arXiv:nucl-th/0112081 v1 30 Dec 2001

Nonlocality of nucleon interaction and an anomalous off shell behavior of the two-nucleon amplitudes.

Renat Kh.Gainutdinov and Aigul A.Mutygullina Department of Physics, Kazan State University, 18 Kremlevskaya St, Kazan 420008, Russia^∗

The problem of the ultraviolet divergences that arise in describing the nucleon dynamics at low energies is considered. By using the example of an exactly solvable model it is shown that after renormalization the interaction generating nucleon dynamics is nonlocal in time. Effects of such nonlocality on low-energy nucleon dynamics are investigated. It is shown that nonlocality in time of nucleon-nucleon interactions gives rise to an anomalous off-shell behavior of the two-nucleon amplitudes that have significant effects on the dynamics of many-nucleon systems.

I. INTRODUCTION

Study of effects of quarks and gluons confined within hadrons on nucleon dynamics is of fundamental importance in understanding the strong interaction. One of the consequences of the existence of the quark and gluon degrees of freedom is that the effective operators of NN interaction must be consistent with the symmetries of quantum chromodynamics (QCD). These symmetries can be taken into account, in a very natural way, within effective field theories (EFT’s) of nuclear forces [1]. Another consequence of the existence of these degrees of freedom is that hadron interaction must be nonlocal in time. Correspondingly the effective NN interaction operators should be energy-dependent. The possibility of describing of the low energy NN interaction in terms of energy-dependent potential has been widely discussed in the literature (see for example [2]). At the same time, EFT’s that have become quite popular in nuclear physics are local theories. Note in this connection that in the EFT approach the quark and gluon degrees of freedom manifest themselves in the form of Lagrangians consistent with the symmetries of QCD. However, such Lagrangians are local and give rise to ultraviolet (UV) divergences. In particular, the EFT’s leads to singular potentials, and the Schrödinger and Lippman-Schwinger (LS) equations need to be regulated and renormalized. This is the price for ignoring the fact that due to existence of the external quark and gluon degrees of freedom the NN interaction should be nonlocal in time.

Actually, here we deal with the same problem that face us in quantum field theory (GFT): Locality of the theory gives rise to the UV divergences, but, on the other hand, the nonlocalization by introducing a nonlocal form factor into Hamiltonians or Lagrangians results in a loss of covariance. The reason for this is quite obvious. The Schrödinger equation is local in time, and the interaction Hamiltonian describes an instantaneous interaction may be local in space. But in relativistic quantum theory a local-in-time process must also be local in space. Thus, for the introduction of nonlocality in the theory to be

∗Electronic address: Renat.Gainutdinov@ksu.ru

intrinsically consistent, one has to find a way of solving the evolution problem in the case when the dynamics in a system is generated by a nonlocal-in-time interaction. To solve these problems quantum dynamics need to be extended to describe the unitary evolution of a closed system in the case where the interaction generating the dynamics of the system is nonlocal in time. For the first time, this problem has been solved in Ref.[3], where it has been shown that the use of the Feynman approach to quantum theory in combination with the canonical approach allows such an extension of quantum dynamics. The generalized quantum dynamics (GQD) developed in this way has been shown to open new possibilities to resolve the problem of the UV divergences in quantum field theory [3]. An equation of motion has been derived as the most general dynamical equation consistent with the current concepts of quantum theory. Being equivalent to the Schrödinger equation in the particular case where interaction is instantaneous, this equation permits the generalization to the case where the interaction operator is nonlocal in time. In Refs.[4,5] this fact has been demonstrated by using an example of exactly solvable models. Note that there is one-to-one correspondence between nonlocality of interaction and the UV behavior of the matrix elements of the evolution operator as a function of momenta: The interaction operator can be nonlocal in time only in the case where this behavior is ”bad”, i.e. in a local theory it leads to the UV divergences. For this reason one can expect the nucleon dynamics that follows from renormalization of an EFT to be governed by the generalized dynamical equation with nonlocal-in-time interaction operator.

