arXiv:hep-th/0304178 v2 22 Apr 2003

hepth-0304178 ITEP-TH-23/03

Can Renormalization Group Flow End in a Big Mess?

Alexei Morozov^∗ and Antti J. Niemi^†

∗Institute of Theoretical and Experimental Physics B. Cheremushkinskaya, 25, Moscow 117259, Russia

†Department of Theoretical Physics, Uppsala University P.O. Box 803, S-75108, Uppsala, Sweden

ABSTRACT

The field theoretical renormalization group equations have many common features with the equations of dynamical systems. In particular, the manner how Callan-Symanzik equation ensures the independence of a theory from its subtraction point is reminiscent of self-similarity in autonomous flows towards attractors. Motivated by such analogies we propose that besides isolated fixed points, the couplings in a renormalizable field theory may also flow towards more general, even fractal attractors. This could lead to Big Mess scenarios in applications to multiphase systems, from spin-glasses and neural networks to fundamental string (M?) theory. We consider various general aspects of such chaotic flows. We argue that they pose no obvious contradictions with the known properties of effective actions, the existence of dissipative Lyapunov functions, and even the strong version of the c-theorem. We also explain the difficulties encountered when constructing effective actions with chaotic renormalization group flows and observe that they have many common virtues with realistic field theory effective actions. We conclude that if chaotic renormalization group flows are to be excluded, conceptually novel no-go theorems must be developed.

E-mail: MOROZOV@ITEP.RU, NIEMI@TEORFYS.UU.SE

1. Introduction

The concept of a renormalization group (RG) flow is a basic notion both in quantum field theory and string theory [1]-[15]. In the Wilsonian approach, the RG equation describes a flow in the space of operators towards a subspace of relevant and marginal operators. This subspace can be viewed as a functional attractor for the flow. The behaviour within the functional attractor is then determined by the β-functions for the relevant couplings. Conventionally one expects that these couplings flow towards attractors which consist of a finite number of isolated fixed points. This ensures that the limit of the RG flow yields a definite quantum field theory with destined values for its couplings.

However, already in [2] Wilson noted that the RG flow of the couplings could approach attractors which are more elaborate than plain isolated fixed points. In particular, he suggested that the end of a RG coupling flow could be a limit cycle. Some evidence in support of this conjecture has been recently provided in [16]-[18], where a coupling flow with a (periodic) blow-up is interpreted in terms of a limit cycle.

Here we shall inquire whether a RG flow could indeed tend towards a nontrivial attractor, with even a fractal structure corresponding to a chaotic flow in the space of couplings. Such chaotic flows could lead to interesting Big Mess scenarios in various applications of quantum field and string theories. Indeed, we suggest that the commonly accepted dogma that RG flows can only approach plain, discreet fixed points is in an apparent contradiction with the existence of multiphase systems described by spin glasses and neural networks, which are expected to emerge as the IR endpoints of RG flows from simple microscopic Hamiltonians. Furthermore, it should be only natural to speculate that the IR finality of the full (but yet to be discovered) string theory possesses complex multiphase structures [19] with a variety of quantum field theories, strings and brane models, emerging at the ends of some as yet unidentified chaotic RG evolutions. These flows are expected originate from a relatively simple (fundamental microscopic) system, for example from the celebrated M -theory [20, 21]. We propose that such chaotic RG scenarios are realizable, very much like condensed matter physics with its highly complex long-distance structures emerges from a simple microscopic Hamiltonian. Indeed, if complex systems are to appear as asymptotic IR limits of some RG flows it should be clear that these flows can not be towards a finite set of plain isolated fixed points but rather towards more general, even strange attractors with self-similar structures over several orders of magnitude.

We emphasize that we are not considering the possibility of chaos in an underlying field theory. For example, in the classical Yang-Mills theory chaotic behaviour has already been well established [22]. Consequently such chaotic behaviour will not be considered here. Obviously, a chaotic RG flow also necessitates the consideration of field (string) theories with at least three couplings.

In the present article we shall be interested in the possibility of chaotic RG flows in the IR limits of quantum field and string theories. While we are not in a position to present concrete examples of theories which exhibit a chaotic RG flow, we do have a number of plausibility arguments which support their existence. Furthermore, we can understand and explain the difficulties encountered in their constructions. At least, our work should motivate the derivation of nogo theorems. But at the moment we do not see any immediate contradictions between the existence of chaotic RG flows and known properties of field and string theories. Indeed, we believe that the potential existence of a chaotic RG flow is an important question, and either examples should be searched for or then conceptually novel no-go theorems forbidding chaotic RG behaviour should be established.

Exact RG group equations are operative everywhere in the space M of couplings {t^i}. Occasionally, and in particular in the context of string theories, these couplings are identified with the moduli space of the theory under consideration. The Wilsonian approach to the exact RG is based on an effective action, F_A(t|φ) ∼ log Z_A(t|φ),

Z_A(t|φ) = ∫ A Dϕ exp ( ∑ i t^iO_i(ϕ) ) (with ϕ|_{∂A} = φ) (1)

The integration extends over a functional space A of fields ϕ. The effective action F depends both on the background fields φ and on a functional form which is parameterized by the couplings t^i. Consequently it is a section of a line bundle over background fields φ and the manifold M of couplings t^i. The Wilsonian RG flow (in the sequel we consider mainly flows from the UV to the IR) describes the change of F under the change of A, when some of the background fields are integrated out. In the simplest case these background fields are Fourier components with momenta exceeding some normalization scale μ^2. The boundary ∂A can have a generic shape. It is parametrized by Whitham times T_α, and the Wilsonian RG equations can be understood as evolution equations in all possible Whitham directions [12, 13]. This leads to a relation between the RG flow and the concept of self-similarity (or functional similarity in the terminology of [9]) between effective actions evaluated at different Whitham times. The present version of renormalizability then makes exact RG flows a part of the general theory of dynamical systems [23].

The specific feature of a RG flow when viewed as a dynamical system is that it involves the effective action. As a section in a line bundle the effective action is in general a multivalued function of the background fields and couplings. Consequently there is an element of local integrability, that may be eventually lost due to global obstructions. Furthermore, since the effective action is defined by a (functional) integral it possesses extensive symmetries relating to changes of the integration variables (quantum fields) ϕ. These symmetries are usually expressed in terms of Ward identities (or Picard-Fucks equations) [24]-[26]. For an exact RG, the number of independent couplings t^i must also be large - in fact infinite - to ensure that the operators involved indeed form a complete basis of functionals. Furthermore, when we ignore the background fields φ, the exact RG equations [3] for the effective action acquire a Callan-Symanzik form, which is linear in the derivatives w.r.t. couplings, Ż(t) = ∂Z(t) ∂s = ∑ i β^i(t) ∂Z(t) ∂t^i , Ḟ(t) = ∑ i β^i(t) ∂F(t) ∂t^i , β^i(t) = ṫ^i = −μ ∂t^i ∂μ , (s = − log μ) (2)

This functional form emerges for a strongly complete basis of operators O_i(ϕ) (for definitions see [15]) which includes all linearly independent generators. (For a weakly complete basis which includes all algebraically independent operators, the RG equations contain higher derivatives of Z(t) [15].)

In the next section we shall first consider certain general aspects of the coupling flow. We then review some of the assumptions that underlie RG flows, i particular the c-theorem(s). In section 3 we first relate a few field theory βfunctions to the c-theorems. We then argue by considering the Lorenz model, that the properties of these coupling flows are not inconsistent with chaotic RG flows. In section 4 we consider limit cycles from the point of view of RG flows, and inspect vorticity as a RG scheme independent tool for describing multicoupling flows. In section 5 we study model effective actions as toy models for reproducing realistic scaling properties of field theories. In section 6 we explain how to construct model effective actions from the β-function flows. In particular, we explain how the construction fails in case of chaotic flows and suggests this parallels the problems encountered in constructing actual field theory effective actions. This also explains why it is very hard to construct actual field theory models with chaotic RG flow. In section 7 we consider possible extensions and scenarios for realizing chaotic RG flows, including spectral flow in general and in particular in stringy context. We conclude with some suggestions on Early Universe models.

