arXiv:hep-th/0106003 1 Jun 2001

The Multi-field Complex Bateman Equation

D.B. Fairlie^�

Department of Mathematical Sciences University of Durham, Durham DH1 3LE

June 1, 2001

Abstract

The multi-field generalisation of the Bateman equation arises from considerations of the continuation of String and Brane equations to the case where the base space is of higher dimension than the target space. The complex extension of this equation possesses a remarkably large invariance group, and admits a very simple implicit form for its general solution, in addition to the special case of holomorphic and anti-holomorphic explicit solutions. A class of inequivalent Lagrangians for this equation is discovered.

�e-mail: david.fairlie@durham.ac.uk 1

1 Introduction

In a recent attempt to extend the inference from the point particle Lagrangian to the Klein Gordon Lagrangian, the concept of of a Companion Lagrangian associated with Strings and Branes was introduced [1, 2]. Another way of thinking about it is to consider the continuation of the String and Brane Lagrangians to the situation where the base space is of higher dimensionality than the target space. The simplest example, of the point particle in two dimensions gives rise to the well known Bateman equation; ( ∂ϕ ∂x_1 )2 ∂^2ϕ ∂x^2 + ( ∂ϕ ∂x_2 )2 ∂^2ϕ ∂x^2_1 − 2 ( ∂ϕ ∂x_1 ) ( ∂ϕ ∂x_2 ) ∂^2ϕ ∂x_1∂x_2 = 0. (1)

This equation and its multi-field generalisations, which are the equations of motion for the higher dimensional Companion Lagragians have been extensively studied, and are known to be integrable[3, 4, 5, 6]. Recently a complex version of the Bateman equation, and its generalisation to higher space dimensions has been shown to possess a remarkably elegant implicit solution by Leznov[7, 8]. One of the puzzles with this equation is that there is no evident Lagrangian formalism for it. The purpose of this paper is to redress this omission and construct a Lagrangian for the Complex Bateman equation and its multi-field generalisation, and to find the general solution of the latter. The equations presented here are no worse than second order, are covariant and possess reparametrisation invariance. Their solutions, though implicit, are contained in an elegant series of equations. Among the class of explicit solutions there exists a simple generalisation of the holomorphic plus anti-holomorphic function solution of the two dimensional Laplace equation.

2 The Complex Bateman equation

The Complex Bateman equation ∂ϕ ∂x_1 ∂ϕ ∂y_1 ∂^2ϕ ∂x_2∂y_2 + ∂ϕ ∂x_2 ∂ϕ ∂y_2 ∂^2ϕ ∂x_1∂y_1 − ∂ϕ ∂x_1 ∂ϕ ∂y_2 ∂^2ϕ ∂x_2∂y_1 − ∂ϕ ∂x_2 ∂ϕ ∂y_1 ∂^2ϕ ∂x_1∂y_2 = 0, (2) where (y_1, y_2) may be thought of as complex conjugates of (x_1, x_2), is an equation with a huge invariance group. It is covariant; if ϕ is a solution, so is any differentiable function of ϕ. It is also reparametrisation invariant under both reparametrisations of the variables (x_1, x_2) and (y_1, y_2). It may be solved completely in terms of two arbitrary functions H(ϕ, y_1, y_2) and K(ϕ, x_1, x_2) which are constrained to be equal[7];

H(ϕ, y_1, y_2) = K(ϕ, x_1, x_2). (3)

The solution of this equation for ϕ gives an implicit solution to (2), and the form of the solution reflects the statements made about the invariance group of the equation. An equivalent form of the solution occurs much earlier in the literature, [9]. The elimination of ψ from the pair of equations for two arbitrary functions of four variables;