In the present paper we investigate the dynamical situation that arises in a system of nucleons after renormalization. By using a toy model of the separable NN potential leading to logarithmic singularities in the Born series, we show that renormalization gives rise to nucleon dynamics which is governed by the generalized dynamical equation with a nonlocal-in-time interaction operator. We investigate effects of such a nonlocality of the NN interaction on low-energy nucleon dynamics. We show that this nonlocality gives rise to an anomalous off-shell behavior of the two-nucleon amplitudes.

II. GENERALIZED QUANTUM DYNAMICS

The basic concept of the canonical formalism of quantum theory is that it can be formulated in terms of vectors of a Hilbert space and operators acting on this space. The postulates establish the connection between the vectors and operators and states of a quantum system and observables. In the canonical formalism these postulates are used together with the dynamical postulate according to which the time evolution of a quantum system is governed by the Schrödinger equation. However, this equation permits only instantaneous interactions. At the same time, in Ref.[3] it has been shown that this equation is not most general dynamical equation consistent with the current concepts of quantum physics. It has been shown [3] that the use of the above basic postulates of canonical formalism in combination with the basic postulate of the Feynman approach according to which the probability amplitude of an event that can be happen in several different ways is a sum of the probability amplitudes for each to these ways gives rise to a more general dynamical equation.

From the postulates of the canonical formalism it follows that the time evolution of a quantum system is described by the evolution operator that must be unitary

U^+(t, t_0)U (t, t_0) = U (t, t_0)U^+(t, t_0) = 1, (1)

and satisfies the composition low

U (t, t^′)U (t^′, t_0) = U (t, t_0), U (t_0, t_0) = 1. (2)

The evolution operator in the interaction picture can be written in the form

< ψ_2|U (t, t_0)|ψ_1 >=< ψ_2|ψ_1 > + + ∫_t t_0 dt_2 ∫_{t2} t_0

dt_1 < ψ_2|S̃(t_2, t_1)|ψ_1 >, (3)

where < ψ_2|S̃(t_2, t_1)|ψ_1 > is the probability amplitude that if at time t → −∞ the system was in the state |ψ_1 >, then the interaction in the system will begin at time t_1 and will end at time t_2, and at time t → ∞ the system will be in the state |ψ_2 > . The first term on the righthand side of (3) corresponds to the evolution process that is free from interaction. Indeed, according to the basic postulates of Feynman formalism the probability amplitude describing the matrix element < ψ_2|U (t, t_0)|ψ_1 > can be represented as a sum of contributions from all alternative ways of realization of the corresponding evolution process and the amplitudes < ψ_2|S̃(t_2, t_1)|ψ_1 > is contributions to the amplitude < ψ_2|U (t, t_0)|ψ_1 > of such alternatives.

As has been shown in Ref.[3], for the evolution operator U (t, t_0) given by (3) to be unitary, the operator S̃(t_2, t_1) must satisfy the following equation:

(t_2 − t_1)S̃(t_2, t_1) = ∫_{t2} t_1 dt_4 ∫_{t4} t_1 dt_3 ×(t_4 − t_3)S̃(t_2, t_4)S̃(t_3, t_1). (4)

This equation allows one to obtain the amplitudes < ψ_2|S̃(t_2, t_1)|ψ_1 > for any t_1 and t_2, if the amplitudes < ψ_2|S̃(t^′_2, t^′_1)|ψ_1 > corresponding to infinitesimal duration times τ = t^′_2 − t^′_1 of interaction are known. It is natural to assume that most of the contribution to the evolution operator in the limit t_2 → t_1 comes from the processes associated with the fundamental interaction in the system under study. Denoting this contribution by H_{int}(t_2, t_1), we can write

S̃(t_2, t_1) = H_{int}(t_2, t_1) + S̃_1(t_2, t_1), (5)

where S̃_1(t_2, t_1) is the part of the operator S̃(t_2, t_1) which in the limit t_2 → t_1 gives a negligibly small contribution to the evolution operator in comparison with H_{int}(t_2, t_1). We will assume that the operator H_{int}(t_2, t_1) contain all the dynamical information that is needed to construct the evolution operator. From the mathematical point of view the requirement that the operator H_{int}(t_2, t_1) must have such a form that the Eq.(4) has a unique solution having the following behavior near the point t_2 = t_1:

S̃(t_2, t_1) →_{t2→t1} H_{int}(t_2, t_1) + o(τ^ϵ), (6)

where τ = t_2 − t_1 and the value of the parameter ϵ depends on the form of the operator H_{int}(t_2, t_1).

