It follows from the convergence of (1 + z/d)^d to e^z that the F_d converge locally uniformly and dynamically to F_∞. In fact, the function F_∞(λ, ·) has no critical value and the single asymptotic value − ( 1 +^1_2 e^λ ) . The function F_d(λ, ·) has the single critical value − ( 1 − 1 d + 1 2 ( 1 + λ/d )_d ) . The origin is a fixed point for the F_d and it is attracting if its multiplier is smaller than one in absolute value, in which case the unique singular value is attracted to the origin. The curve given by

|M_d(0)| = | | | ( 1 − 1 d + 1 2 ( 1 + λ d )_d )| | | = 1

is the boundary of a component of H_1(F_d). This component gets pinched near the critical point −d as the degree d is increased; see Figure 4. In a similar fashion the curve defined by

|M_∞(0)| = | |(1 +^1_2 e^λ) | | = 1

FIGURE 4. The hyperbolic components of F_4, F_{16}, F_{256} and F_∞ from Example 5.3.

is the boundary of components of H_1(F_∞). But this curve bounds infinitely many hyperbolic components that have ∞ as a common point on their boundary; see Figure 4 (lower right).

Consequently the above hyperbolic component

of H1(Fd) will never lie in an ε-neighborhood of

any of the infinitely many components of H_1(F_∞), no matter how big d is. This shows that hyperbolic components do not converge in the Hausdorff metric in general. However, the approximating family has Property C (see Section 9), and by the Main Theorem the 1-layers H_1(F_d) converge to the 1- layer H_1(F_∞). Furthermore, the hyperbolic components do converge as kernels, according to Theorem 8.1 in Section 8.

In this counterexample the dependence on the parameter is the key. We conjecture that, if the families depend on the parameter “in a natural way”, like it is the case for all our other examples, the hyperbolic components themselves converge with respect to the Hausdorff metric.

6. EXAMPLE: SUBHYPERBOLIC COMPONENTS

In this section we consider the example from [Fagella 1995], which shows up in the study of the complex standard family. The family G∞(λ, z) = λze^z is approximated dynamically by the polynomial families

Qd(λ, z) = λz^(1 +^z_d^{)d} .

The limit family G_∞ has two singular values: the asymptotic value 0 and the critical value −λ/e. For all λ ∈ C the singular value 0 is a fixed point with multiplier λ. As a consequence, Q_d(λ, z) can only have hyperbolic components for |λ| < 1. By definition, G_∞(λ, ·) is subhyperbolic if each singular value is preperiodic or absorbed by an attracting cycle. We define the set

H^s(G∞) :=

Int ({λ ∈ C : G_∞(λ, ·) is subhyperbolic}) , and see that λ ∈ H^s(G_∞) if and only if c(λ) = −λ/e is attracted to an attracting cycle, so that we can consider c(λ) as the free singular value. We call a component of H^s(G_∞) a subhyperbolic component. Like for hyperbolic components we can define the m-layers

H^s_m(G∞) := { λ∈ C : c(λ) is in the basin of a

minimal m-cycle of G_∞(λ,·) } , which gives the partition

H^s(G∞) =^{˙⋃}_{m∈N}H^s_m(G∞) .

The functions Q_d(λ, ·) also have two singular values, namely the critical value 0, which is again a fixed point, and the (free) critical value c_d(λ) := −λ ( 1 − 1 d + 1

)_{(d+1)} . In complete analogy we define subhyperbolic components and the m-layers H^s_m(Q_d) that partition the set H^s(Q_d).

With these slight modifications in the definitions we can use the same arguments as given in Section 8 to obtain the following general result for m-layers of subhyperbolic components.

Theorem 6.1. If the approximating families have Property C , then every m-layer H^s_m(F_∞) is the limit of a sequence of m-layers {H^s_m(F_d)} as d tends to infinity.

The estimate used in [Fagella 1995] to prove pointwise convergence of the hyperbolic components can be used to show Property C; compare Section 9. As a consequence each m-layer H^s(Q_d) converges in the Hausdorff metric to H^s(G_∞), which is illustrated in Figures 5 and 6.

7. EXAMPLE: THE LIMIT SHAPE OF THE UNICORNS

In this section we apply our results to the families of anti-holomorphic maps P̄_d(λ, z) = λ ( 1 + z̄ d )d .