2. The c-theorems

The idea of a chaotic attractor is actually not too distant from a quantum field theoretical RG equation. This can be seen already by inspecting the functional form of familiar one-loop single coupling β-functions. For example, in d = 2 + ϵ dimensions the one-loop β function of the O(N ) nonlinear σ-model has the functional form

ġ = ϵag(1 − g) (3)

which coincides with the form of the Verhulst equation of population growth [27]. In its discretized version, this clearly relates to the logistic equation

x_{n+1} = cx_n(1 − x_n) (4)

which is the classic example of an iterative equation with chaos.

But for chaos in a continuous RG flow, we need at least three independent couplings: In a renormalizable field theory with several couplings t^i, the RG flow is described by the following autonomous linear system (recall that when considering flows towards the IR limit we have s = − ln μ which means that the ensuing (IR) β-functions are positive in asymptotically free models) −μ ∂t^i ∂μ = ∂t^i ∂s = β^i(t) (5)

Conventionally, one assumes that in a field theory this IR flow is asymptotically approaching an isolated fixed point which is hyperbolic. For classification purposes we may then evoke the Hartman-Grobman theorem [28] which allows us to consider β-functions which are linear in the couplings,

β^i(t) ≈ B^i_j t^j + O(t^2) (6)

(B^i_j constant). We note that this may not be attainable by conventional changes in the renormalization scheme, which are analytic diffeomorphisms on the space of couplings of the form

t^i → t̃^i(t) = A^i_j t^j + O(t^2) (7) where A^i_j is a constant nonsingular matrix with positive eigenvalues. Obviously, the first term in (6) describes only integrable, linear flow along the eigendirections of the matrix B^i_j. But it is widely respected that even in the presence of apparently very simple non-linear corrections, such as in the case of the Rössler system [29]^1 ẋ = −y − z ẏ = x + ay ż = bx + cz + xz (8) the equations (5) can possess a multitude of asymptotic behaviours as the flowtime s goes to infinity. Besides isolated fixed points and limit cycles, the trajectories can also approach chaotic strange attractors with complex geometries and fractal dimensions.

Notice that the equation (5) is renormalization scheme covariant, i.e. form invariant under the diffeomorphisms (7). Indeed, under a general coordinate transformation t^i → t̃^i(t) the β^i transform as components of a vector field

β̃^i(t̃) = ∂ t̃^i ∂t^j β^j (t), Infinitesimally, for t̃^i = t^i + ϵ^i(t) we then have

δβ^i(t) = β̃^i(t) − β^i(t) = β^j ∂ϵ^i ∂t^j − ϵ^j ∂β^i ∂t^j = − (L_ϵβ)^i

which is the Lie derivative of β along ϵ. Consequently we can interpret the flow (5) geometrically in a renormalization scheme independent manner, with β^i a vector field in the tangent bundle of M.

In formal quantum field theory investigations one traditionally assumes that the flow (5) can only tend towards isolated fixed points. For this, the vector field β^i is subjected to a variety of conditions. A pivotal requirement is that the renormalization group flow must be irreversible. According to Zamolodchikov’s

1Notice that this representation of the Rössler equations differs from the conventional one [29] where the last equation reads ż = b̃ + z(x + c̃), by a linear transformation of variables: x → x + ab, y → y − b, z → z + b so that b̃ = −bc and c̃ = c − ab.

(weak) c-theorem [30, 31] this irreversibility is ensured by the existence of a Liapunov function c(t) which is monotonically decreasing along the RG flow towards the IR dc(t) ds = β^i(t) ∂c(t) ∂t^i < 0 (9)

Occasionally one also assumes that the Liapunov function is positive semidefinite c(t) ≥ 0. It may then be related to the number of degrees of freedom in the theory.

A strong version of the c-theorem states that the vector field β^i is a gradient, β^i(t) = −G^{ij}(t) ∂σ(t) ∂t^j (10)

with a symmetric metric G_{ij}(t) = G_{ji}(t). Furthermore, if G_{ij}(t) is positivedefinite as is usually assumed in the strong c-theorem, the generating function σ(t) is a Lyapunov function:

σ̇ = dσ ds = − ∑ ij G^{ij} ∂σ ∂t^i ∂σ ∂t^j < 0 (11)

Furthermore, in the case of two-dimensional field theories it can be argued that σ(t) is a (peferct) Morse function [32] with its (isolated) critical points corresponding to conformal field theories. In that case (11) becomes a gradient flow between the critical points of c, i.e. between different conformal field theories.

We note that these statements on the RG flow are renormalization scheme independent, and intrinsically geometric.

3. Some Examples

We shall now argue, with examples, that many of the widely accepted properties of the RG flow do not exclude strange attractors from appearing in the IR limit of the flow. We start by considering examples of field theoretical RG coupling flow equations from the perspective of the c-theorems.

An important example of a RG coupling flow with three independent couplings (the minimal number required for a chaotic flow) is the U (1) × SU (2) × SU (3) standard model in four dimensions. At the two-loop level, and ignoring the contribution from the Higgs sector, the three gauge couplings t^i flow according to [33] ṫ^i = g^{ij}∂_j F (12)

where the metric g^{ij} has the form g^{ij} = −δ^{ij} (b^i + ∑ k b^i_k(t^k)^2) (13)

with 16π^2b^1 = 4 3 n + 1 10 16π^2b^2 = 22 3 − 4 3 n − 1 6 16π^2b^3 = 11 − 4 3 n

b^i_k = 1 (16π^2)^2

0 0 0 0^{136}_3 0 0 0 102 − n (16π^2)^2

−^{19}_{15} −^1_5 −^{11}_{30} 3 5 49 3 3 2 44 15 4^{76}_3

(14)

where n is the number of generations and F is a (degenerate) Morse function for the critical point at t^i = 0, F (t) = 1 4 [ (t^1)^4 − (t^2)^4 − (t^3)^4 ] (15) Here the indefiniteness of F (t) (which is usually excluded by c-theorems due to its naive contradiction with unitarity) reflects UV asymptotic freedom of the non-abelian components in the model.

The first (b^i) term in (13) is the one-loop contribution, the second (b^i_k) term is the two-loop correction. Note that the entire two-loop contribution can be viewed as a correction to the one-loop metric. We also note that depending on n, the metric can have different signatures. Furthermore, depending on t^i the signature of the two-loop metric can differ from the signature of the one-loop metric. While these observations on the qualitative attributes of the metric as such can hardly have much relevance to the Physics of Standard Model they are still instructive in revealing the variety of properties that coupling flows in quantum field theories share.

As another example, where already at the one-loop level the signature of the metric depends on the relative (small) values of the couplings, we consider the standard Yukawa coupling between a pseudoscalar meson and a Dirac fermion. There are now two couplings, the Yukawa coupling g and the quartic self-coupling λ of the pseudoscalar. At the one-loop level the flow equations are (in d = 4 + ϵ dimensions, with (2π)^dN_d the area of the unit sphere in d dimensions) [34]

ġ = ϵ 2 g + 5 2 N_dg^3 + ... λ̇ = ϵλ + 3 2 N_d ( λ^2 + 8 3 λg^2 − 16g^4 ) + ... (16)

The origin g = λ = 0 is a critical point with its stability depending on the sign of ϵ = d − 4. If we introduce the non-degenerate Morse function F = 1 2 (g^2 + λ^2) (17)

these equations can be written in the gradient-flow form ġ = G^{gg}∂_gF = 1 2 (ϵ + 5N_dg^2)∂_gF

λ̇ = G^{λλ}∂_λF = (ϵ + 4N_dg^2 − 24N_d g^4 λ + 3 2 N_dλ)∂_λF (18)

Obviously the metric can be either positive definite, negative definite or indefinite depending on the parameters, and the relative strength of the couplings. To some extent this can be compensated, by adjusting the relative signs of the two terms in F . But since the metric can also change its signature at non-vanishing, even small values of g and λ it can not be made positive everywhere. This reflects the fixed point structure of the theory on the (g, λ) plane.

