ISSN 1330Ű0016 CODEN FIZBE7

DISSIPATIVE ENVIRONMENTAL EFFECTS AND THE QUANTUM EVOLUTION OF A SPIN SYSTEM

CARL WOLF

Department of Physics, North Adams State College, North Adams, MA 01247, U. S. A.

Received 22 May 1997

UDC 539.12

PACS 03.65

By considering a retarded discrete time version of the Schrĺodinger equation, we discuss how such an equation can be used to describe the environmentally induced decay of a spin system when the environment has the general properties of having a continuous unbounded energy spectrum.

1. Introduction

In the past decade, a new approach has been ^ltering into the general structure of the quantum theory that is motivated by the problem of the interaction of a quantum system with a discrete spectrum with an environment that has an unbounded continuous spectrum. The theories of quantum friction [1], the Schrĺodinger-Langevin approach [2,3], the quantum evolution of Brownian particle interacting with a thermal environment [4Ű6] (giving rise to a non-linear Schrĺodinger equation) have all suggested that dissipative effects on quantum systems leave real measurable signatures that can be described by a few parameters connecting the system to the environment. Also Nanopolous has expounded on the profundity of the ŤProcrustean PrincipleŤ where in all quantum systems are unavoidably open systems due to the interaction of the particle (local string modes) with the delocalized (non-local) truncated string modes of string theory [7,8]. These studies have lead to corrections to the time evolution of K_L, K_S system which generate small CPT violations and in a cosmological setting give rise to an arrow of time [9,10]. There is also another approach to dissipative quantum systems originally pioneered by Caldirola et. al., suggesting that the dissipative effects of the environment can be understood through the retarded Schrĺodinger evolution of a modi^ed Schrĺodinger equation [11,12]. Here the discrete time parameter (τ) expresses the interaction of the system with the environment and, in a sense, can be viewed as a Ťrelaxation timeŤ expressing how the system’s wave function responds to a loss of energy to the environment. The environment may have a complicated quantum structure with all of its quantum correlations at a single time, but the evolution of these correlations and the effect they have on a single quantum system may be expressible through a single discrete time parameter τ. In previous studies, we have discussed the non-dissipative Markov environmental effects on a spin system [13Ű16] wherein the quantum particle has a dynamical evolution driven by the Schrĺodinger equation, supplemented by Markov environmental effects. The basic motivation for such a study is that small discrete time jumps might be unobservable over long time intervals, but if short enough time intervals are studied through spin polarization procession, chaotic Markov effects might be observable. These studies also suggest that there might be two time scales in quantum physics, one ŤscaledŤ by Schrĺodinger evolution, the second scaled by non-local Markov environmental effects. In what follows, we discuss the time evolution of a dissipative quatum spin system wherein the effect of the environment is expressed in the form of discrete time difference retarded Schrĺodinger equation. Our study gives de^nite signatures for the precession frequency in an external magnetic ^eld of a spin system as well as the decay rate of the different components of the x spin-polarization generated by environmental effects. It is hoped that these studies further encourage investigations of quantum systems interacting with a random ^eld of photons or other particles [17] (the environment) and shed light on such questions on the Ťarrow of timeŤ and the existence of other time scales in physics.

2. Dissipative Quantum Evolution of a Spin System

We begin by considering the retarded discrete time difference version of the Schrĺodinger equation studied in Ref. 11.

HΨ = iŕh ( Ψ(t) − Ψ(t − τ) τ ) , (1)

where τ is the discrete time interval.

If H does not depend on t, we may write Eq. (1) as

HΨ = iŕh ( 1 − e�^{τ∂=∂t} ) Ψ(t) τ . Letting Ψ = exp(−αt)Ψ(0), where α is a function of H, we have

He�αt_{Ψ(0) = iŕh}^{( 1 − eτα}_τ^)_e�αt_{Ψ(0),}

or − iτH ŕh = 1 − e^{ατ},

giving α = 1 τ ln_e ( 1 + iτH ŕh ) . (2)

We now consider a spin-1 gauge boson of charge -e, in a z component magnetic ^eld. The hamiltonian of the boson is H = e m S_zB

(B is the z-component of the magnetic ^eld), where

S_z = ŕh

(1 0 0 0 0 0 0 0 −1 ) . (3)

As pointed out in Ref. 11, if we apply H to Eq. (1), the ground state will decay along with the excited states. In order to stabilize the ground state, we write