F (ϕ, ψ, x_1, x_2) = 0; G(ϕ, ψ, y_1, y_2) = 0, (4)

gives an implicit realisation of the general solution. Each member of the pair ∂u ∂y_1 = v ∂u ∂y_2 (5) ∂v ∂x_1 = u ∂v ∂x_2 (6) when u = ∂ϕ ∂x1 ∂ϕ ∂x2 ; v = ∂ϕ ∂y1 ∂ϕ ∂y2 separately implies (2). Furthermore, these last pair of equations follow from (5,6) under the hypothesis that u is a function of three variables; (ϕ, x_1, x_2) and v = v(ϕ, y_1, y_2). The resulting constraints arising from the two different expressions for u, v, namely

u(ϕ, x_1, x_2) = ∂ϕ ∂x1 ∂ϕ ∂x2 ; v(ϕ, y_1, y_2) = ∂ϕ ∂y1 ∂ϕ ∂y2 both separately imply the complex Bateman equations by themselves. The clue as to how to discover a Lagrangian lies in the second formulation of the solution; It turns out that the introduction of the second function is crucial and a possible Lagrangian is (reverting to a notation in which subscripts denote derivatives)

L = (ψ_{x1} ϕ_{x2} − ψ_{x2} ϕ_{x1} ) ( ϕ_{y1} ϕ_{y2} ) + c.c.. (7)

Note that this Lagrangian is singular. The equation of motion which comes from variations in the field ψ is simply ∂ ∂x_1 ( ϕ_{x2} ϕ_{y1} ϕ_{y2} ) − ∂ ∂x_2 ( ϕ_{x1} ϕ_{y1} ϕ_{y2} ) (8) = 1 ϕ^2_{y2}

(ϕ_{x2} ϕ_{y2} ϕ_{x1y1} − ϕ_{x2} ϕ_{y1} ϕ_{x1y2} − ϕ_{x1} ϕ_{y2} ϕ_{x2y1} + ϕ_{x1} ϕ_{y1} ϕ_{x2y2} ) = 0.

This is just the equation of motion (2). When variations in the field ϕ are considered, and (2) is imposed, the resulting equation implies that ψ may be taken to be any differentiable function of ϕ. Thus the equations of motion are (2) for both ϕ and ψ since the equation of motion is also satisfied by any function of ϕ. Just as the real Bateman equation possesses an infinite number of inequivalent Lagrangians, dependent only upon the first derivatives of the field [3], so does the complex Bateman equation. Any Lagrangian of the form

L = (ψ_{x1} ϕ_{x2} − ψ_{x2} ϕ_{x1} ) K(ϕ_{y1} , ϕ_{y2} ) + c.c. (9)

will do where K(ϕ_{y1} , ϕ_{y2} ) is of weight zero in its arguments, i.e. ϕ_{y1} ∂K ∂ϕ_{y1} + ϕ_{y2} ∂K ∂ϕ_{y2} = 0.

Note further that under a combined reparametrisation of the pairs of independent variables, the first term in (9) simply transforms as the Jacobian of the transformation of (x_1, x_2).

2.1 Explicit Solutions

An evident and possibly useful explicit solution of the equation of motion is to take ϕ = f(x_1, x_2) + g(y_1, y_2), (10) where f and g are arbitrary ‘holomorphic’ and ‘anti-holomorphic’ functions. These solutions come from the general formalism (3) by setting, for example K = ϕ − f(x_1, x_2) H = g(y_1, y_2). If either f or g vanishes, if one is not too fastidiously rigorous the action is zero. Inserting as a trial solution ϕ = ax_1y_1 + bx_1y_2 + cx_2y_1 + dx_2y_2 the right hand side of (2) reproduces

(ad − bc)(ax_1y_1 + bx_1y_2 + cx_2y_1 + dx_2y_2)

so any function of this quadratic will be a solution if ad − bc = 0.

3 Multi-field Generalisation

The extension to the complex form of the multi-field Bateman follows the pattern of that for two fields ϕ and ψ dependent upon six co-ordinates three designated by (x_1, x_2, x_3) and three others by (y_1, y_2, y_3) which may be regarded as their complex conjugates. The equations of motion are

det

| | | | | | | | | | |

0 0 ϕ_{y1} ϕ_{y2} ϕ_{y3} 0 0 ψ_{y1} ψ_{y2} ψ_{y3} ϕ_{x1} ψ_{x1} ϕ_{x1y1} ϕ_{x1y2} ϕ_{x1y3} ϕ_{x2} ψ_{x2} ϕ_{x2y1} ϕ_{x2y2} ϕ_{x2y3} ϕ_{x3} ψ_{x3} ϕ_{x3y1} ϕ_{x3y2} ϕ_{x3y3}