As a third example we consider the model which has been studied in [17] as a candidate for limit cycle behaviour in the coupling flow. This is the su(2) level k = 1 Wess-Zumino model, at the one-loop level its couplings g and h flow according to

ġ = −h^2 = −h∂_g (hg) ḣ = −gh = −h∂_h(hg) (19) Consequently in these coordinates the RG equations have the gradient flow form but the c-function is not a non-degenerate Morse function. Furthermore, unless h > 0 the metric is not positive definite. In the present model the exact β-functions are also known. The ensuing RG flow equations are [35], [17] ġ = − h 2 − g ∂_g(hg) ḣ = − h 2 − g ∂_h(hg) (20)

In these (isothermal) coordinates we then have a metric tensor which is singular, and a c-function which is not a nondegenerate Morse function. Notice in particular that the c-function does not receive corrections beyond the one-loop, all higher order corrections lead only to a modification of the metric. We note that the ensuing coupling flow on the (g, h) plane has a blow-up at finite value of the flow parameter s. It has been suggested [16], [17] that this could be interpreted as a flow towards a limit cycle (see below).

From these examples it is clear that the β-functions that appear in quantum field theories are not always of the form suggested by the various versions of the c-theorem. In particular, while the equations do admit the gradient flow form (10) with (trivially) symmetric metric, the c-functions are not necessarily nondegenerate Morse functions nor are the metric tensors necessarily positive definite or even regular everywhere in the space of couplings. While in some models such deviations from the c-theorems could be attributed to limitations of perturbation theory and removed by higher order corrections, the example (20) shows that this is not always the case. Moreover, even though the flows admit a gradient representation, they do not in general describe simple, structureless laminar flows towards isolated fixed points along gradients of the c-functions: If we consider the vector fields which appear on the r.h.s. of the flow equations, in all of the three examples, we note that each of the vector fields carries a non-trivial vorticity two-form (defined as the exterior differential of the covector of the β-functions)

ω_{ij} = ∂_iβ_j − ∂_j β_i (21)

Curiously, for the standard model the vorticity vanishes at the one-loop level and appears only at the two-loop level (and beyond). This suggests that higher loop corrections have a qualitative effect on the theory. Both in the pseudoscalar model and WZW model vorticity is present and regular already at the one-loop level. But from (20) we find that the vorticity in the full theory can have a singularity at finite coupling

ω = ϵ_{ij} ∂_iβ_j = g(g − 2) − h^2 (g − 2)^2 reflecting the blow-up at finite flow time. We note that since vorticity is a closed two-form it can be made constant in a neighborhood of any regular point by diffeomorphisms. But if it is non-vanishing in one coordinate system it remains non-vaninshing in all coordinate systems. Consequently vorticity is a renormalization scheme independent characteristic of the flow.

Maybe somewhat surprisingly several qualitative aspects of our examples, as well as many general assumptions in the c-theorems, can also be realized in chaotic systems. As an example, we consider the three dimensional Lorenz system [36], ẋ = −σx + σy = β^x ẏ = rx − y − xz = β^y ż = xy − bz = β^z (22)

(σ, r, b are positive constants). We start by introducing a (Liapunov) c-function, an arbitrary positive semidefinite function ρ ≥ 0 in R^3 which we advect along the Lorenz flow. This is described by the conservation of the current j^μ = (ρ, ρβ^i) ∂ρ ∂t + ∇ · (ρ⃗β) = 0 which reduces to dρ dt = ∂ρ ∂t + ⃗β · ∇ρ = −(∇ · ⃗β)ρ = −(σ + b + 1)ρ ≤ 0 (23) Consequently any positive function on R^3 which is advected by the Lorenz flow satisfies the irreversibility requirement of the c-theorem.

Consistent with the c-theorems, the Lorenz system can also be presented in the form of a gradient flow (10) with a symmetric metric. For example, if we introduce a non-degenerate Morse function for the critical point at the origin

F (x, y, z) = x^2 + σ(y^2 + z^2) (24)

we can write the Lorenz system as

ẋ = g^{11}∂_xF = σ y − x 2x ∂_xF ẏ = g^{22}∂_yF = rx − y − xz 2σy ∂_yF ż = g^{33}∂_zF = xy − bz 2σz ∂_zF (25)

As in the previous three field theory examples, the positive definiteness of the metric tensor g_{ab} depends on the relative values of x, y and z. Like the metric in (20), this metric is also non-singular except for the critical points of the flow (and the x, y, z = 0 lines) while F is both a Morse function for the critical point at origin, and a global Liapunov function when r < 1 since dF dt = −2σ( [ x − 1 2 (1 + r)y

]_2 + 1 4 (1 − r)(3 + r)y^2 + 2σbz^2) < 0 (x, y, z ≠ 0)

Consequently, at this level of analysis we do not see much difference in the qualitative properties of the (chaotic) Lorenz model and the coupling flows in our three field theory examples. In particular, nothing appears to prevent chaos from occuring in RG flows as well.

4. Limit Cycles and Vorticity

The existence of a positive definite metric with a c-function which decreases along the orbits can also be satisfied by flows without simple fixed points. For example, if we take c(t, t̄) = (tt̄ − a^2)^2 the entire cycle t = ae^{iθ} forms an attractor. In order to induce a motion along this cycle we then consider (η > 0) ẋ = −ηy = −β^x ẏ = ηx = −β^y (26) This flow is consistent with the strong c-theorem, with a positive-definite metric

G^{ij} = ηδ^{ij}(x^2 + y^2) and a (multivalued) Liapunov c-function which is monotonically decreasing along the flow, c(x, y) = arctan(y/x) The ensuing flow has constant vorticity, ω = ϵ_{ij}∂_iβ_j = 2η Such flows may actually be realistic in models where the coupling (moduli) space has nontrivial topology, with non-vanishing π_1(M) (cf. [37]). Indeed, since the c-function is highly nonlinear the flow could be viewed as a non-perturbative one. We are not aware of any apparent reason why this kind of flow should in general be excluded by the c-theorem.

There is a simple generalization of (26) to non-constant vorticity, ẋ = −y^k , ẏ = x^k (27) with k an integer. This flow is of the form of strong c-theorem, with c(x, y) = y^{1−k} − x^{1−k} The corresponding metric tensor is g^{ij} = δ^{ij} k − 1 (xy)^k For k = 2n this metric is positive on the (x, y) plane, and the c-function has the form of a (degenerate) Morse function as expected by the strong c-theorem. But for k = 2n + 1 i.e. odd, the metric is in general not positive. It is instructive to consider in more detail the reasons for the failure of strong c-theorem when k odd. For this we note that the flow possesses a conserved quantity, x^{k+1}+y^{k+1} = const. This suggests us to change variables

x = R cos^{1/(n+1)} θ

y = R sin^{1/(n+1)} θ (28)

so that

Ṙ = 0, θ̇ = ∂c(θ) ∂θ (29)

where c(θ) is R-independent. Consequently, in these coordinates it appears that the flow is consistent with the strong version of the c-theorem with a positive definite metric dR^2 + R^2dθ^2

But when we transform back to the cartesian x, y coordinates, ( R^2 ( ∂X ∂R )_2 + ( ∂X ∂θ )_2)

dX^2 + 2 ( R^2 ∂X ∂R ∂Y ∂R + ∂X ∂θ ∂Y ∂θ ) +

+ ( R^2 ( ∂Y ∂R )_2 + ( ∂Y ∂θ )_2) dY^2 (30)

We find that due to the fractional powers of trigonometric functions in (28) the ensuing metric is not positive definite, for example when k = 1 we have G^{XX} = ( R sin θ 2 √ cos θ

)_2 + ( R √ cos θ 2 )_2 = R^2 4 cos θ

(31) which is not positive definite.