This family converges to Ē(λ, z) = λe^{z̄}. We begin with some background information. Consider the anti-holomorphic families A_d(z) := z̄^d +c, where c is a complex parameter, and define the sets

M^∗_d := {c ∈ C : {A^{∘n}_d (0)} stays bounded} .

These sets are the connectedness loci of the maps A_n and are called multicorns due to their shapes. Best known is the tricorn M^∗_2, the anti-holomorphic counterpart of the Mandelbrot set M_2. The name tricorn was introduced by Milnor, who found it in the parameter space of cubic holomorphic maps; see [Milnor 1992]. It is known to be locally disconnected and has been studied in [Crowe et al. 1989; Winters 1990]. In [Nakane 1993] it is shown that the tricorn is in fact connected, so that external angles can be introduced in the same way as for the Mandelbrot set. In fact all multicorns are connected (but not locally connected) as is shown in [Nakane and Schleicher ≥ 1997]. The multicorn M^∗_d is symmetric with respect to the group D_{d+1}, generated by the rotation over 2π/(d + 1) around 0, and by the reflection in the real axes. By means of defining λ := d c^{(d−1)} one can divide out the rotational symmetry, that is, the group Z_{d+1}. As a result one gets the unicorn, the connectedness locus of the map P̄_d, which can be defined as

U_d := { c ∈ C : {^¯P^{∘n}_d (0)} stays bounded^} ;

compare [Lau and Schleicher 1996].

We want to make some sense of the question: what is the limit shape of the unicorns? The answer is provided by the convergence of the P̄_d to Ē, so that we need to consider the set

U_∞ := { c ∈ C : {^¯E^{∘n}(0)} stays bounded^} .

A first study of the parameter space of Ē can be found in [Baker and Rippon 1989]. In complete analogy to the holomorphic case of the functions P_d and E from Example 5.1 we can define the m-levels

Hm(^¯Pd) of^¯Pd and investigate how they converge

FIGURE 5. The hyperbolic components of Q_1 and Q_4 of Section 6. Continued in Figure 6.

FIGURE 6. The hyperbolic components of Q_{16}, Q_{256}, Q_{65536} and G_∞ (see Section 6 and Figure 5).

to the m-levels H_m(Ē) of Ē. Again, the Generic Hyperbolicity Conjecture asserts that

H(^¯Pd) =^⋃_{m∈N} Hm(^¯Pd)

is dense in U_d, and that H(Ē) = ⋃ m∈N Hm(^¯E) is

dense in U_∞. Furthermore, it is a conjecture that U_∞ is dense in C . Hence, it makes sense to investigate the limit shape of the unicorns by looking at the convergence of m-layers; see Figures 7 and 8.

Theorem 7.1. For each m ∈ N the m-levels of P̄_d converge to the m-levels of Ē in the Hausdorff metric as the degree d goes to infinity.

Proof. The key lies in the well-known fact that the second iterate of an anti-holomorphic map is holomorphic. We study the holomorphic families Fd((λ, μ), z) = (Pd(λ, ·) ∘ Pd(μ, ·)) (z) = λ ( 1 + μ d ( 1 + z d )_d )^d , converging uniformly on compact sets to the holomorphic family F∞((λ, μ), z) = (E(λ, ·) ∘ E(μ, ·)) (z) = λ exp (μ exp(z)) ,

where (λ, μ) ∈ C^2. We find the second iterate of the original functions after choosing μ = λ̄. Note that we get the second iterates of the families P_d and E from Example 5.1 by choosing μ = λ. In other words, these two choices define one dimensional cross-sections through the two-dimensional (λ, μ)-spaces of the above families. The two sections intersect in the line of real λ-values, so that the unicorn U_d and the Mandelbrot set M_d coincide there. We restrict to the section

M =^{(λ, μ) ∈ C^2 : μ =^¯λ^} ,

which clearly is a complex manifold biholomorphically equivalent to C . Note that, under iteration of

F∞((λ,^¯λ), ·), the singular value e^{λ̄} converges to an

attracting cycle exactly when λ does, even though the two orbits are disjoint. Consequently, we may

FIGURE 7. The hyperbolic components of P̄_2 and P̄_4 (see Section 7). Continued in Figure 8.