| | | | | | | | | | | = 0, (11)

together with another equation in which second derivatives of ϕ are replaced by second derivatives of ψ. This equation exhibits directly the properties of covariance (any pair of functions of ϕ, ψ are solutions if ϕ and ψ are) as well as reparametrisation invariance in redefinitions of (x_1, x_2, x_3) and also of (y_1, y_2, y_3) The surprising result is that the general solution to these equations is obtained by taking four arbitrary functions of five variables set equal in pairs;

U^1(ϕ, ψ, x_1, x_2, x_3) = V^1(ϕ, ψ, y_1, y_2, y_3), (12) U^2(ϕ, ψ, x_1, x_2, x_3) = V^2(ϕ, ψ, y_1, y_2, y_3). (13)

This claim may be verified by differentiating the first equality twice; first with respect to x_i, then with respect to y_j, multiplying by the Jacobians J_i = ϵ_{ikl}ϕ_{xk} ψ_{xl} and J̄_j = ϵ_{jkl}ϕ_{yk} ψ_{yl} and summing over i, j. All terms without a second derivative of either ϕ or ψ disappear and we obtain ( ∂U^1 ∂ϕ − ∂V^1 ∂ϕ ) J_iJ̄_jϕ_{xiyj} + ( ∂U^1 ∂ψ − ∂V^1 ∂ψ ) J_iJ̄_jψ_{xiyj} = 0. (14)

This gives a linear combination of the two equations for ϕ, ψ. In the generic case the second equality (13) gives a linearly independent combination of the same equations, ∑ i,j J_iJ̄_jϕ_{xiyj} = 0; ∑ i,j J_iJ̄_jϕ_{xiyj} = 0, (15)

which are just another way of writing (11) and the corresponding equation with second order ψ derivatives. The arbitrariness in the choice of functions corresponds to the arbitrariness in the general solution. The equations may also be expressed in a first order form of equations of hydrodynamic type by introducing the Jacobians

u_1 = ϕ_{x1} ψ_{x2} − ϕ_{x2} ψ_{x1} ϕ_{x2} ψ_{x3} − ϕ_{x3} ψ_{x2} u_2 = ϕ_{x3} ψ_{x1} − ϕ_{x1} ψ_{x3} ϕ_{x2} ψ_{x3} − ϕ_{x3} ψ_{x2}

, (16)

v_1 = ϕ_{y1} ψ_{y2} − ϕ_{y2} ψ_{y1} ϕ_{y2} ψ_{y3} − ϕ_{y3} ψ_{y2} v_2 = ϕ_{y3} ψ_{y1} − ϕ_{y1} ψ_{y3} ϕ_{y2} ψ_{y3} − ϕ_{y3} ψ_{y2}

. (17)

The equations take the form ∂u_1 ∂y_1 + v_1 ∂u_1 ∂y_3 + v_2 ∂u_1 ∂y_2 = 0, (18) ∂u_2 ∂y_1 + v_1 ∂u_2 ∂y_3 + v_2 ∂u_2 ∂y_2 = 0, (19) ∂v_1 ∂x_1 + u_1 ∂v_1 ∂x_3 + u_2 ∂v_1 ∂x_2 = 0, (20) ∂v_2 ∂x_1 + u_1 ∂v_2 ∂x_3 + u_2 ∂v_2 ∂x_2 = 0. (21)

Compare the situation for the real case in [1]. Here there are just two equations; ∂u_1 ∂x_1 + u_1 ∂u_1 ∂x_3 + u_2 ∂u_1 ∂x_2 = 0, ∂u_2 ∂x_1 + u_1 ∂u_2 ∂x_3 + u_2 ∂u_2 ∂x_2 = 0. (22)

Under the assumption that both u_1 and u_2 depend upon a pair of functions ϕ, ψ, the Companion Equations for Strings in three dimensions results; if however u_1 and u_2 depend only upon a single function ϕ(x_1, x_2, x_3) then the outcome is the so-called Universal Field Equation [3] for ϕ in three dimensions;

det | | | | | | | |

0 ϕ_{x1} ϕ_{x2} ϕ_{x3} ϕ_{x1} ϕ_{x1x1} ϕ_{x1x2} ϕ_{x1x3} ϕ_{x2} ϕ_{x2x1} ϕ_{x2x2} ϕ_{x2x3} ϕ_{x3} ϕ_{x3x1} ϕ_{x3x2} ϕ_{x3x3}

| | | | | | | | = 0.