Notice that besides a gradient flow, the flows (26), (27) can also be interpreted in terms of a symplectic (Hamiltonian) flow of the form

β^i(t) = ∑ j ω^{ij} ∂H ∂t^j (32)

with a closed symplectic two-form ω = ω_{ij} dt^i ∧ dt^j and a Hamiltonian H. In particular, (26) is the harmonic oscillator.

We note that the presence of such limit cycles in RG flows is quite important from the point of view of (possible) chaotic flow. Obviously, a limit cycle behaviour is much easier to analyse than a chaotic behaviour. But in addition, limit cycles can also provide a period doubling (Feigenbaum) route to chaos (for flows with at least three couplings) [38]. Indeed, if for some value of external control parameters a system exhibits a stable limit cycle, its stability can be lost by period doubling when the control parameter changes. When this happens, the attractive cycle becomes repelling and instead there is a new attractive limit cycle which exhibits period doubling and links around the previously stable cycle. When the control parameter is varied further, there will be additional period doublings and eventually these bifurcate into an infinitely long limit cycle, with a fractal structure. The Rössler system (8) is the simplest three dimensional example which exhibits this Feigenbaum route to chaos by consequtive period-doublings in its limit cycles, while in the Lorenz system (22) the transition to chaos is by intermittency [27].

Unfortunately, it appears to be quite difficult to find RG limit cycles. While periodic dependency on the coupling constants in the β-functions has been well established, for example in the context of topological charge renormalization [39], this is not sufficient for obtaining a limit cycle. Until now, only one example of limit cycle behaviour in RG equations has been constructed [16]-[18], but unfortunately this example can not be considered fully satisfactory. Essentially, the flow is of the form

ġ = h^2 + g^2, ḣ = 0,

which exhibits a blow-up, rather than smooth cyclic behaviour. We note that for small values of g these equations are quite similar to the conventional asymptotically free RG equations (with h = 0), the only difference is that whenever the second coupling constant h ≠ 0 the flow becomes accelerated. The ensuing flow g(μ) = h cot(h log μ)

is formally periodic in the sense that g(e^{π/h} μ) = g(μ) but a discontinuous jump from g = +∞ to g = −∞ is necessary in order to close the cycle. Unfortunately, concrete examples with continuous limit cycle behaviour in realistic field theory models have not yet been found.

The previous examples underline the importance of developing general classification schemes for β-function flows in multidimensional cases. As we have proposed, a local approach could be based on the Hartman-Grobman theorem [28] on hyperbolic fixed points. This suggests that for classification purposes we consider flow equations with β-functions which are at most bilinear in the couplings, the bilinearities representing either corrections to, or deviations from hyperbolic behaviour. This subclass of flows is particularly interesting in three dimensions, since bilinear nonlinearities are sufficient for a chaotic flow to occur. For this we consider three dimensional flows of the form

ẋ^i = β^i (i = 1, 2, 3) (33)

The three dimensional (co)vector β_i can be presented using a Glebsch decomposition β_i = μ∂_iρ + ∂_iγ with three functions μ, ρ, γ. When μ = 0 the vorticity ω_i = ϵ_{ijk}∂_j β_k = ϵ_{ijk}∂_j μ∂_kρ vanishes, limit cycles are absent and the ensuing advection of the couplings is laminar, non-chaotic gradient flow. But whenever μ is non-vanishing the vorticity is non-vanishing and either constant or linear in the couplings. We now argue that both for constant and linear vorticity, the advection can be chaotic. (For a flow with vanishing vorticity, chaotic advection is hardly possible.) Recall that since vorticity is a closed two-form, we can introduce a diffeomorphism which maps it into a constant in a neighborhood of a regular point. But it can not be made to vanish in that neighborhood by diffeomorphisms.

Consider first the Lorenz equations (22). The β-functions can be Glebschdecomposed according to

β_i = xy^2∂_i ( z + σ − r y ) + ∂_i ( σxy − 1 2 (σx^2 + y^2 + bz^2) )

and for the vorticity we find ω = −zdx ∧ dy + (2x − σ)dy ∧ dz − ydz ∧ dx (34) Notice that on the surface x^2 + y^2 + z^2 = const this involves a term which represents H^2(S^2), the (unique) volume element of S^2. Consequently the vorticity (34) of the Lorenz system is a representative of the monopole bundle in R^3.

For the Rössler equation (8) we find the vorticity (here we use the original form of these equations, see footnote (1) in connection of equation (8).) ω = −2dx ∧ dy + (1 + z)dx ∧ dz = −2dx ∧ dy + 1 2 dx ∧ d(1 + z)^2 (35)

Consequently the vorticity can be made constant by a quadratic diffeomorphism, but at the expense of loosing the quadratic nature of the equations.

A chaotic system with simultaneously quadratic nonlinearities and constant vorticity can also be constructed, for example by combining the behaviour of the β-functions in (19) and (26) into the following three dimensional flow

β_x = 1 2 z + y − 1 + px + 1 2 y^2 β_y = −x + xy − y − 1 β_z = − 1 2 x + az (36)

This can be shown to be chaotic for appropriate values of the parameters p, a [40]. Vorticity is linear ω = −2dx ∧ dy + dz ∧ dx In D dimensions we can introduce a generalization of the Glebsch decomposition β_i = N∑ k=1 μ_k∂_iρ_k + ∂_iγ

Where 2N = D for D even, and 2N = D − 1 for D odd, and γ is present only for odd D. Presumably a necessary condition for chaotic advection in D ≥ 3 is that the ensuing vorticity ω_{ij} = 2N∑ k=1 (∂_iμ_k∂_j ρ_k − ∂_j μ_k∂_iρ_k)

is non-vanishing. Since a non-trivial vorticity appears to be generic for βfunctions in quantum field theories, additional restrictions are then needed to exclude chaotic advection of the couplings.

5. RG Flows And Model Effective Actions

It appears that nontrivial vorticity is generic for the coupling flows, to the extent that even the one-coupling β-functions can be related to flows with vorticity. For this, we consider the familiar one-loop formula ∂ ∂s ( 1 g^2 ) = −2b, (37)

which appears e.g. at one-loop four dimensional Yang-Mills theories, cf. (12), (13). We then introduce a Coleman-Weinberg type model effective action (for strong fields). This is an ordinary function of a single real variable F , F(g, h|F ) = 1 g^2

F^2 + hF^2 log F, (38)

It turns out that many properties of RG flows can be understood by inspecting the scaling properties of such ordinary functions. Indeed, since the β-functions in (5) are independent of spacetime coordinates, we can expect that the essential aspects of RG flows are independent of spacetime coordinates and can be studied in tems of such ordinary functions (i.e. model effective actions) in lieu of the actual quantum effective actions. This is certainly the case in theories where we can have an effective potential, such as Higgs models.