FIGURE 8. The hyperbolic components of P̄_{16}, P̄_{256}, P̄_{65536} and Ē, illustrating the convergence of the unicorns (see Section 7 and Figure 7.)

consider λ as the free singular value of F_∞((λ, λ̄), ·). Because the P_d have Property C also the F_d do as is shown in Section 9. Consequently, m-layers of

Fd converge to m-layers of F∞ with respect to the

Hausdorff metric according to the Main Theorem, which gives the result on the considered cross section. In the same fashion one can get the convergence of m-layers for the anti-holomorphic counterparts of other examples. �

8. PROOF OF THE MAIN THEOREM

The proof of the Main Theorem makes use of the kernel convergence of hyperbolic components. Recall that a connected open set H_∞ is the kernel (in the sense of Carathéodory) of the sequence of connected open sets {H_d}, if every compact set K ∈ H_∞ lies in almost every H_d, and H_∞ is maximal with this property.

Theorem 8.1. Let F_∞ be a family of entire transcendental functions that is dynamically approximated by families of polynomials F_d. Then for each hyperbolic component H_∞ ⊂ H(F_∞) there exists a sequence {H_d} of hyperbolic components H_d ⊂ H(F_d) with H_∞ as kernel.

This theorem is the main result in [Krauskopf and Kriete 1995b]. As remarked earlier, Theorem 8.1 can be extended to the case that F_∞ has infinitely many singular values, but is still dynamically approximated by the F_d, in the sense that all families have the same constant number of free singular values. This is so because in the proof we use the parametrizations for a finite number of singular values that determine hyperbolicity. This allows to extend the Main Theorem to this more general setting. Here we state and prove it for functions of finite type to keep the argument simple. Note that all present examples are from this class of functions.

Proof of the Main Theorem. This proof uses the kernel convergence combined with the crucial fact that the families F_d have Property C. We fix m ∈ N and choose a component G_∞ of H_m(F_∞). According to Theorem 8.1 the component G_∞ is kernel of a sequence {G_d} of components G_d of H(F_d). The persistence of attracting cycles shows that G_d ⊂

Hm(Fd) for almost every d ∈ N.

Now define G as the set of all λ_∞ ∈ C such that there exists a sequence {λ_d} with λ_d ∈ ∂H_m(F_d), having λ_∞ as an accumulation point. We fix λ_∞ ∈ G and have to show that λ_∞ ∈ ∂H_m(F_∞). Clearly λ_∞ ∉ H_m(F_∞).

First, we assume that λ_∞ ∉ H_m(F_∞) and that λ_∞ is an isolated point of G. Then there exists a sequence of components G_d of H_m(F_d) converging to λ_∞ in the Hausdorff metric. Let a be the multiplier of the limit cycle ω(c_∞(λ_∞)) (with respect to

F∞(λ∞, ·)). Clearly, a ∈ S^1 and we choose a root

of unity b ∈ S^1 such that b ≠ a. For each d ∈ N the mapping

φ_d : ∂G_d → S^1

that takes λ to M(ω(c_d(λ)) is a covering. Therefore, for every d ∈ N there is some λ_d such that M(ω(c_d(λ_d)) = b. Property C allows passing to the limit and we obtain b = a, a contradiction.

We now assume that λ_∞ is not an isolated point of G and want to show that λ_∞ ∈ ∂H_m(F_∞). By construction we find a sequence {λ_d} converging to λ_∞ such that for each λ_d the function F_d(λ_d, ·) has an attracting periodic point z_d of minimal period m. By Property C we have z_d ∈ D_R(0). After selecting a subsequence if necessary, passing to the limit proves that F_∞(λ_∞, ·) has z_∞ = lim_{d→∞} z_d as an indifferent periodic point. In addition, we have z_∞ ∈ D_R(0). It is possible to parametrize this periodic point on some neighborhood U of λ_∞ and thus, we find a hyperbolic component B of F_∞ with λ_∞ ∈ ∂B. Recall that z_∞ is an indifferent cycle and, hence, a bifurcation may occur. This means that for λ ∈ B the cycle ω(c_∞(λ)) is an attracting cycle of period m and that its minimal period ~m divides m.

If m = ~m then clearly B ⊂ H_m(F_∞), therefore λ_∞ ∈ ∂H_m(F_∞). To complete the proof we show that the period does not drop, that is, we show that always ~m = m. We assume now that ~m < m and use the following lemma to get a contradiction.