This assertion is proved in generality in [10]. In the complex case, it is shown in [8] that the equations (extended to arbitrary dimension) reproduce the complex form of the Bateman equation in higher dimensions; if on the other hand the functions u_1, u_2, v_1, v_2 are regarded as dependent upon five variables, u_i = u_i(ϕ, ψ, x_1, x_2, x_3) and v_i = v_i(ϕ, ψ, y_1, y_2, y_3) then the multifield Bateman equation (11) results. To see this notice that that under this hypothesis (18) and (19) yield ∂u_1 ∂ϕ (ϕ_{y1} + v_1ϕ_{y3} + v_2ϕ_{y2} ) + ∂u_1 ∂ψ (ψ_{y1} + v_1ψ_{y3} + v_2ψ_{y2} ) = 0, ∂u_2 ∂ϕ (ϕ_{y1} + v_1ϕ_{y3} + v_2ϕ_{y2} ) + ∂u_2 ∂ψ (ψ_{y1} + v_1ψ_{y3} + v_2ψ_{y2} ) = 0.

The solution of these equations is simply given by the pair of equations (17). Similarly the solution of (20) and (21) gives (16) and thus the equations of motion are reproduced. The consistency of the pair of equations (16) under the assumption of the functional dependence u_i = u_i(ϕ(x_j, y_j), ψ(x_j, y_j), x_1, x_2, x_3) itself implies the multi-field equations. If instead u_i = u_i(ϕ(x_j, y_j), x_1, x_2, x_3) so there is no dependence upon ψ , and the same for v_i then (18) and (19) are the same equation for ϕ. This equation, together with the three others obtained by partial differentiation with respect to (y_1, y_2, y_3) are linear equations whose eliminant is the complex Bateman equation in three dimensions[8]. Thus it appears that the first order equations are more fundamental, giving rise to different possibilities for second order equations, depending upon the assumptions made about the dependence of the functions (u_j, v_j) upon the dependent variables in the second order equations.

3.1 Multi-field Lagrangian

The Lagrangian can be constructed along similar lines to that for the single field; one choice is L = ∂(ϕ, ψ, θ) ∂(x_1, x_2, x_3) v_1 + c.c. (23)

Variation with respect to θ gives a combination of the equations of motion for ϕ and ψ; variations with respect to the latter fields yields other linear combinations which together imply (11) and that θ is a function of ϕ and ψ, in much the same manner as the single field case. A more general choice is L = ∂(ϕ, ψ, θ) ∂(x_1, x_2, x_3)

K(ϕ_{y1} , ϕ_{y2} , ϕ_{y3} , ψ_{y1} , ψ_{y2} , ψ_{y3} ), (24) where K is a homogeneous function, of weight zero in both sets of derivatives; i.e. ϕ_{y1} ∂K ∂ϕ_{y1} + ϕ_{y2} ∂K ∂ϕ_{y2} + ϕ_{y3} ∂K ∂ϕ_{y3} = 0, ψ_{y1} ∂K ∂ψ_{y1} + ψ_{y2} ∂K ∂ψ_{y2} + ψ_{y3} ∂K ∂ψ_{y3} = 0.

In addition we require ψ_{y1} ∂K ∂ϕ_{y1} + ψ_{y2} ∂K ∂ϕ_{y2} + ψ_{y3} ∂K ∂ϕ_{y3} = 0, ϕ_{y1} ∂K ∂ψ_{y1} + ϕ_{y2} ∂K ∂ψ_{y2} + ϕ_{y3} ∂K ∂ψ_{y3} = 0.