When we introduce the scaling F → λ^2F and F → λ^4F in (38), we get ∂ ∂s ( 1 g^2 ) = − 2ġ g^3 = h, ḣ = 0 (39)

The solution h = const = −2b g^{−2} = 2b log μ

of these equations leads to the β-function (37). Nevertheless, the system (39) has a non-trivial vorticity

ω = dh ∧ dg^{−2} ≠ 0 (40)

More generally, if we consider model effective actions of the form F(h|F ) = ∑ k=0 h_kF^2 log^k F (41) the scaling F → λ^2F leads to the evolution equations ḣ_k = (k + 1)h_{k+1}, (42) or, for g_k = h_k/h_0, ġ_k = (k + 1)g_{k+1} − g_1g_k. (43) If all h_k with k > N vanish, (42) is solved by a polynomial P_N (s) of degree N for h_0, and its k-th derivative for h_k. Thus solutions g_k of (43) are rational functions of the form g_k = ∂^k_s P_N (s)/P_N (s). The scaling properties of (41) and (42) can then be employed to derive realistic multiloop β-functions of the form β(g) = ∑ j b_jg^{2j+1} generalizing our one-loop result (38). For this, we substitute for h_k in (41) h_0(g^2) = 1 g^2 , h_1(g^2) = ḣ_0 = − 2ġ g^3 = − 2β(g) g^3

= −2 ∑ j b_jg^{2(j−1)}, h_2(g^2) = ḣ_1 = 2gβ(g)h^′_1(g^2) = −4 ∑ j,k (j − 1)b_jb_kg^{2(j+k−1)}, . . . (44) If b_0 = 0, then h_1 = −2(b_1 + b_2g^2 + . . .), h_k = −2^kb^{k−1}_1 b_2k!g^{2k} + . . . for k > 1. (45) The scaling properties of the model effective actions (38), (41) lead to the Callan-Symanzik type equations ∂F(t|φ) ∂φ + ∑ i β_i(t) ∂F(t|φ) ∂t_i + kF(t|φ) = 0 (46) where the model background field φ in (46) is related to F in (41) by F = e^{−φ}. The equation (46) can then provide relations between field theoretical RG equations and dynamical systems. In particular, we shall now propose that issues concerning chaoticity and integrability of the coupling flow equations can be directly related to the construction of solutions to the equation (46).

6. Model Effective Actions And Chaos in RG Flows

In quantum field theories, it is known that the effective actions are usually highly complicated, multivalued functions of the couplings. Indeed, in general the effective actions are not ordinary function(al)s but highly nontrivial sections of line bundles which are defined over fibrations of the background fields φ over the spaces M of couplings t_i. We shall now propose that these complexities in their functional form could be viewed as an indication of chaotic behaviour in the ensuing flows of the couplings. This turns out to be an issue that can be addressed at the level of model effective actions i.e. ordinary functions which model the scaling properties of the actual field theoretical effective actions. These model effective actions can often be constructed by explicit integrations of the ensuing RG flow equations:

Consider the model RG equation (46), which we now solve using the method of characteristics. For this, we first need a solution to the extended system (5),

ṫ_i = β_i(t), φ̇ = 1 (47)

These solutions yield the flows t_i(s, a_{i−1}), with a_{i−1} as the integrations constants. We then invert these relations, to express s and the integration constants a_{i−1} as functions of the t_i and φ. The general solution to the model RG equation (46) is now obtained by introducing an arbitrary function f[a_{i−1}] of a_{i−1}(t|φ) and setting F(t|φ) = f [a_{i−1}(t|φ)] + ks(t|φ). (48) Obviously, complex behaviour such as bifurcations in the original equations (47) relate to singularities in these functional inversions.

Clearly, if the equation (5) describes flow towards a strange attractor i.e. the flow is chaotic, the solution (48) will also lead to a function which reflects the structure of the attractor. Asymptotically, the model effective action (48) then flows towards a generalized function or rather a (Lebesque) measure with support on the strange attactor. Obviously this means that we need to extend the concept of model effective actions to include measures with support on fractal structures. In particular, when the flow (47) is chaotic the construction of its solutions can only be symbolic, which then translates to the impossibility to construct the model effective action (48) by quadratures. Presumably, this could be developed into a criteria for identifying actual field theory models where chaotic RG flows are present.

For this, we first consider explicit constructions of model effective actions for the flows that we have analysed previously. We start by noting that the last equation in (47) is clearly oversimplified and easily solved, φ = s + a_s, so that φ will actually enters (48) only through a single integration constant a_s. Moreover, it will always appear in the combination a_s = φ − s(t), where s(t) is obtained, together with the integration constants a_{i−1}, as the functional inverse of the flows, derived from (5). For the same reason the last term at the r.h.s. of (48) does not depend on φ and can be written as ks(t).

We first consider the flow of a single coupling, ṫ = β(t) (49)

The generic solution to (46) is F(t|φ) = f[s(t) − φ] = f̃ [ γ(t)e^{−φ} ] , (50)

where f[x] = f̃ [e^x] is arbitrary function of a single variable, and γ^′(t)/γ(t) = 1/β(t), i.e.

γ(t) = e^{s(t)} = exp (∫_t dx β(x) ) (51)

Similarly, if the i-th β-function depends on t_i only, β_i(t) = β_i(t_i), F(t|φ) = f̃ [ γ_i(t_i)e^{−φ} ] , (52)

where f̃[x] is arbitrary function of its variables and

γ_i(t_i) = exp (∫_{ti} dx β_i(x) ) (53)

We then consider ṫ_i = A_{ij}t_j , (54)

with t-independent matrix A_{ij}. According to the Hartman-Grobman theorem [28], a generic flow is homeomorphic to this near its hyperbolic fixed points. But we note that this can also include models with limit cycles, such as (26). We diagonalize A_{ij} so that the system is transformed into ξ̇_i = λ_iξ_i with

ξ_i = ∑ j U_{ij} t_j

(U AU^{−1})_{ij} = λ_iδ_{ij} The generic solution to (46) then becomes F(t|φ) = f [ ξ^{1/λi}_i ξ^{1/λ1}_1 , φ − 1 λ_1 log ξ_1 ] =

= f̃ [ ξ_ie^{−λiφ} ] = f̃ e^{−λiφ} ∑ j U_{ij} t_j (55)

with arbitrary functions f[x_i] and f̃ [x_i].

Finally, we consider the most general linear flow ṫ_i = A_{ij}t_j + B_i, (56)

with t-independent A_{ij} and B_i. We get

F(t|φ) = f̃ e^{−λ}i^φ ∑ j U_{ij} t_j + 1 − e^{−λiφ} λ_i ∑ j U_{ij} B_j . (57)

Note that we have defined the arguments of f̃ [x_i] so that they make sense even if A_{ij} is degenerate i.e. some of the eigenvalues λ_i vanish.

A particular example of the previous construction is given by the limit cycle flow (26), ẋ = −ηy, ẏ = ηx (58) we have x = −a sin ηs, y = a cos ηs, and the generic solution is F(x, y|φ) = f [√ x^2 + y^2, ηφ + arctan(x/y) ] = = f̃ [x cos ηφ − y sin ηφ, x sin ηφ + y cos ηφ], (59)

where f[x, y] and f̃ [x, y] are arbitrary functions of two variables.

As a further, nonlinear example we consider the model effective action for the β-functions (19), (20). For this we consider (19), in the form ẋ = xy, ẏ = x^2 (60)

Indeed, this is the system considered in [16, 17], with x(s) = Q sin Qs & y(s) = Q cot Qs

The generic solution of (46) is F(x, y|φ) = f [ Q, Qφ − arccos ( − y x )] = f̃ [ Q, Q sin Qφ − y cos Qφ x , Q ] , (61)

where f[x, y] and f̃ [x, y] are arbitrary functions of two variables, and Q(x, y) = √ x^2 − y^2

It is clear that since the method of characteristics is based on solving the system (5), in the case of chaotic flows the method can not be explicitly implemented, even in principle. Consequently model effective actions for chaotic flows can not be explicitely constructed, which may also be an explanation why concrete examples are not known in the literature. Indeed, this is an obvious conceptual issue that explains why it is very difficult (may be even impossible?) to construct even simplistic model effective actions with chaotic renormalization group flow in the first place. To exemplify the problems encountered, we shall now consider the construction of the model effective action for the Lorenz equations (22), by employing a perturbative expansion. A natural perturbative parameter is r, which corresponds to the ratio of Rayleigh number to its critical value in the underlying hydrodynamical model. This suggests that we search for a perturbative construction of the model effective action by first expanding (22) around the (chaotic) large-r limit. (Recall that with the canonical values σ = 10 and b = 8/3 the model becomes chaotic only when r > 24.74 ...) The expansion parameter we use is ϵ = 1/ √ r, and setting x → ϵx, y → ϵ^2σy, z → σ(ϵ^2z − 1) and t → t/ϵ we get for the Lorenz equations ẋ = y − ϵσx ẏ = −xz − ϵy ż = xy − ϵb(z + σ) (62) We then expand x = x_0 + ϵx_1 + ϵ^2x_2 + ... y = y_0 + ϵy_1 + ϵ^2y_2 + ... z = z_0 + ϵz_1 + ϵ^2z_2 + ...