The operator H_{int}(t_2, t_1) plays the role which the interaction Hamiltonian plays in the ordinary formulation of quantum theory: It generates the dynamics of a system. Being a generalization of the interaction Hamiltonian, this operator is called the generalized interaction operator. If H_{int}(t_2, t_1) is specified, Eq.(4) allows one to find the operator S̃(t_2, t_1). Representation for the evolution operator (3) can then be used to construct the evolution operator U (t, t_0) at any time t and t_0. Thus Eq.(4) can be regarded as an equation of motion for states of a quantum system and it is used as a basic dynamical equation.

The equation of motion (4) is equivalent to the following differential equation: dT (z) dz = − ∑ n T (z)|n >< n|T (z) (z − E_n)^2

, (7)

where the operator T (z) is defined by < n_2|T (z)|n_1 >= i ∫_∞ 0 dτ exp(izτ ) < n_2|T̃ (τ )|n_1 > . (8) Here |n > are the eigenvectors of the free Hamiltonian: H_0|n >= E_n|n > and n stands for the entire set of discrete and continuous variables that characterize the system in full. According (6) and (8), the boundary condition for Eq.(7) has the form < n_2|T (z)|n_1 > →_{|z| → ∞} < n_2|B(z)|n_1 >, (9) where B(z) = i ∫_∞ 0 dτ exp(izτ )H^{(s)}_{int}(τ ), (10) β = 1 + ϵ, and

H^{(s)}_{int}(t_2 − t_1) = exp(−iH_0t_2)H_{int}(t_2, t_1) exp(iH_0t_1).

The operator B(z), that it was called an effective interaction operator, must be so close to the solution of Eq.(7) in the limit |z| → ∞, that this differential equation has an unique solution having the asymptotic behavior (9).

The dynamics governed by Eq.(4) is equivalent to the Hamiltonian dynamics in the case where the generalized interaction operator is of the form

H_{int}(t_2, t_1) = −2iδ(t_2 − t_1)H_I(t_1), (11)

H_I (t_1) being the interaction Hamiltonian in the interaction picture. In this case one can derive the Schrödinger equation from Eq.(4). The delta function δ(τ ) in (11) emphasizes that in this case the fundamental interaction is instantaneous. Thus the Schrödinger equation results from the generalized equation of motion (4) in the case where the interaction generating the dynamics of a quantum system is instantaneous. At the same time, Eq.(4) permits the generalization to the case where the operator H_{int}(t_2, t_1) has no such a singularity as the delta function at the point t_2 = t_1. In this case the fundamental interaction generating the dynamic of a quantum system is nonlocal in time: The evolution operator is determined the generalized interaction operator H_{int}(t_2, t_1) as a function of a duration time of interaction τ = t_2 −t_1. Below we will demonstrate this fact by using the example of exactly solvable models.

III. MODELS WITH NONLOCAL IN TIME INTERACTIONS AND NUCLEON DYNAMICS.

Let us consider the evolution problem for two nucleons in the c.m.s. We denote the relative momentum by p and the reduced mass by μ. Assume that the generalized interaction operator in the Schrödinger picture H^{(s)}_{int}(τ ) has the form

< p_2|H^{(s)}_{int}(τ )|p_1 >= φ^∗(p_2)φ(p_1)f(τ ), (12)

where f(τ ) is some function of τ . Let the form factor φ(p) be of the form

φ(p) = |p|^{−α} + g(p),

and in the limit |p| → ∞ the function g(p) satisfies the estimate g(p) = o(|p|^{−δ}), where δ > α, δ >^3_2 . The solution < p_2|T (z)|p_1 > is of the form

< p_2|T (z)|p_1 >= φ^∗(p_2)φ(p_1)t(z), (13)

where, as it follows from (7), the function t(z) satisfies the equation dt(z) dz = −t^2(z) ∫ d^3k |φ(k)|^2 (z − E_k)^2

(14) with the asymptotic condition t(z) →_{|z| → ∞} f_1(z) + o(|z|^{−β}), (15) where f_1(z) = i ∫_∞ 0 f(τ ) exp(izτ )dτ, and the value of β depends on the form of the generalized interaction operator and it is determined by the condition that the solution of the differential equation must be unique.

