arXiv:hep-th/0006006 1 Jun 2000

Quantum Mechanics on the Hypercube

E. G. Floratos^{(a)∗} and S. Nicolis^{(b)†}

(a) Institute of Nuclear Physics, NRCPS “Demokritos” 15310 Aghia Paraskevi, Athens, Greece (b) CNRS–Laboratoire de Mathématiques et Physique Théorique (UPRESA 6083) Université de Tours, Parc Grandmont, 37200 Tours, France

Abstract

We construct quantum evolution operators on the space of states, that is represented by the vertices of the n-dimensional unit hypercube. They realize the metaplectic representation of the modular group SL(2, Z_2n). By construction this representation acts in a natural way on the coordinates of the non-commutative 2- torus, T^2 and thus is relevant for noncommutative field theories as well as theories of quantum space-time.

∗E-mail: manolis@timaios.nuclear.demokritos.gr †E-mail: nicolis@celfi.phys.univ-tours.fr. Partially supported by the GDR 682 “Structures Non- Perturbatives en Théories de Cordes et Théories de Champs”.

Recent progress in M-theory indicates that spacetime itself becomes noncommutative at scales where D-branes play an important role [1, 2]. This noncommutativity comes about in a rather natural way because D-branes are charged, gravitational solitons, moving in backgrounds with magnetic flux. This is reminiscent of the Landau problem [3].

On the other hand, quantum mechanics provides a prototype of noncommutativity– but in phase space. In the Landau problem the noncommutativity of the two, real, space coordinates is brought about by the magnetic flux.

In previous work [4, 5, 6], taking advantage of the existence of finite dimensional representations of the Heisenberg-Weyl group, for specific values of Planck’s constant, viz.

~ = 2π/N, we studied quantum spaces [7], i.e. whose coordinates are (finite dimensional)

matrices in this group. The object of this exercise was to quantize, exactly, linear cellular automata, using the metaplectic representation of SL(2, Z_N), where N was any odd integer. These quantum maps have been studied, in particular within the context of quantum chaos [8], Rational Conformal Field Theory [9] and quantum gravity [10].

The case N = 2^n was not amenable to analysis using the tools thus far available, although it is of clear interest for quantum computing [11] and the state space has been widely used in communication engineering. Indeed the principal difficulty resides in resolving ambiguities due to the factors of 1/2 that abound in the expressions of the metaplectic representation.

In this note we present a prescription that resolves these ambiguities and we construct the metaplectic representation of the symplectic group (linear, canonical, transformations) for the discrete torus, Z_2n × Z_2n [12]

Our results are useful for studying field theories on noncommutative spaces [13], whose coordinates are finite dimensional matrices [14], as well as fast quantum algorithms [11].

We begin by reviewing some key features of SL(2, Z_2n).

The classical evolution of a linear cellular automaton on the phase space Z_2n × Z_2n is given by the discrete, canonical, transformation ( q_{n+1} p_{n+1} ) = A · ( q_n p_n ) (1) where A ∈ SL(2, Z_2n) = Sp(1, Z_2n). The properties of this group can be analyzed using those of the (abelian) lattice Z/Z_2n. This lattice contains a subrgoup, consisting of all odd integers mod 2^n;it has 2^{n−1} elements. The main novelty, that distinguishes it from the case of N odd is that the equation

x^2 ≡ 1 mod 2^n (2)

admits two new solutions x_± = 2^{n−1} ± 1 (3) in addition to the old ±1, so there are four units.

The group thus splits into two subgroups: the set consisting of the two non-trivial units and a cyclic subgroup of 2^{n−2} elements, whose primitive element is 3 or 5.

A subgroup of SL(2, Z_2n) of particular interest is the “rotation group”, SO(2, Z_2n), comprising matrices of the form A = ( a b −b a ) (4) with a^2 + b^2 ≡ 1 mod 2^n. Its structure is relevant for the study of the harmonic oscillator within the framework of Finite Quantum Mechanics and was studied in Ref. [4] We can find all elements of this group by solving the constraint, a^2 + b^2 ≡ 1 mod 2^n in terms of an even number t

a = 2t(t^2 + 1)^{−1} mod 2^n

b = (t^2 − 1)(t^2 + 1)^{−1} mod 2^n (5) This parametrization, together with that obtained by the exchanges a → b, b → a and a → −b, b → a, gives us all the 2^{n+1} elements.