To the leading order we get ẋ_0 = y_0 ẏ_0 = −x_0z_0 ż_0 = x_0y_0 These equations can be integrated by quadratures, in terms of the Jacobi elliptic functions. When we substitute the solution to the higher order equations for (x_n, y_n, z_n) (n ≥ 1) we find at each order a set of equations which are linear in their unknown variables. For example at O(ϵ) we get the linear equations ẋ_1 = y_1 − σx_0 ẏ_1 = −x_0z_1 − x_1z_0 − y_0 ż_1 = x_0y_1 + x_1y_0 − b(z_0 + σ) and so forth at higher orders in ϵ. Consequently these higher order equations can in principle also be solved by quadratures. Thus the Lorenz equations can be solved by quadratures, at least formally in a perturbation expansion to an arbitrary order in ϵ. The ensuing model effective action can then also be constructed by employing the method of characteristics, order by order in a perturbative expansion in ϵ. However, it turns out that this perturbative solution of the Lorenz equations is at most asymptotic. It does not converge towards a solution of the original Lorenz system. Instead, numerical investigations indicate that it leads to an diverging asymptotic expansion which describes the chaotic solutions of the Lorenz equations only for (relatively) small values of the flowtime s.

Clearly, it must be a general feature of chaotic systems that model effective actions can not be constructed by quadratures. Not even in principle, as this would amount to solving the original chaotic equations. For the same reason any perturbative approach can only lead to an asymptotic expansion, which approximates the exact model effective action at most during a limited period of the flow. Indeed, since a chaotic flow approaches an attractor which is a fractal, the ensuing model effective actions must also approach generalized functions (measures) with support on a fractal set of points. We note that this is in a very curious resemblance with the familiar complex behaviour of actual effective field theory actions. These effective actions are usually highly complicated and multivalued function(al)s (rather section(al)s) for which any perturbative expansion yields at most an asymptotic series.

7. Further Developments

It was proposed already in [2] that (at least) cyclic behaviour of asymptotic RG flows can not be excluded. As we have argued in the present article even chaotic flow does not appear to conflict (most of) the assumptions in c-theorems. In fact, cyclicity of the flow seems to be quite natural in many field theory problems with spectral flow, with an adiabatic evolution of the energy eigenvalues. In terms of spectral flow, a cycle can arise whenever the energy spectrum is mapped onto itself by an adiabatic process, but with a rearrangement: The level E_n becomes shifted into some level E_{n−k}. From the point of view of an effective action, this rearrangement of the energy levels is clearly a cycle.

One example of nontrivial spectral flow can be developed by considering a stringy spectrum of the form

E_n = nm^2(g) + α(g) (63)

A cycle arises whenever

m^2(g^′) = m^2(g) and α(g^′) = α(g) − km^2(g), k ∈ Z. (64)

The intercept α(g) is now identified as the dissipative Lyapunov c-function. Note that in simple string models the intercept is exactly (proportional to) the central charge of the underlying 2d conformal field theory (effective space-time dimension). Clearly, this example is very much in the spirit of the original introduction of the c-theorem in the context of conformal field theories [30].

In our examples, we have inspected the c-theorem in RG flows without background fields. To some extent this can be justified, by arguing that the background fields can be amalgamated with couplings. However, there are also differences. For this, we consider a hypothetical field theory model ( for example a Higgs model), with background fields which describe a vacuum state of the effective theory. If the parameters in the effective action change e.g. as a consequence of coupling flow, then the functional form of the effective action will also change. But as the effective action changes, so does the vacuum. Moreover, in the case of first-order phase transitions there are discontinuous changes in the ensuing order parameters i.e. background fields. Even if only second-order phase transitions occur in the course of RG evolution and the location of vacuum is changing continuously, its evolution is still important for determining the effective action. The physical partition function which emerges after accounting for the change in the vacuum obeys RG equations somewhat different from the original theory. For this, we consider a model effective action F(φ) = ∑ k t_kφ^k which flows as Ḟ(φ) = B(φ) = ∑ k β_kφ^k. (65) Define a vacuum order parameter φ_0 as an extremum of F(φ): F^′(φ_0) = 0. (66) Often we are interested in effective potential F_0(φ) ≡ F(φ_0 + φ) − F(φ_0), (67) which describes fluctuations around the vacuum. Then, since φ̇_0 = −B(φ_0)/F^{′′}(φ_0) we get Ḟ_0(φ) = B_0(φ), and B_0(φ) = B(φ_0 + φ) − B(φ_0) − [F^′(φ_0 + φ) − F^′(φ_0)]

B(φ_0) F^{′′}(φ_0)

(68) Now, even if B(φ) is subject to a gradient flow according to the strong c-theorem, there is no apparent reason why this should be the case with B_0(φ).

Once we account for the RG flow of the vacuum, new phenomena become possible. For example, consider the potential V (ϕ) = − m^2 2 ϕ^2 + λ 4 ϕ^4

The vacuum ϕ_0 = √ m^2/λ changes smoothly when m^2 and λ are renormalized according to conventional RG equations. Now suppose the field ϕ is further coupled to another field χ, for example by

χ^4 cos(ωϕ)

Then the effective coupling g_4 in the χ^4 vertex is actually equal to

g_4 = cos(ωϕ_0) = cos(ω √ m^2/λ) and, for sufficiently large ω, this g_4 can be oscillating along the RG flow with ensuing changes for m^2 and λ. This model could then indicate how to construct realistic field theory models with RG limit cycles.

An alternative is to consider

V (ϕ) = g_1 cos ω_1ϕ + g_2 cos ω_2ϕ (69)

with ω_1/ω_2 irrational. The potential has infinitely many irregular local minima, which change when g_1 and g_2 are smoothly evolving along any RG flow (which may be subject to the strong c-theorem). The lowest energy minimum is a complex function of these couplings, and the ensuing v.e.v. ϕ_0 can at least a priori exhibit chaotic (irregular) behaviour. Such irregular behaviour of ϕ_0 can then give rise to similarly irregular behaviour of some of the couplings.

Similar phenomena can also be realized in the context of finite temperature field theories, with various applications including in particular Very Early Universe and Cosmology. In the presence of a finite temperature, the role of flow-time s is taken by the inverse temperature s = 1/T . As temperature decreases, the number of states that contribute to the partition function decreases - the flow is contracting, irreversible. Again, we can illustrate the phenomena with a model partition function: We select a somewhat unconventional set of harmonic oscillators, with potentials

α̃_i + 1 2 ω^2_i q^2_i

The ensuing spectrum consists of oscillators α_i + ω_ik_i with integer non-negative k_i, with the ground state energy absorbed into the intercept α_i = α̃_i +^1_2 ω_i. The partition function is

Z(s) = exp(F(s)) = ∑ i e^{−αis} 1 − e^{−ωi s} (70)

If α_i ≫ ω_i, this can be approximated by Z_{app}(s) = 1 s ∑ ω e^{−α(ω)s} ω (71)

In the presence of only two frequencies ω_1 ≪ ω_2, with α_1 ≫ α_2, we then have sZ_{app}(s) = e^{−α1s} ω_1 + e^{−α2s} ω_2

, (72)

with the first term dominating at s ≪ 1/α_1 and the second one at 1/α_1 ≪ s ≪ 1/α_2. For infinitely many chaotically distributed ω_i and α_i, the behaviour of Z(s) also exhibits irregular (chaotic) features. As an extreme, one can consider a somewhat peculiar distribution of oscillators with ω_n ∼ √ n and α_n = α log n.

Then sZ_{app}(s) = ζ ( 1 2 + αs ) (73)

is the Riemann ζ-function, which is suspected to have a relation with a chaotic dynamical system.