The solution of Eq.(14) with the initial condition t(a) = g_a, where a ∈ (−∞, 0), is t(z) = g_a ( 1 + (z − a)g_a ∫ d^3k |φ(k)|^2 (z − E_k)(a − E_k) )_{−1} . (16) In the case α >^1_2 , the function t(z) tends to a constant as |z| → ∞: t(z) →_{|z| → ∞} λ. (17) Thus in this case the function f_1(z) must also tend to λ as |z| → ∞. From this it follows that the only possible form of the function f(τ ) is f(τ ) = −2iλδ(τ ) + f^′(τ ), where the function f^′(τ ) has no such a singularity at the point τ = 0 as the delta function. In this case the generalized interaction operator H^{(s)}_{int}(τ ) has the form

< p_2|H^{(s)}_{int}(τ )|p_1 >= −2iλδ(τ )φ^∗(p_2)φ(p_1), (18)

and hence the dynamics generated by this operator is equivalent to the dynamics governed by the Schrödinger equation with the separable potential < p_2|H_I|p_1 >= λφ^∗(p_2)φ(p_1). Indeed, solving Eq.(14) with the boundary condition (17), we easily get the well-known expression for the T matrix in the separable-potential model

< p_2|T (z)|p_1 >= λφ^∗(p_2)φ(p_1) ( 1 − λ ∫ d^3k |φ(k)|^2 z − E_k )_{−1}

(19) Ordinary quantum mechanics does not permit the extension of the above model to the case α ≤^1_2 in (13). Indeed, in the case of such a large-momentum behavior of the form factors φ(p), the use of the interaction Hamiltonian given by (18) leads to the UV divergences, i.e. the integral in (19) is not convergent. We will now show that the generalized dynamical equation (4) allows one to extend this model to the case −^1_2 < α <^1_2 . Let us determine the class of the functions f_1(z) and correspondingly the value of β for which Eq.(14) has a unique solution having the asymptotic behavior (15). In the case α <^1_2 , the function t(z) given by (16) has the following behavior for |z| → ∞ :

t(z) →_{|z| → ∞} b_1(α)(−z)^{α− 12} + b_2(α)(−z)^{2α−1}+

+o(|z|^{2α−1}), −^1_2 < α <^1_2 ;

t(z) →_{|z| → ∞} b_1(α) ln^{−1}(−z) + b_2(α) ln^{−2}(−z)+

+o(ln^{−2}(−z)), α =^1_2 .

(20) where { b_1(α) = −^1_2 cos(απ)π^{−2}(2μ)^{α− 32} , b_1(^1_2 ) = −(4πμ)^{−1},

(21)

M (a) = ∫ |ψ(k)|^2 − |k|^{−2α} a − E_k d^3k. (22)

The parameter b_2(α) is determined by specifying the value of g_a

b_2(α) = b_1(α)|a|^{12 −α}− −b^2_1(α)(M (a) + g^{−1}_a ), −^1_2 < α <^1_2 ;

b_2(^1_2 ) = b_1(^1_2 ) ln(−a) − b^2_1(^1_2 )(M (a) + g^{−1}_a ),

The parameter b_1(α) does not depend on g_a. This means that all solutions of Eq.(14) have the same leading term in (20), and only the second term distinguishes the different solutions of this equation. Thus, in order to obtain a unique solution of Eq.(14), we must specify the first two terms in the asymptotic behavior of t(z) for |z| → ∞. From this it follows that the functions f_1(z) must be of the form { f_1(z) = b_1(α)(−z)^{α− 12} + b_2(α)(−z)^{2α−1}, −^1_2 < α <^1_2 ;

f_1(z) = b_1(α) ln^{−1}(−z) + b_2(α) ln^{−2}(−z), α =^1_2 ,

where b_1(α) is determined by (21), and only the parameter b_2(α) is arbitrary. However, if there is a bound state in the channel under study, then the parameter b_2(α) is completely determined by demanding that the T matrix has the pole at the bound-state energy. For example, in the^3S_1 channel the T matrix has a pole at energy E_B = −2.2246MeV. This means that [t(E_B )]^{−1} = 0, and, by putting a = E_B in Eq.(16), we get