There is, in particular, a cyclic subgroup of dimension 2^{n−1}, generated by the element corresponding to the value t = 2 for any n^‡.

After this introduction, we shall propose an explicit expression for the evolution operator, U(A), A ∈ SL(2, Z_2n) and we shall prove that it realizes (a) a group representation and (b) a metaplectic representation.

We define ω_n = e^{2πi/2n} ^ω_n = e^{2πi/2n+1} (6) and posit the following expression U ([ a b c d ]) k,l = c_n(A) √ 2^n ^ω^{(ak2−2kl+dl2)/c} n (7)

where A = ( a b c d ) ∈ SL(2, Z_2n)

The constant c_n(A) will be determined by the requirement that U realize a group representation U(A · B) = U(A) · U(B) We note here that the expression for U(A) used for N odd depends on ω_n and not on ^ω_n, since 1/2 existed mod N–whereas it is no longer defined.

The proof of point (a) proceeds as follows:

We set A_{ij} = a_{ij}, B_{ij} = b_{ij} and (A · B)_{ij} = c_{ij} and easily find

2n_−1∑

m=0 U(A)_{k,m}U(B)_{m,l} = c_n(A · B) c_n(A)c_n(B) × U(A · B)_{k,l} × 1 √ 2^n

2n_−1∑

m=0 ^ω^ϕ_n (8)

where ϕ = c_{21} a_{21}b_{21} m^2

The Gauß sum,

σ_n(a) = 1 √ 2^n

2n_−1∑

m=0 ω^{am2}_n (9)

takes the following values, for N = 2^n [15]

‡This primitive element is called the Balian-Itzykson oscillator.

• σ_n(1) = 1 + i

for n > 2.

• If a is an odd integer, σ_n(a) = (−2^n|a)ε(a)(1 + i)

where we have used the symbol ε(a) = { 1 a ≡ 1 mod 4 i a ≡ 3 mod 4

and the Jacobi symbol^§ (a|b) = { 1 a ≡ x^2 mod b −1 a ≢ x^2 mod b

It is also possible to show that

2n_−1∑

m=0 ^ω^{m2a}_n = √ 2^{n−1}σ_{n+1}(a)

More properties of this sum may be found in Lang’s text.

Choosing the constant c_n(A) in eq. ( 7)

c_n(A) = − iσ_{n+1}(c) √ 2 it follows that the evolution operator U(A)_{k,l} = −iσ_{n+1}(c) √ 2^{n+1} ^ω^{(ak2−2kl+dl2)/c} n (10)

realizes an N = 2^n-dimensional representation, which provides the exact quantization of all linear cellular automata, A ∈ SL(2, Z_2n).

In the above derivation we assumed that the element c = A_{21} is odd, in order that its inverse in the exponent be defined. When c = A_{21} is even, then both a = A_{11} and d = A_{22} must be odd (since ad − bc ≡ 1 mod 2^n). In this case we define U(A) as

U(A) = U(A · S) · U^{−1}(S) (11)

where S = ( 0 1 −1 0 )

This definition, for c = A_{21} even, is chosen in order to cover all the cases of the products of any two matrices, A, B ∈ SL(2, Z_2n) and guarantees that U indeed defines a representation.

§ The notation � a b � is also used.

One nontrivial check of this is provided by the result U(A)^{N/2} = U(A^{N/2}) = U(I_{2×2}) = I_2n_{×2}n (12) for A ∈ SO(2, Z_2n), which shows that the space of eigenstates splits into two copies, indexed by a parity quantum number. This is to be contrasted to the result obtained for N = 4k ± 1 prime, where U(A)^{4k} = I_{N ×N} . Eq. (12) follows from the theorem: Theorem 1 For N = 2^n, n > 2 and A ∈ SO(2, Z_N) A^{N/2} ≡ I_{2×2} mod N Proof: This is established by induction. Setting a_1 = a, b_1 = b, we find that a_{k+1} = a_ka − b_kb b_{k+1} = a_kb + b_ka

(13)

For n = 3, we find that a_4 = 8a^4 − 8a^2 + 1 ≡ 1 mod 8 (14) which proves the first step. Assuming the theorem holds for some n > 3, we will show it holds for n + 1, viz.