Lemma 8.2. Let C_∞ := ω(c_∞(λ_∞)) be a cycle of minimal period ~m and limit of attracting cycles C_d := ω(c_d(μ_d)) of F_d(μ_d, ·) of minimal period m, where lim_{d→∞} μ_d = λ_∞ and ~m|m. If ~m < m then M(ω(c_∞(λ_∞))) = 1.

Proof of Lemma 8.2. By Property C there is some periodic point z_d ∈ C_d ∩D_R(0) for every d. Passing to the limit we find a point z_∞ ∈ C_∞ ∩ D_R(0). Since ~m < m the point z_∞ is a multiple root of

(F^{∘m}_{∞,λ}1(z) − z). Differentiation shows that z∞ is a

root of ((F^{∘m}_{∞,λ}1)^′(z) − 1). �

Since λ_∞ is not an isolated point of G we find, under the assumption that λ_∞ ∉ H_m(F_∞), a nondiscrete set S ⊂ G \ H_m(F_∞) with the following property. For all λ ∈ S the function F_∞(λ, ·) has an indifferent cycle C_λ := ω(c_∞(λ)) with C_λ ∩ D_R(0) ≠ ?. Furthermore, the minimal period of C_λ is strictly smaller than m for all λ ∈ S. By Lemma 8.2 we conclude that ( F^{∘m}_{∞,λ}^{)′} (zλ) = 1 for all λ ∈ S. The Identity Theorem shows that

F∞(λ, ·) has an indifferent cycle of period m and

with multiplier 1 for every λ ∈ C , which in turn implies H(F_∞) = ?. This is a contradiction and the proof is complete. �

9. PROPERTY C

Let the functions F_d converge uniformly on compact sets to the non-constant function F_∞ and suppose that F_∞ has a cycle C_∞ of minimal period m. By a Rouché type argument one gets persistence of periodic cycles, meaning that almost all F_d have a cycle C_d of period m. A difficult open question concerns the reverse statement.

Question 9.1. If the F_d have a cycle C_d of minimal period m, can one conclude that F_∞ has a finite cycle C_∞ of period m? Under which conditions on the functions is this true?

Property C ensures that for the families under consideration limits of cycles are finite. In fact it is a big problem to prove this for a given family. One idea of showing Property C is the following. For any λ ∈ H_m(F_d) the function F_d(λ, ·) has an attracting cycle C_d of minimal period m. This means that the multiplier is bounded by one in absolute value, that is,

|M(C_d)| = | | | ∏ z∈Cd F^′_d(λ, z) | | | < 1.

If one knows a nice relation between the derivative

F^′_d and the function Fd one gets an estimate on

the product of the points in C_d. This may allow one to show the finiteness of one point in the limit, which suffices to get Property C.

This approach was used in [Devaney et al. 1986] to show the finiteness of the limits of attracting cycles for the families P_{d,λ} from Example 5.1, which is necessary even for the pointwise convergence of hyperbolic components; see also [Krauskopf 1993]. Clearly one has P^′_{d,λ}(z) = P_{d,λ}(z)/(1 + z/d), which gives | | | | ∏ z ∈ Cd P^′_{d,λ}(z) | | | | < | | | | ∏ z ∈ Cd d z z + d | | | | < 1.

It is now straightforward to show that for at least one ẑ ∈ C_d one has |ẑ| ≤ 2 for d > 2. Consequently, one gets a finite cycle in the limit. In much the same way one can show Property C for the families from Example 5.3, using the relation

F^′_d(λ, z) = (Fd(λ, z) + 1)/(1 + z/d). In [Fagella

1995] the finiteness of the limits of attracting cycles is shown for the families G_d from Section 6 with a similar argument, using the relation G^′_d(λ, z) = (d + z + d z)G_d(λ, z)/(d z + z^2).

In order to prove Property C for the families

Fd,(λ,μ) from Section 7 we use the fact that these

families are defined by composition. The estimate on the derivative of each constituent, which we know from Example 5.1, is sufficient to show Property C. Let C_d be an attracting m-cycle of F_{d,(λ,μ)} for d sufficiently large and λ ∈ K. The multiplier can then be calculated as

M(C_d) = ∏ z ∈ Cd F^′_d((λ, μ), z) = ∏ z ∈ Cd [E(λ, ·) ∘ E(μ, ·)]^′(z)

= ∏ z ∈ Cd ( E(λ, E(μ, z)) 1 + E(μ, z)/d ) ( E(μ, z) 1 + z/d )

= ∏ z ∈ Cd ( E(μ, z) 1 + E(μ, z)/d ) ( z 1 + z/d )

As above, if |M(C_d)| < 1 we have either ẑ ≤ 2 or E(μ, ẑ) ≤ 2 for some ẑ and d > 2, which gives Property C. It is clear from this calculation that one can extend the idea of using a relationship between the derivative and the function to arbitrary compositions. However, the following problem remains.