[t(z)]^{−1} = (z − E_B) ∫ d^3k |φ(k)|^2 (z − E_k)(E_B − E_k)

. (23)

Correspondingly in this case, for the parameter b_2(α), we have { b_2(α) = b_1(α)(−E_c)^{12 −α} − b^2_1(α)M (E_c), −^1_2 < α <^1_2 ;

b_2(α) = b_1(α) ln(−E_c) − b^2_1(α)M (E_c), α =^1_2 .

Taking into account, that

f(τ ) = i 2π ∫_∞ −∞ exp(−izτ )f_1(z)dz, for the generalized interaction operator, we get

< p_2|H^{(s)}_{int}(τ )|p_1 >= ψ(p_2)ψ^∗(p_1) × ( a_1τ^{−α− 12} + a_2τ^{−2α} ) , −^1_2 < α <^1_2 ;

< p_2|H^{(s)}_{int}(τ )|p_1 >= ψ(p_2)ψ^∗(p_1) ×^i_{2π} ∫_∞ −∞ exp(−izτ ) (_{b1(α)} ln(−z) + b_2(α) ln^2(−z) ) dz, α =^1_2 , (24) where a_1 = −ib_1(α)Γ^{−1}(1 − 2α)exp[i(−^α_2 +^1_4 )π], a_2 = −b_2(α)Γ^{−1}(1 − 2α)exp(−iαπ). By using (16), it is easy to show that the corresponding solution for the T matrix has the form

< p_2|T (z)|p_1 >= N (z)ψ(p_2)ψ^∗(p_1), (25)

where

N (z) = b^2_1(α)[−b_2(α) + b_1(α)(−z)^{12 −α}+ +M (z)b^2_1(α)]^{−1}, −^1_2 < α <^1_2 ;

N (z) = b^2_1(α)[−b_2(α) + b_1(α) ln(−z)+ +M (z)b^2_1(α)]^{−1}, α =^1_2 .

Taking into account that the T matrix is connected with the evolution operator by the equation [3]

U (t, t_0) = 1 + i 2π ∫_∞ −∞ dx × exp[−i(z − H_0)t]T (z)

(z − H_0)(z − H_0) exp[i(z − H_0)t_0], (26)

where z = x + iy, y > 0, for the evolution operator, we get < p_2|U (t, t_0)|p_1 >=< p_2|p_1 > + i 2π ∫_∞ −∞ dx×

× exp[−i(z − E_{p2} )t]exp[i(z − E_{p1} )t_0] (z − E_{p2} )(z − E_{p1} )

N (z)ψ(p_2)ψ^∗(p_1).

(27) The evolution operator U (t, t_0) defined by (26) is a unitary operator satisfying the composition law (3), provided that the parameter b_2 is real.

As we have seen, there is the one-to-one correspondence between the form of the generalized interaction operator and the UV behavior of the form factor φ(p). In the case α >^1_2 , the operator H^{(s)}_{int}(τ ) would necessarily have the form (18). In this case the fundamental interaction is instantaneous. In the case −^1_2 < α ≤^1_2 (the restriction α > −^1_2 is necessary for the integral in (16) to be convergent), the only possible form of H^{(s)}_{int}(τ ) is (24), and hence the interaction generating the dynamics of the system is nonlocal in time. Thus the interaction generating the dynamics can be nonlocal in time only if the form factors have the ”bad” large-momentum behavior that within Hamiltonian dynamics gives rise to the ultraviolet divergences:

locality ⇔ φ(p) ∼ |p|^{−α}, α > 1 2 nonlocality ⇔ φ(p) ∼ |p|^{−α}, α ≤ 1 2 From this it follows that the quark-gluon retardation effects must results in the ”bad” UV behavior of the matrix elements of the evolution operator as a function of momenta of hadrons. Note that EFT’s lead to the same conclusion:Within the EFT approach the quark and gluon degrees of freedom manifest themselves in the form of Lagrangians consistent with the symmetries of QCD which gives rise to the UV divergences. Note also that EFT’s are local theories, despite the existence of the external quark and gluon degrees of freedom. However, renormalization of EFT’s gives rise to the fact that these theories become nonlocal. Below this will be shown by using the example of our toy model.