a_2n�1 ≡ 1 mod 2^n ⇒ a_2n ≡ 1 mod 2^{n+1} (15) Indeed, a_2n = a^2n�1 − b^2n�1 = 2a^2n�1 − 1;

a_2n�1 = 1 + 2^nr ⇒ 2a^2n�1 − 1 = 2^{n+1}(2^nr^2 + 2r) + 1 ≡ 1 mod 2^{n+1}

(16)

We note that a_l, as a function of a,is a Chebyshev polynomial of degree l. The theorem just proven is equivalent to the amusing property that the value of the order l = 2^n > 4 polynomial, for any, even, value of its argument, is equal to 1 mod 2^{n+1}.

The last step of our construction is to prove that the evolution operator U(A), constructed above, has the metaplectic property, thus providing the exact quantization of the action of linear, classical, maps A ∈ SL(2, Z_2n). We start by recalling the definition of the generators of the Heisenberg–Weyl group J_{r,s} = ^ω^{r·s}_n P^r · Q^s, r, s = 0, . . . , 2^n − 1 (17) where P_{k,l} = δ_{k−1,l}, k, l = 0, . . . , 2^n − 1 Q_{k,l} = ω^k_nδ_{k,l}, k, l = 0, . . . , 2^n − 1 The metaplectic property, defined by the relation U(A)J_{r,s}U^{−1}(A) = J_{(r,s)}A (18) guarantees that U(A) quantizes the action of A on the classical phase space.

It may be easily checked by a direct computation, that the operator, given by eq. (10) indeed satisfies this definition.

Furthermore, since the representation of the Heisenberg-Weyl group is irreducible and the representation of SL(2, Z_2n) just constructed satisfies the metaplectic property, we deduce that this representation is irreducible.

This paper ends the cycle [4, 5]. All the necessary tools, for dealing with the evolution operator of any quantum system within the framework of finite quantum mechanics, are now operative. Indeed, for any value of N, using the Chinese remainder theorem, for the prime factors 2^n × N^′, where N^′ is odd, it is possible to construct the metaplectic representation of SL(2, Z_N) = SL(2, Z_2n) × SL(2, Z_N0) by tensoring the representations of the corresponding factor groups [5]. They open several directions that merit further investigation:

In recent work on noncommutative gauge theory [2, 13, 14] the coordinates satisfy non-trivial commutation relations, [X_μ, X_ν ] = C_{μν}. Our work indicates that it may also be of interest to consider, instead, position operators that take values in the group and not the algebra, that is impose X_μX_ν = ωX_ν X_μ, where ω is a root of unity (Manin’s quantum plane, cf. [7]). In this, more general situation, one might expect to recover at will classical/quantum dynamics and/or (non)commutative geometric effetcs, depending on how the scaling limit is taken (i.e. what is held fixed as N → ∞). A simple, but non-trivial, example is given by the Azbel-Hofstadter Hamiltonian [6] that describes a charged particle moving on the plane in the presence of a uniform transverse magnetic field and a periodic scalar potential, whose spectrum, for finite, rational flux/plaquette, is generated by deformations of the SU(2) algebra, which, in the limit of infinitesimal flux, becomes a classical SU(2) algebra for the quantum dynamics. Using elements of the Heisenberg-Weyl group as coordinates it would be interesting to calculate, in perturbation theory, properties of noncommutative Yang-Mills theories, because the finite dimension of the Heisenberg-Weyl group provides, at the same time, an UV and IR cutoff [2, 13].

Another interesting application concerns quantum algorithms, which, to date [11], are based mainly on the Fourier transform, which is related to the evolution operator of the harmonic oscillator. We have considered arbitrary quantum maps, for which the corresponding algorithms remain to be constructed.

Acknowledgements: We would like to acknowledge the warm hospitality of the Laboratoire de Physique Théorique de l’Ecole Normale Supérieure, where much of this work was carried out.

References

[1] T. Banks, W. Fischler, S. Shenker and L. Susskind, Phys. Rev. D55 (1997)

[hep-th/9610043].