Question 9.2. If two sequences of families ^F_d and

~Fd have Property C , is it true that the composed

sequence F_d := ^F_d ∘ ~F_d has Property C ?

Finally we return to the Chebyshev polynomials from Example 5.2. The problem is that there is no nice relation between T^′_d and T_d so that the above method does not work. We believe that the families S_d and C_d have Property C, but to our disappointment we were unable to find a different method of proof.

10. ALGORITHMS

All pictures in this paper show hyperbolic components in parameter space of some family F(λ, ·) with one free singular value c(λ). The basic idea is rather simple. Choose a grid, each point representing a parameter value λ in the complex plane. Choose a maximal number of iterations itermax and a maximal period permax. For each grid point iterate the singular value c(λ) under the map F(λ,·) and check if it is attracted to some cycle of period m < itermax. If this is the case before the maximal number of iterations itermax is reached, color the point black, if not, color it white. In this fashion one gets an approximation of

⋃_{permax}

j=1 Hj, which

can be thought of as a collection of level sets of the respective multiplier maps. We typically used

itermax = 5000 and permax = 60, which gives a

good approximation of H(F). This procedure is time-consuming, but ideally suited for parallelization.

We note here that we underestimate H(F) since a point is only colored black if the orbit of the singular value is in a basin of some cycle. This is why our figures may appear emptier than figures in other publications, where a grid point is usually colored black if the orbit of the singular value does not escape off to infinity. Another difference is that Figures 1–8 show a chart near infinity, which is most interesting for the convergence addressed here. An additional advantage is that possible artifacts, typically occurring near infinity, are dramatically reduced in size. Such a chart can conveniently be computed by applying the transformation λ → λ̄^{−1} to each grid point before iterating the respective map.

In the course of the iteration one will encounter orbits that escape off to infinity. If the family

F(λ, ·) is polynomial this can be checked by test-

ing whether the iterates enter the basin of infinity, that is, become bigger than an a priori known bound. Clearly one can run into numerical problems for polynomials of very high degree, the evaluation of which is also more expensive. Note that the polynomials from Examples 5.1 and 5.3, as well as those of Sections 6 and 7, can be evaluated by essentially log_2(d) multiplications. If the family

F(λ, ·) is transcendental the situation is fundamen-

tally more difficult since infinity is an essential singularity and not an attractor. As a consequence an orbit does not necessarily go off to infinity if an iterate is larger than a prescribed bound. To make things worse, transcendental functions grow extremely fast. In our examples one needs to evaluate exp(x) for a real variable x, which gives an overflow error in double precision if |x| is bigger than about 710. We use the convention that in this case the associated point is colored black if x > 0 and white otherwise, which works well in practice; compare [Krauskopf 1993]. Note that, as a consequence of this convention, in the pictures for transcendental functions some points are colored black even though they were not shown to converge to an attracting cycle. However, since any algorithm has to cope with this problem this does not contradict the fact that our figures appear ’emptier’. These artifacts are kept to a minimum since we consider a chart near infinity.

ACKNOWLEDGMENTS

We thank W. Bergweiler, B. Branner, R. L. Devaney, N. Fagella, K. Pilgrim, P. Rippon and D. Schleicher for interesting discussions, and the referee for helpful suggestions. Krauskopf acknowledges a travel grant from the Netherlands Organization for Scientific Research (NWO).

REFERENCES

[Baker 1988] I. N. Baker, “Iteration of entire functions:

an introductory survey”, pp. 1–17 in Lectures on complex analysis (Xian, 1987), edited by C.-T. Chuang, World Sci. Publishing, Singapore, 1988.

[Baker and Rippon 1989] I. N. Baker and P. J. Rippon, “Towers of exponents and other composite maps”, Complex Variables Theory Appl. 12:1-4 (1989), 181– 200.

[Beardon 1991] A. F. Beardon, Iteration of rational functions: Complex analytic dynamical systems, Graduate Texts in Math. 132, Springer, New York, 1991.