In this case b_2 = b_1 ln(−E_B) − b^2_1M (E_B). Let us now show that renormalization of the LS equation with the separable potential leading to a logarithmic singularities produces the same T matrix. In Ref.[6] the problem of renormalization of the LS equation was considered by using the example of the separable potential

< p_2|V |p_1 >= λφ^∗(p_2)φ(p_1) (28)

with ψ(p) = ( d^2 + p^2

)_− 1_4

. The corresponding T matrix is of the form (13) with t(z) = ( λ^{−1} − J(z) )_{−1} , where the integral J(z) = ∫ d^3k |φ(k)|^2 z − E_k has a logarithmic divergence. By using the dimensional regularization, one can get

[t_ε(z)]^{−1} = λ^{−1}_ε − J_ε(z),

where

J_ε(z) = ∫ d^{3−ε}k |φ(k)|^2 z − E_k . The strength of the potential λ_ε is adjusted to give the correct bound-state energy: λ^{−1}_ε = J_ε(E_B). In this way we get

[t_ε(z)]^{−1} = J_ε(E_B) − J_ε(z) =

= (z − E_B) ∫ d^{3−ε}k |φ(k)|^2 (z − E_k)(E_B − E_k)

. (29)

The right-hand side of (29) is well-behaved in the limit ε → 0. It is easy to see that, taking this limit, we get the expression (23) for t(z). Thus renormalization of the LS equation with the above singular potential leads to the T matrix we have obtained by solving Eq.(7) with nonlocalin-time interaction operator. This T matrix satisfies the generalized dynamical equation (7), but does not satisfy the LS equation. Correspondingly the Schrödinger equation is not valid in this case. The strength of the potential λ_ε tends to zero as ε → 0, and consequently the renormalized interaction Hamiltonian is also tend to zero. Thus despite the fact that the dynamics of each theory corresponding to the dimension D = 3 − ε is Hamiltonian dynamics for every ε > 0, in the limiting case D = 3 we go beyond Hamiltonian dynamics. The dynamics of the renormalized theory is governed by the generalized equation of motion (4) with nonlocal-in-time interaction operator which in the case of the model under study is given by (24).

FIG. 1: Phase shifts (solid line) in the^3S1 channel for np scattering, compared to the experimental data (points) [9].

IV. AN ANOMALOUS OFF-SHELL BEHAVIOR OF TWO-NUCLEON AMPLITUDES.

As we have shown, renormalization in the model, in which the NN interaction is described by the singular potential, leads to the fact that the dynamics of the system is governed by the generalized dynamical equation with a nonlocal-in-time interaction operator, and in this way we get the same results we have obtained by using the model constructed within the GQD (in the case α =^1_2 ). In Ref.[5] the model for α <^1_2 was used for describing the NN interaction at low energies. The motivation to use such a model for parameterization of the NN forces is the fact that due to the quark and gluon degrees of freedom the NN interaction must be nonlocal in time. However, because of the separation of scales the system of hadrons should be regarded as a closed system, i.e. the evolution operator must be unitary and satisfy the composition law. From this it follows that the dynamics of such a system is governed by Eq.(4) with nonlocal-in-time interaction. In Ref.[5] the following form factor was used for parameterization of the NN interaction

φ(p) = χ(p) + c_1g_Y (p),

with

χ(p) = ( d^2 + p^2

)_− α_2 , − 1 2 < α < 1 2 , g_Y (p) being the Yamaguchi form factor

g_Y (p) = 1 β^2 + p^2 . Here d, c_1 and β are some constants. Being the generalization of the Yamaguchi model [7] to the case where the NN interaction is nonlocal in time, our model yields the nucleon-nucleon phase shifts in good agreement with experiment (see Figs.(1-3)).