(H − H_0) Ψ = iŕh ( Ψ(t) − Ψ(t − τ) τ ) , (4)

where H_0 is the ground state eigenvalue. From Eqs. (3) and (4),

H_0 = − eŕhB m (1 0 0

0 1 1 0 0 1 ) ,

and H − H_0 = eŕhB m (2 0 0

0 1 0 0 0 0 ) . (5)

The application of Eq. (5) to Eq. (4) will not change any of the dynamic properties of the spin-1 system, such as precession frequencies, since they depend on the difference of the eigenvalues. It will, however, render the ground state stable. Suppose we consider a spin-1 gauge boson in the initial state

Ψ(0) = 1/2 1/ √ 2 1/2 , (6) with

< S_x >= Ψ^+S_xΨ = Ψ^+ ŕh √ 2 (0 1 0

1 0 1 0 1 0 ) Ψ = ŕh.

Using Eq. (2) with H → H − H_0, we have (Ψ(t) = e�^{αt} Ψ(0)),

Ψ(t) = exp { − t τ ln_e ( 1 + iτ ŕh (H − H_0) )} Ψ(0). (7)

Upon substituting Eq. (6) into Eq. (7), we ^nd

Ψ(t) = 1 2 exp [ −^1_τ ln_e ( 1 +^{iτ}_{ŕh}

(_{eB2ŕh} m )) t ] 1p_2 exp^[−^1_τ ln_e^(1 +^{iτ}_{ŕh}^{( eBŕh}_m^{))}t^] 1 2 . (8)

If we write Eq. (8) as

Ψ(t) = 1 2 e�α1t

1p_2 e�^α2^t 1 2 , (9)

we ^nd at time t

< S_x >= Ψ^+S_xΨ = ŕh 4 ( e�(α1+α^�_2)t_{+ e}�(α^�_1+α2)t_{+ e}�α2t_{+ e}�α^�_2t^)_{. (10)}

Upon expanding the natural log in Eq. (8) ( ( ln_e(1 + x) ≈ x −^1_2 x^2 +^1_3 x^3 ) ) to the third power in (H − H_0), α_1 and α_2 are given by

α_1 = i ( 2eB m − 8 3 ( eB m )_3 τ^2 ) + 2τ ( eB m )_2

α_2 = i ( eB m − 1 3 ( eB m )_3 τ^2 ) + 1 2 τ ( eB m )_2

. (11)

When we substitute Eq. (11) into Eq. (10) and use e^{ix} + e�^{ix} = 2cosx, we obtain

< S_x >= ŕh 2 exp ( − 5 2 ( eB m )_2 τt ) cos [( eB m − 7 3 ( eB m )_3 τ^2 ) t ]

+ ŕh 2 exp ( − 1 2 ( eB m )_2 τt ) cos [( eB m − 1 3 ( eB m )_3 τ^2 ) t ] . (12)

Since the states S_z = 1,0 decay to the ground state, the time evolution according to Eq. (4) follows the proportion of particles in S_z = 1,0,−1, but not the total number, since Eq. (4) does not conserve probability. To take into account the fact that the total number of spinning particles is conserved, we may divide Eq. (12) by Ψ^+Ψ and thus normalize the probability. We may thus write Eq. (12) as

< S_x >= ŕh 2 exp ( −^5_2

(_{eB} m )_2 τt ) cosω_1t +^{ŕh}_2 exp ( −^1_2

(_{eB} m )_2 τt ) cosω_2t 1 4 exp ( −4 (_{eB} m )_2 τt ) +^1_2 exp ( − (_{eB} m )_2 τt ) +^1_4

, (13)

where

ω_1 = eB m − 7 3 ( eB m )_3 τ^2

ω_2 = eB m − 1 3 ( eB m )_3 τ^2.

3. Conclusion

We can see from Eq. (13) that when τ is ^nite, there are two distinct frequencies with the respective components of < S_x > damping at different rates. A plot of < S_x > versus t would yield a Doppler like [18] plot versus time with the two components having different damping factors. The ^rst frequency ω_1 = (eB/m) − (7/3) (eB/m)^2τ^2 will have damping rate with a damping factor exp(−γ_1t), with γ_1 = (5/2) (eB/m)^2τ, and the second frequency ω_2 = (eB/m) − (1/3) (eB/m)^2τ^2 will have a damping factor exp(−γ_2t), with γ_2 = (1/2) (eB/m)^2τ.