8. Conclusions

In conclusion, we feel that there is a clear need to investigate the relations between RG flows from the perspective of chaotic dynamical systems. We have analyzed the restrictions that can be imposed on the RG flows by employing various aspects of c-theorems and local integrability conditions, stemming from the fact that RG flows reflect the scaling properties of effective actions. These effective actions are in general not functions but sections in a line bundle over background fields and couplings. In fact, we have argued that the involved structure of field theory effective actions, in particular their multivaluedness in the couplings, can be naturally understood in terms of the impossibility to explicitely construct model effective actions for chaotic dynamical systems. In particular, both admit perturbative expansions which fail to converge except in an asymptotic sense.

We have also proposed that many of the familiar properties imposed on RG flows are not in any kind of apparent contradiction with the existence of chaotic behaviour. In fact, several RG flows do reflect features such as nontrivial vorticity which are necessary for a chaotic flow to occur. Furthermore, we have suggested that a self-similar, chaotic RG flow in the IR limit could actually be desirable in many applications, e.g. to spin-glasses and neural networks. Perhaps even more importantly to the Early Universe Cosmology, and maybe even M-theory with the possibility that various field theory, string and brane models emerge at the end of its chaotic RG trajectories. In a sense, we are then proposing that chaotic RG orbits are as natural as the emergence of condensed matter physics with its highly elaborate and largely self-similar structure which emanates from the relatively simple microscopic quantum electrodynamics.

While we feel that the idea of self-similar chaotic orbits in field theory RG flows is a very natural one, we can not exclude their absence. But for this, novel no-go theorems are needed. Such theorems should most likely be based on conceptually new physical principles. Whatever the necessary restrictions are, they are bound to shed important light to studies of hidden integrable structures of effective actions (with complex relations between different RG flows taken into account). They will also lead to a deeper understanding of singularities of generalized τ -functions, and in a wide sense to the general structure of phase transitions with applications ranging from condensed matter to early universe and fundamental string theories.

A.M. acknowledges the hospitality of Uppsala University. Our work is partly supported by GSP 40.600.1.4.0025, FNP 40.052.1.1.1112, RFBR-01-02-17488, INTAS-00561, Volkswagen Stiftung, the Russian Grant for Support of the Scientific Schools and by STINT Institutional Grant IG 2001-062

References

[1] E. Stuckelberg and A. Petermann, Helv. Phys. Acta 24 (1951) 317; ibid 26 (1953) 499;

M. Gell-Mann and F.E. Low, Phys. Rev. 95 (1954) 1300; N.N. Bogolubov and D.V. Shirkov, Dokl. Acad. Nauk SSSR 103 (1955) 203; ibid. 105 (1955) 685; Introduction to the Theory of Quantum Fields (John Wiley 1957) K.G. Wilson and J. Kogut, Phys. Rept. 12C (1974) 77; D. Gross and F. Wilczek, Phys. Rev. Lett. 30 (1973) 1343; H.D. Politzer, Phys. Rev. Lett. 30 (1973) 1346; L. Kadanoff, Rev. Mod. Phys. 49 (1977) 267;

A.Z. Patashinsky and V.N. Pokrovsky, Fluctuation Theory of Phase Transitions (Pergamon Press 1979);

A. Polyakov, Gauge Fields and Strings (Harwood Academic Publishers 1987);

J. Zinn-Justin, Quantum Field Theory and Critical Phenomena (Oxford University Press 2002);

J. Cardy, Scaling and Renormalization in Statistical Physics (Cambridge University Press 1996)

[2] K.G. Wilson, Phys. Rev. D3 (1971) 1818.

[3] J. Polchinski, Nucl. Phys. B231 (1984) 269;

J. Polchinski, String Theory, Vol. 1-2 (Cambridge University Press 1999).

[4] V. Novikov, M. Shifman, A. Vainshtein and V. Zakharov, Nucl. Phys. B229 (1983) 381;

M. Shifman and A. Vainshtein, Nucl. Phys. B277 (1986) 456; ibid. B359 (1991) 571.

[5] P. Di Vecchia, hep-th/0212162.

[6] A.H. Castro Neto and E. Fradkin, Nucl. Phys. B400 (1993) 525;

G. Zumbach, Nucl. Phys. B413 (1994) 754;

R. D. Ball, P.E. Haagensen, J.I. Latorre and E. Moreno, Phys. Lett. B347 (1995) 80, hep-th/9411122;

J. Generowicz, C. Harvey-Fros and T.R. Morris, Phys. Lett. B407 (1997) 27, hep-th/9705088;

R.D. Ball and R.S. Thorne, Ann. Phys. 241 (1995) 337, 368; A.C. Petkou, Phys. Lett. B359 (1995) 101, hep-th/9506116; J. Gaite and D. O’Connor, Phys. Rev. D54 (1996) 5163, hep-th/9511090; M. Bonini, M. D’Attanasio and G. Marchesini, Phys. Lett. 329B (1994) 249; ibid. 346B (1995) 87; Nucl. Phys. B409 (1993) 441; ibid. B437 (1995) 163;

R.C. Myers and V. Periwal, hep-th/9611132;

J. Comellas, Nucl.Phys. B509 (1998) 662, hep-th/9705129; J.I. Latorre and C.A. Lutken, Phys. Lett. B421 (1998) 217, hepth/9711150;

J. Latorre, and T.R. Morris, JHEP 0011 (2000) 004, hep-th/0008123; Yu.A. Kubyshin, R. Neves and R. Potting, Int. J. Mod. Phys. A17 (2002) 4871, hep-th/0202199;

J. Gaite, Mod. Phys. Lett. A16 (2001) 1109, cond-mat/0106049; Int. J. Mod. Phys. A16 (2001) 2041, cond-mat/0101219; quant-ph/0301120; A. Mironov and A. Morozov, Phys. Lett. B524 (2002) 217, hep-th/0107114; G. Moore, hep-th/0304018.

[7] L.V. Ovsiannikov, Group Analysis of Differential Equations (Academic Press 1982);

L.-Y. Chen, N. Goldenfeld and Y. Oono, Phys. Rev. E54 (1996) 376; J. Bricmont, A. Kupiainen and G. Lin, Comm. Pure Appl. Math. 47 (1994) 893;

T.Kunihiro, Progr. Theor. Phys. 94 (1995) 503.

[8] S.Lie, Gesammelte Abhandlungen, 6 vols. (B.G. Teubner 1922-1927);

P.J. Olver, Applications of Lie Groups to Differential Equations (Springer- Verlag 1986);

A.M. Vinogradov and I.S. Krasil’shchik, eds., Symmetries and Conservation Laws of Equations of Mathematical Physics (Factorial 1997).

[9] V.F. Kovalev and D.V. Shirkov, Theor. Math. Phys. 121 (1999) 66; ibid 1315-1332, hep-th/0001027; Phys. Rept. 352 (2001) 219, hep-th/0001210.

[10] A. Connes and D. Kreimer, Comm. Math. Phys., 210 (2000) 249, hepth/9912092; ibid 216 (2001) 215, hep-th/0003188;

A. Gerasimov, A. Morozov and K. Selivanov, Int. J. Mod. Phys. A16 (2001) 1531, hep-th/0005053;

D. Malyshev, JHEP 0205 (2002) 013, hep-th/0112146.

[11] A. Gerasimov, unpublished;

E. Akhmedov, Phys. Lett. B442 (1998) 152, hep-th/9806217; E. Alvarez and C. Gomez, Nucl. Phys. B541 (1999) 441, hep-th/9807226.

[12] I. Krichever, Comm. Pure Appl. Math. 47 (1994) 437;

B. Dubrovin, Nucl. Phys. B379 (1992) 627, hep-th/9407018; H. Itoyama and A. Morozov, Nucl. Phys. B477 (1996) 855, hepth/9511126; ibid. B491 (1997) 529, hep-th/9512151; hep-th/9601168.