However, the main advantage of this model, is that it allows one to investigate the effects of the retardation in

TABLE I: The parameters of the interaction operator obtained by fitting the NN date, ρ = 1MeV^{−1} . partial wave α c1 β · ρ d · ρ b2 · ρ^{1−2α} 3 S1(np) 0.499 133.5 · 10^2 433.8 766.2 1.696 · 10^{−7} 1 S0(np) 0.499 131.8 356.3 3.651 · 10^6 1.694 · 10^{−7} 1S0 (pp) 0.499 320.0 371.7 6.763 · 10^5 1.695 · 10^{−7}

FIG. 2: Phase shifts (solid line) in the^1S0 channel for np scattering, compared to the experimental data (points) [9].

the NN interaction caused by the existence of the quark and gluon degrees of freedom on nucleon dynamics. We have shown that after renormalization nucleon dynamics is governed by the generalized dynamical equation (4) with a nonlocal-in-time interaction operator. The analyzes of the dynamical situation arising due to the existence of the external quark and gluon degrees of freedom leads to the same conclusion. As we have shown by using our toy model, such a nonlocality of the NN interaction can have significant effects on the character of nucleon dynamics. As is well known, the dynamics of many nucleon systems depends on the off-shell properties of the two-nucleon amplitudes. For this reason, let us consider the effects of the nonlocality of the NN interaction on

FIG. 3: Phase shifts (solid line) in the^1S0 channel for pp scattering, compared to the experimental data (points) [9].

FIG. 4: The off-shell behavior of f(E) =< p|T (z)|p >, |p| = 500 MeV in the^3S1 channel for np scattering. The solid curves corresponds to the model with generalized interaction operator (24), compared to the model with Yamaguchi potential with parameters given in [7] (dashed line).

these properties.

In the nonlocal case, the matrix elements of the evolution operator as functions of momenta do not go to zero at infinity so fast as it is required by ordinary quantum mechanics, and within the Hamiltonian formalism this leads to the ultraviolet divergences. For example, in this case the two-nucleon amplitudes < p_2|T (z)|p_1 > do not go to zero fast enough to make the Faddeev equation well-behaved. Note that the same problem arises in the EFT approach. Another consequence of nonlocality in time of the N N interaction is that for fixed momenta p_1 and p_2 the matrix elements < p_2|T (z)|p_1 > tend to zero as |z| → ∞, while, in the local case, they tend to < p_2|V |p_1 > in this limit. To illustrate this, we present in Fig.4 the off-shell behavior of < p_2|T (z)|p_1 > in the limit |z| → ∞. Thus, nonlocality in time of the N N interaction caused by the existence of the quark and gluon degrees of freedom gives rise to an anomalous off-shell behavior of the two-nucleon amplitudes. The off-shell properties of the amplitudes for the ordinary interaction operator and the operator containing the nonlocal term are qualitatively different. This is true even when the two interaction operators have approximately the same phase shifts. Such a large variation in the off-shell behavior of the amplitudes, even when the interaction operators are identical on-shell, can have significant effects on threeand many-body results [9]. This gives reason to expect that the anomalous off-shell behavior of the two-nucleon amplitudes can also have significant effects on nucleon matter properties.

V. CONCLUSION.

By using the model of the separable NN potential which gives rise to logarithmic singularities in the Born series, we have demonstrated that after renormalization the dynamics of a nucleon system is governed by the generalized dynamical equation (4) with a nonlocal in time interaction operator. By using Eq.(16) we have shown that this should be true in general case. At the same time, being very simple and exactly solvable, the toy model allows one to investigate some characteristic features of the dynamics of a theory after renormalization. We have shown that the dynamical situation in the toy model which arises after renormalization is completely unsatisfactory from the point of view of the Hamiltonian formalism: The T matrix (23) does not satisfy the Lippman-Schwinger equation, and hence the dynamics of the system is not governed by the Schrödinger equation. Thus after renormalization the dynamics of a theory is not Hamiltonian. At the same time, we have shown that such a dynamics is governed by the generalized dynamical equation (4) with a nonlocal-in-time interaction operator. We have shown that this nonlocality of the interaction of the nucleons gives rise to an anomalous off-shell behavior of the two-nucleon amplitudes: The elements of the two-nucleon T matrix as functions of momenta have the large-momentum behavior which leads to the ultraviolet divergences in the Hamiltonian formalism. Since the off-shell properties of two-particle amplitudes are crucial for the three- and many-body results, the anomalous offshell behavior of the two-nucleon amplitudes can have substantial effects on the dynamics of many nucleon systems, and on the properties of nuclear matter.