The ratio of the two amplitudes of < S_x > will vary as

< S_x >_1 < S_x >_2

= exp ( −2 ( eB m )_2 τt ) . (14)

Thus a plot of < S_x >_1 / < S_x >_2 versus time can be used to ^nd the discrete time interval τ. Estimates of the discrete time interval have been previously quoted as τ ≤ 10�^{26}s [19]. Assuming a ^eld of B = 100 T (1 T= 1 W/m^2), for heavy gauge bosons, < S_x >_1 / < S_x >_2 will damp to a value of 1/e in a time (see Eq. (14)): ( 1.6 · 10�^{19} × 100 2 × 10�^{26}

)_2 × (10�^{26}) t = 1, (15) giving t = 10^{10} s. For B = 10^6 T, t = 10^2 s. Stronger ^elds cause smaller time intervals that satisfy the condition < S_x >_1 / < S_x >_2= 1/e. Since gauge bosons are known to decay in intervals characteristic of the weak interaction time (t < 10�^8 s), we would need a ^eld of B ≈ 10^{11} T to generate a decay time that can compete with the weak interaction time scale. Such ^elds could only be found in the atmosphere of a pulsar [20]. Also, it might be possible to apply the above analysis to heavy ions in situations where the precession time can be made commensurate with the collision time. Here the environment would also be well de^ned. The fundamantal question in the above analysis is just what properties of the environment (random photons or other particles) determine the discrete time interval. Certainly the temperature [21] and most likely the composition of the environment will play a vital role in determining the discrete time interval τ [22,23]. We may look at τ as a relaxation time determined by the collective properties of the environment which arises when the spin system is immersed in the environment. The fact that the discrete quantum system has a speci^c property determined by one parameter τ is an amazing result that opens up a new frontier in studying the properties of quantum systems interacting with the environment.

Acknowledgements

I’d like to thank the Physics Departments at Williams College and Harvard University for the use of their facilities. I’d also like to thank Dennis Krause for his insight into environmental effects.

References

1) N. G. van Kampen, J. Stat. Phys. 78 (No. 1, 2), (1995) 299; 2) B. S. K. Skagerstam, J. Math Phys. 18 (1977) 308; 3) M. Razavy, Can. J. of Phys. 56 (1978) 1372; 4) M. d. Kostin, J. Chem. Phys. 57 (1972) 3589; 5) K. K. Kan and J. J. Grif^n, Phys. Lett. B50 (1974) 241; 6) G. W. Ford, M. Kac and P. Mazur, J. Math. Phys. (NY) 6 (1965) 504; 7) D. V. Nanopoulous, CERN-TH-7260/94, CTP-TAMU 20/94, ACT-07/94; 8) J. Ellis, N. Mavromatos and D. V. Nanopoulous, in Proc. Of Int. Symposium on Black Holes, Membranes, Wormholes, and Superstrings, ed. By S. Kalara and D. V. Nanopoulous (World Scienti^c, Singapore, 1993);

9) J. Ellis, N. E. Mavromatos and D. V. Nanopoulous, CERN-TH 6596/92, ACT-18/92, CTP-TAMU 59/92;

10) P. Huet and M. E. Peskin, SLAC-Pub-6454, Mar. 1994; 11) P Caldirola and M. Montaldi, Il Nuovo Cimento 53B (1979) 291; 12) P. Caldirola, Lett. Nuovo Cimento 16 (1976) 151; 13) C. Wolf, Fizika B3 (1994) 9; 14) C. Wolf, Fizika B4 (1995) 167; 15) C. Wolf, Fizika B5 (1996) 49;

16) C. Wolf, Fizika B5 (1996) 205;

17) G. P. Berman, V. Yu Rubaev and G. M. Zaslavsky, Nonlinearity 4 (1991) 543; 18) C. Wolf, Annales de la Foundation Louis de Broglie 18 (No. 4) (1993) 403; 19) C. Wolf. Proc. of Frontiers of Fundamental Physisc, Proc. of Int. Conf., Olympia Greece, 27-30 Sept. 1993, Plenum, New York, 1994;

20) C. Wolf, Annales de La Foundation Louis de Broglie 15 (1989) 487; 21) C. A. Marsh and J. M. Yeomans, Europhysics Lett. 37 (8) (1997) 511; 22) R. Blasi, H. Nakazato, M. Namiki and S. Pascazio, Phys. Lett. A 233 (1996) 320; 23) G. W. Ford and R. F. O’Connell, Phys. Lett. A 224 (1996) 22.

DISIPATIVNI U “CINCI OKOLI“SA I KVANTAN RAZVOJ SPINSKOG SUSTAVA

Raspravlja se primjena Schrĺodingerove jednad“zbe s diskretnim vremenom i s ka“snjenjem za opis raspada spinskog sustava, kada okoli“s ima neprekidan i neograni“cen energijski spektar.