[13] S. Kharchev, A. Marshakov, A. Mironov and A. Morozov, Mod. Phys. Lett.

A8 (1993) 1047, hep-th/9208046;

A. Morozov, Rus. Physics Uspekhi 37 (1994) 1, hep-th/9303139; hepth/9502091;

A. Mironov, Int. J. Mod. Phys. A9 (1994) 4355, hep-th/9312212; A. Gorsky, I. Krichever, A. Marshakov, A. Mironov and A. Morozov, Phys. Lett. B355 (1996) 466, hep-th/9505035;

A. Gorsky, A. Marshakov, A. Mironov and A. Morozov, Nucl. Phys. B527 (1998) 690, hep-th/9802007;

J. Edelstein, M. Marino and J. Mas, Nucl. Phys. B541 (1999) 671, hepth/9805172;

A. Morozov, hep-th/9903087;

I.K. Kostov, I. Krichever, M. Mineev-Weinstein, P. Wiegmann and A. Zabro-din, hep-th/0005259;

A. Marshakov, P. Wiegmann and A. Zabrodin Comm. Math. Phys. 227 (2002) 131, hep-th/0109048.

[14] A. Polyakov, in Proceedings of Les Houches School 1993; Nucl. Phys. Proc.

Suppl. 68 (1998) 1, hep-th/9711002;

J. de Boer, E. Verlinde and H. Verlinde, JHEP 0008 (2000) 003, hepth/9912012;

E. Verlinde and H. Verlinde, JHEP 0005 (2000) 034 , hep-th/9912018; E. Verlinde, Class. Quant. Grav. 17 (2000) 1277, hep-th/9912058; J. Khoury and H. Verlinde, Adv. Theor. Math. Phys. 3 (1999) 1893, hepth/0001056.

[15] A. Mironov and A. Morozov, Phys. Lett. B490 (2000) 173, hep-th/0005280.

[16] S.D. Glazek and K.G. Wilson, Phys. Rev. D47 (1993) 4657; hepth/0203088.

[17] A. LeClair, J.M. Roman and G. Sierra, hep-th/0301042.

[18] P.F. Bedaque, H.-W. Hammer and U. van Kolck, Phys. Rev. Lett. 82 (1999) 463, nucl-th/9809025;

D. Bernard and A. LeClair, Phys. Lett. B512 (2001) 78, hep-th/0103096; A. LeClair, J.M. Roman and G. Sierra, cond-mat/0211338; E. Braaten and H.-W. Hammer, cond-mat/0303249.

[19] A. Morozov, Rus. Physics Uspekhi 35 (1992) 671; ( see also http://ellib.itep.ru/mathphys/people/morozov/ufn92-e1.ps, /ufn92-e2.ps)

[20] B. de Wit, J. Hoppe and H. Nicolai, Nucl. Phys. B305 (1988) 545.

[21] E. Witten, Nucl. Phys. B460 (1995) 335, hep-th/9510135;

P. Townsend, Phys. Lett. B373 (1996) 68, hep-th/9512062; T. Banks, W. Fischler, S. Shenker and L. Susskind, Phys. Rev. D55 (1997) 5112, hep-th/9610043;

M. Berkooz and M. Douglas, Phys. Lett. B395 (1997) 196, hep-th/9610236; V. Periwal, Phys. Rev. D55 (1997) 1711, hep-th/9611103.

[22] S.G. Matinyan, G.K. Savvidi and N.G. Ter-Arutyunyan-Savvidi, JETP 53 (1981) 421.

[23] V.I. Arnold, Mathematical Methods of Classical Mechanics, (Springer 1989);

H. Haken, Synergetics, an Introduction (Springer 1977); H.G. Schuster, Deterministic Chaos - An Introduction (Springer 1984)

[24] L. Faddeev and A. Slavnov, Introduction to Quantum Theory of Gauge Fields (Nauka 1978).

[25] A. Mironov and A. Morozov, Phys. Lett. B252 (1990) 47;

F. David, Mod. Phys. Lett. A5 (1990) 1019;

J. Ambjorn, J. Jurkiewicz and Yu. Makeenko, Phys. Lett. 251B (1990) 517;

H. Itoyama and Y. Matsuo, Phys. Lett. 255B (1991) 202.

[26] A. Gorsky, Phys. Lett. B554 (2003) 185, hep-th/0210281;

F. Cachazo, M. Douglas, N. Seiberg and E. Witten, JHEP 0212 (2002) 071, hep-th/0211170.

[27] S.H.Strogatz, Nonlinear Dynamics And Chaos (Addison-Wesley 1994);

K.T. Allogood, T.D. Sauer and J.A. Yorke, Chaos - An Introduction to Dynamical Systems (Springer 1996)

[28] e.g. L. Perko, Differential Equations And Dynamical Systems (Springer 2001)

[29] O.E. Rossler, Phys. Lett. A57 (1976) 397.

[30] A.B. Zamolodchikov, JETP Lett. 43 (1986) 730; Sov. J. Nucl. Phys. 46 (1987) 1090.

[31] J.L. Cardy, Phys. Lett. B215 (1988) 749;

N.E. Mavromatos and J.L. Miramontes, Phys. Lett. B226 (1989) 291; Al.B. Zamolodchikov, Nucl. Phys. B342 (1990) 695; B358 (1991) 497; I. Jack and H. Osborn, Nucl. Phys. B343 (1990) 647; A. Capelli, D. Friedan and J.I. Latorre, Nucl. Phys. B352 (1991) 616; V. Periwal, Mod. Phys. Lett. A10 (1995) 1543, hep-th/9411019; F. Bastianelli, Phys. Lett. B369 (1996) 249, hep-th/9511065; M. Zabzine, hep-th/9705015; hep-th/9707064;

D. Anselmi, D.Z. Freedman, M.T. Grisaru and A.A. Johansen, Nucl. Phys. B526 (1998) 543, hep-th/9708042;

S. Forte and J.I. Latorre, Nucl. Phys. B535 (1998) 709, hep-th/9805015; hep-th/9811121;

D.M. Danchev and N.S. Tonchev, cond-mat/9806190; J.Gaite, Phys. Rev. D61 (2000) 045006, hep-th/9810107;

H. Osborn and G.M. Shore, Nucl. Phys. B571 (2000) 287, hep-th/9909043; A. Capelli, R. Guida and N. Magnoli, hep-th/0103237;

D. Klemm, A.C. Petkou, G. Siopsis and D. Zanon, Nucl. Phys. B620 (2002) 519, hep-th/0104141;

J. Levinsen, Phys. Rev. D65 (2002) 085042, hep-th/0110239.

[32] J. Milnor, Morse Theory (Princeton University Press 1973)

[33] M.E. Machacek and M.T. Vaughn, Nucl. Phys. B222 (1983) 83

[34] e.g. J. Zinn-Justin, Quantum Field Theory and Critical Phenomena (Oxford University Press 2002)

[35] Al.B. Zamolodchikov (unpublished); S. Lukyanov, cond-mat/972314

[36] E.N. Lorenz, J. Atmos. Sci. 20 (1963) 130.

[37] S.P.Novikov, Sov. Math. Uspekhi 39, n.5 (1984) 3.

[38] M.J.Feigenbaum, J. Stat. Phys. 19 (1978) 25; J. Stat. Phys. 21 (1979) 69;

Los Alamos Sci. 1 (1980) 4;

L.Landau and E.Lifshitz, Hydrodynamics, (course of Theoretical Physics, volume 6) (Butterworth-Heinemann, 1995)

[39] V. Knizhnik and A. Morozov, JETP Lett. 39 (1984) 240;

H. Levine and S. Libby, Phys. Lett. B150 (1985) 182; A. Morozov and A.J. Niemi, Phys. Lett. B236 (1990) 44; A.M.M. Pruisken, M.A. Baranov, M. Voropaev, cond-mat/0206011, condmat/0206012.

[40] A.J. Niemi (unpublished)