ground states. We think such a study would certainly be relevant for understanding nonperturbative aspects of low dimensional gauge theories, specially it may be relevant for quantum Hall effect physics. Finally, we think that the technique employed here may be helpful in understanding the semiclassical and nonperturbative dynamics of other gauge theories.

Acknowledgements:- We thank Prof. Prasanta K. Panigrahi for his careful reading of this manscript and many insightful discussions. The major part of this work was done while VMV was in Physical Research Laboratory, Ahmedabad; and he acknowledges moral and finanical support recieved from them.

[1] X. Wen, Quantum field theory of many-body systems: from the origin of sound to an origin of light and electrons, Oxford University Press, New York, 2004.

[2] G. Baskaran, P. W. Anderson, Phys. Rev. B 37 (1988) 580.

[3] A.H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, A. K. Geim, Rev. Mod. Phys. 81 (2009) 109. [4] I. Affleck, Z. Zou, T. Hsu, P. Anderson, Phys. Rev. B 38 (1988) 745. [5] A. Gangopadhyaya, P. Panigrahi, Phys. Rev. B 44 (1991) 9749. [6] S. Deser, R. Jackiw, S. Templeton, Phys. Rev. Lett. 48 (1982) 975. [7] A. N. Redlich, Phys. Rev. Lett. 52 (1984) 18.

[8] K. S. Babu, A. Das, P. Panigrahi, Phys. Rev. D 36 (1987) 3725. [9] F. Wilczek, A. Zee, Phys. Rev. Lett. 51 (1983) 2250. [10] F. Wilczek, Phys. Rev. Lett. 48 (1982) 1144. [11] A. M. Polyakov, Mod. Phys. Lett. A 3 (1988) 325. [12] E. Witten, Nuc. Phys. B 311 (1988) 46. [13] E. Witten, Commun. Math. Phys. 117 (1988) 353.

[14] G. Dunne, R. Jackiw, S. Pi, C. Trugenberger, Phys. Rev. D 43 (1991) 1332.

[15] G. Dunne, Lectures given at Les Houches Summer School in Theoretical Physics, Session 69: Topological Aspects of Lowdimensional Systems, Les Houches, France (1998) 7.

[16] S. Paul, A. Khare, Phys. Lett. B 174 (1986) 420.

[17] M. Sriram, C. Mukku, S. Lakshmibala, B. Bambah, Phys. Rev. D 49 (1994) 4246. [18] B. A. Bambah, S. Lakshmibala, C. Mukku, M. S. Sriram, Phys. Rev. D 47 (1993) 4677.

[19] T. T. Wu, C. N. Yang, in Properties of matter under unusual conditions, edited by K. Mark and S. Fernbach, Interscience, New York, 1969.

[20] S. Coleman, Phys. Lett. B 70 (1977) 59.

[21] G. ’t Hooft, Nucl. Phys. B 79 (1974) 276; A. M. Polyakov, JETP Lett. 20 (1974) 194. [22] A. A. Belavin, A. M. Polyakov, A. S. Shvarts, Yu.S. Tyupkin, Phys. Lett. B 59 (1975) 85. [23] V. de Alfaro, S. Fubini, G. Furlan, Phys. Lett. B 65 (1976) 163. [24] A. Das, Integrable models, World Scientific, Singapore, 1989.

[25] M. Lakshmanan, S. Rajasekar, Nonlinear dynamics: integrability, chaos, and patterns, Springer Verlag, Berlin, 2003. [26] C. H. Oh, L. C. Sia, R. Teh, Phys. Rev. D 40 (1989) 601. [27] J. Wudka, J. L. Díaz-Cruz, Phys. Rev. D 41 (1990) 581. [28] C. H. Oh, Phys. Rev. D 42 (1990) 1246. [29] C. H. Oh, K. K. Loh, Phys. Rev. D 46 (1992) 836.

[30] D. Ebert, V. C. Zhukovsky, M. V. Rogal, Phys. Rev. D 65 (2002) 065017. [31] T. S. Raju, C. N. Kumar, P. K. Panigrahi, J. Phys. A 38 (2005) L271. [32] V. M. Vyas, T. S. Raju, C. N. Kumar, P. K. Panigrahi, J. Phys. A 39 (2006) 9151.

[33] M. Ablowitz, A. Fokas, Complex variables: introduction and applications, Cambridge University Press, Cambridge, 2003.