The results of the present work show that the GQD provides the extension of quantum dynamics which is needed for describing the evolution of quantum systems within a renormalized theory. This gives reason to hope that the use of the GQD and parameterization of the NN forces like (24) can open new possibilities for applying the EFT approach to the description of low-energy nucleon dynamics. By using an EFT, one can construct the generalized interaction operator consistent with the symmetries of QCD. This operator can then be used in Eq.(4) for describing nucleon dynamics. Note that in this case regularization and renormalization are needed only on the stage of determining the generalized interaction operator.

Acknowledgments

We would like to thank W. Scheid for helpful discussions and valuable comments. R.Kh.G. would like to acknowledge the hospitality of Institut für Theoretische Physik der Justus-Leibig-Universität,Giessen, where part of this work was completed.

[1] S. Weinberg, Physica A 96 327 (1979); E. Witten, Nucl.

Phys. B 122 109 (1977); H. Georgi, Annu. Rev. Nucl. Part. Sci. 43 209 (1993); J. Polchinski, Proceedings of Recent Directions in Particle Theory TASI-92 235 (1992); A.V. Manohar, hep-ph/9508245; D.B. Kaplan, nucl-th/9506035; T. Mehen and I.W. Stewart, Phys. Rev. C 59 2365 (1998); C. Ordonez, and U. van Kolck, Phys. Lett. B 291 459 (1992); U. van Kolck, Phys. Rev. C 49 2932 (1994); D.B. Kaplan, M.J. Savage, and M.B. Wise, Phys. Lett. B 424 390 (1998); Nucl. Phys. B 534 329 (1998).

[2] Yu.S. Kalashnikova, I.M.Narodetsky, and V.P.Yurov, Yad. Fiz., 49, 632 (1989); Yu.A.Simonov, Phys. Lett. B 107, 1 (1981); A.G. Baryshnikov, L.D.Blokhintsev, I.M.Narodetsky, and D.A.Savin, Yad. Fiz. 48, 1273 (1988); A.N. Safronov, Teor. Mat. Fiz. 89, 420 (1991); Yad. Fiz., 57, 208 (1994); Yu.A. Kuperin, K.A. Makarov, and S.P.Merkuriev, Teor.Mat.Fiz., 75, 431 (1988); 76, 242

(1989); A. Abdurakhmanov and A.L. Zubarev, Z.Phys. A322, 523 (1985); M. Orlowski, Helv.Phys.Acta. 56, 1053 (1983); B.O. Kerbikov, Yad. Fiz. 41, 725 (1985); Teor. Mat. Fiz. 65, 379 (1985).

[3] R.Kh. Gainutdinov, J. Phys. A 32, 5657 (1999). [4] R.Kh. Gainutdinov and A.A. Mutygullina, Yad. Fiz. 60, 938 (1997).

[5] R.Kh. Gainutdinov and A.A. Mutygullina, Yad. Fiz. 62, 2061 (1999).

[6] D.R. Phillips, I.R. Afnan, and A.G. Henry-Edwards, Phys.

Rev. C. 61, 044002-1 (2000).

[7] Y.Yamaguchi, Phys. Rev. 95, 1635 (1954). [8] R. Machleidt, F. Sammarruca, and Y. Song, Phys. Rev. C 53, 1483 (1996); A. D. Lahiff and I. R. Afnan, Phys. Rev. C 56, 2387 (1997).

[9] V.G.J. Stoks, R.A.M. Klomp, M.C.M. Rentmeester, and J.J. de Swart, Phys. Rev. C 48, 792 (1993).