[Bergweiler 1993] W. Bergweiler, “Iteration of meromorphic functions”, Bull. Amer. Math. Soc. (N.S.)

29:2 (1993), 151–188.

[Carleson and Gamelin 1993] L. Carleson and T. W.

Gamelin, Complex dynamics, Universitext, Springer, New York, 1993.

[Crowe et al. 1989] W. D. Crowe, R. Hasson, P. J.

Rippon, and P. E. D. Strain-Clark, “On the structure of the Mandelbar set”, Nonlinearity 2:4 (1989), 541– 553.

[Devaney et al. 1986] R. Devaney, L. R. Goldberg, and J. H. Hubbard, “A dynamical approximation to the exponential map by polynomials”, preprint, Berkeley, 1986.

[Erëmenko and Lyubich 1992] A. È. Erëmenko and M. Y. Lyubich, “Dynamical properties of some classes of entire functions”, Ann. Inst. Fourier (Grenoble) 42:4 (1992), 989–1020.

[Fagella 1995] N. Fagella, “Limiting dynamics for the complex standard family”, Internat. J. Bifur. Chaos Appl. Sci. Engrg. 5:3 (1995), 673–699.

[Kisaka 1995] M. Kisaka, “Local uniform convergence and convergence of Julia sets”, Nonlinearity 8:2 (1995), 273–281.

[Krauskopf 1993] B. Krauskopf, “Convergence of Julia sets in the approximation of λe^z by λ[1 + (z/d)]^d”, Internat. J. Bifur. Chaos Appl. Sci. Engrg. 3:2 (1993), 257–270.

[Krauskopf and Kriete 1995a] B. Krauskopf and H.

Kriete, “Hausdorff convergence of Julia sets”, Mathematica Gottingensis preprint 1, 1995. See ftp:// cfgauss.uni-math.gwdg.de/preprint/hk.95.01.ps.Z. To appear in Bull. Belgian Math. Soc. { Simon Stevin.

[Krauskopf and Kriete 1995b] B. Krauskopf and H.

Kriete, “Kernel convergence of hyperbolic components”, Mathematica Gottingensis preprint 5, 1995. See ftp://cfgauss.uni-math.gwdg.de/preprint/mg.95. 05.ps.Z. To appear in Erg. Th. Dyn. Sys.

[Krauskopf and Kriete 1996] B. Krauskopf and H.

Kriete, “A note on non-converging Julia sets”, Nonlinearity 9:2 (1996), 601–603.

[Kriete 1995] H. Kriete, “Repellors and the stability of Julia sets”, Mathematica Gottingensis preprint 4, 1995. See ftp://cfgauss.uni-math.gwdg. de/preprint/mg.95.04.ps.Z.

[Lau and Schleicher 1996] E. Lau and D. Schleicher, “Symmetries of fractals revisited”, Math. Intelligencer 18:1 (1996), 45–51. Erratum in 18:2 (1996), 53.

[Milnor 1990] J. Milnor, “Dynamics in one complex

variable: introductory lectures”, preprint #1990/5, SUNY Stony Brook, 1990.

[Milnor 1992] J. Milnor, “Remarks on iterated cubic

maps”, Experiment. Math. 1:1 (1992), 5–24.

[Nakane 1993] S. Nakane, “Connectedness of the

tricorn”, Ergodic Theory Dynamical Systems 13:2 (1993), 349–356.

[Nakane and Schleicher ˘ 1997] S. Nakane and D.

Schleicher, “On the tricorn”. In preparation.

[Rivlin 1974] T. J. Rivlin, The Chebyshev polynomials, Wiley, New York, 1974.

[Steinmetz 1993] N. Steinmetz, Rational iteration, de Gruyter Studies in Mathematics 16, de Gruyter, Berlin, 1993. Complex analytic dynamical systems.

[Winters 1990] R. Winters, Of tricorns and biquadratics, Ph.D. thesis, Boston University, 1990.

Bernd Krauskopf, Vakgroep Theoretische Natuurkunde, Vrije Universiteit Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands (berndk@nat.vu.nl, berndk@cam.cornell.edu)

Hartje Kriete, Mathematisches Institut, Georg-August Universität, 37073 Göttingen, Germany (kriete@cfgauss.uni-math.gwdg.de)

Received February 7, 1996; accepted in revised form September 13, 1996