A small Lemma is appropriate here;

Lemma: If K(ϕ_{yj} , ψ_{yj} ) is homogeneous of degree m in the derivatives ϕ_{yj} and of degree n in the derivatives ψ_{yj} , then either ∑ j ϕ_{yj} ∂K ∂ψ_{yj} has the

respective homogeneities m+1, n−1 or else is zero. The latter option should be chosen here. As in the previous case if both ϕ and ψ are able to be split into holomorphic and anti-holomorphic contributions, then this will be an explicit solution of the equations of motion. The general pattern becomes clear; the equations of motion for N fields in N + 1 dimensions take the form of (11) and the general solution will be obtained from the solution of N equations of the form U^i(ϕ^j, x_1, . . . , x_{N+1}) = V^i(ϕ^j, y_1, . . . , y_{N+1}). (25) This claim is proven by a similar argument to that for the case where N = 2;

The Lagrangian takes a similar form of a Jacobian in one set of derivatives multiplied by a homogeneous function of degree zero in the other. If the dimensions of the base space D are greater than N + 1, then the equations of motion take the form of a linear combination of ( D N+1 ) equations of the above structure, with a class of solutions formed from combining those for the basic units as in the real case[1].

4 Conclusions

The Complex Bateman equation and its multi-field generalisations may be taken as a paradigm for the study of systems with covariant solutions and a high degree of reparametrisation invariance. They are a natural extension of the equations of motion which arise from the idea of a Companion Lagrangian for Strings and Branes [1, 2], and admit an infinite number of inequivalent Lagrangians. They admit explicit solutions which are a linear combination of holomorphic and anti-holomorphic functions, and their general solution is very simply characterised in implicit form in terms of the solution of a set of equalities. Further developments which may be anticipated are the discovery of a larger class of Lagrangians, which will treat the two sets of co-ordinates on a more equal footing. A connection is made with a series of first order equations of hydrodynamic type which are more fundamental, as they yield different possibilities for the resulting second order equations, according to the functional dependencies assumed for the ‘velocities’ in these first order equations. This situation calls for further investigation. Some consideration has been given to the question of how to connect the appearance of covariance in the real multi-field equations with the usual signal for the presence of a covariant derivative [11], and a similar question may be asked of this complex version.

Acknowledgement

The author is indebted to the Leverhulme trust for the award of an Emeritus Fellowship.

References

[1] L.M. Baker and D.B. Fairlie, Companion Equations for Branes, (1999) , Journal of Mathematical Physics 41 (2000) 4284-4292.

[2] L.M. Baker and D.B. Fairlie, Hamilton-Jacobi equations and Brane associated Lagrangians, Nuclear Physics B596 (2001) 348-364.

[3] D.B. Fairlie, J. Govaerts and A Morozov, Universal Field Equations with Covariant Solutions, Nuclear Physics B 373 (1992) 214-232.

[4] D.B. Fairlie and J. Govaerts, Universal Field Equations with Reparametrisation Invariance, Physics Letters B 281 (1992) 49-53.

[5] D.B. Fairlie and J. Govaerts, Euler Hierarchies and Universal Equations, Journal of Mathematical Physics.33 (1992) 3543-3566.

[6] D.B. Fairlie and J. Govaerts,Linearisation of Universal Field Equations, J. Phys A26 (1993) 3339-3347.

[7] D.B.Fairlie and A.N. Leznov, The Complex Bateman Equation, Letters in Math. Physics 49(1999) 213-216.

[8] D.B.Fairlie and A.N. Leznov, The Complex Bateman equation in a space of arbitrary dimensions, Journal of Mathematical Physics 42 (2001) 453- 462.

[9] T. Chaundy, The Differential Calculus Oxford University Press (1935) p. 328.

[10] D.B.Fairlie, Integrable Systems in Higher Dimensions Quantum Field Theory, Integrable Models and Beyond Editors. T. Inami and R. Sasaki Progress of Theoretical Physics Supplement 118 (1995) 309-327.

[11] D.B. Fairlie and T. Ueno, Covariant formulation of Field Theories associated with p-Branes, J. Phys A 34 (2001) 3037-3046.