[2] A. Connes, M. R. Douglas and A. Schwarz, JHEP 02 (1998) 003, [hep-th/9711162];

G. Landi, F. Lizzi and R. Szabo, Comm. Math. Phys. 206 (1999) 603,

[hep-th/9806099]; L. Cornalba and W. Taylor IV, Nucl. Phys. B536 (1998)

513, [hep-th/9807060]; L. Cornalba, “Matrix Representations of Holomorphic Curves on T_4”, [hep-th/9812184]; M. B. Halpern and C. Schwartz, Int. J. Mod.

Phys. A14 (1999) 4653, [hep-th/9809197]. B. Pioline and A. Schwarz, JHEP 08 (1999) 021, [hep-th/9908019]; N. Seiberg and E. Witten, JHEP 09 (1999) 032,

[hep-th/9908142]; E. G. Floratos and G. K. Leontaris, Phys. Lett. B464 (1999)

30,[hep-th/9908106]; A. Yu. Alekseev, A. Recknagel, V. Schomerus, “Brane Dynamics in Background Fluxes and Non-Commutative Geometry, [hep-th/0003187]; A. Yu. Alekseev and A. G. Bytsko, “Wilson Lines on Non-Commutative Tori,

[hep-th/0002101].

[3] A. Connes, Noncommutative Geometry, Academic Press (1994).

[4] E. G. Floratos, J. Iliopoulos and G. Tiktopoulos, Phys. Lett. 217 (1988) 285; E. G.

Floratos, Phys. Lett. B228 (1989) 335; G. G. Athanasiu and E. G. Floratos, Nucl, Phys. B425 (1994) 343; G. G. Athanasiu, E. G. Floratos and S. Nicolis, J. Phys. A: Math. Gen. 29 (1996) 6737, [hep-th/9509098]; E. G. Floratos and G. K. Leontaris, Phys. Lett. B412 (1997) 35, [hep-th/9706156].

[5] G. G. Athanasiu, E. G. Floratos and S. Nicolis, J. Phys. A: Math. Gen. 31 (1998) L655, [math-ph/9805012];

[6] E. G. Floratos and S. Nicolis, J. Phys. A: Math. Gen. 31 (1998) 3961,

[hep-th/9508111].

[7] H. Grosse, J. Madore, H. Steinacker, “Field Theory on the q-deformed Fuzzy Sphere I”,[hep-th/0005273]; B. L. Cerchiai, G. Fiore and J. Madore, “Geometrical Tools for Quantum Euclidean Spaces”, [math/0002007]; J. Wess, “q-Deformed Heisenberg Algebras”,[math-ph/9910013]; M. Fichtmueller, A. Lorek and J. Wess, Z. Phys. C71 (1996) 533, [hep-th/9511106]; A. Lorek and J. Wess,Z. Phys. C67 (1995) 671,[q-alg/9502007].

[8] T. S. Santhanam and A. R. Tekumalla, Foundations of Physics 6 (1976) 583; J.

Hannay and M. V. Berry, Physica 1D (1980) 267; M. V. Berry Proc. R. Soc. A473 (1987) 183; N. L. Balazs and A. Voros, Phys. Repts. 143 (1986) 109; J. Keating, J. Phys. A: Math. Gen. 27 (1994) 6605;

[9] R. Balian and C. Itzykson, C. R. Acad. Sci. (I) 303 (1986) 773; E. Verlinde, Nucl.

Phys. B300 (1988); T. H. Koornwinder, B. J. Schroers, J. K. Slingerland, F. A. Bais, J. Phys. A: Math. Gen. 32 (1999) 8539, [math.qa/9904029]; A. Coste and T. Gannon, “Finite Group Modular Data”, [hep-th/0001158]; A. Coste and T. Gannon, “Congruence Subgrups and Rational Conformal Field Theory, [math.qa/9909080].

[10] G. ’t Hooft, Nucl. Phys. B342 (1990) 471; G. ’t Hooft, K. Isler and S. Kalitzin, Nucl. Phys. B386 (1992) 495; J. Russo, Nucl. Phys. B406 (1993) 107,

[hep-th/9304003]; G. ’t Hooft, “Determinism amd Dissipation in Quantum Grav-

ity”, [hep-th/0003005].

[11] A. Steane, “Quantum Computing”, Rept. Prog. Phys. 61 (1998) 117,

[quant-ph/9708022]; R. Cleve, A. Ekert, C. Macchiavello and M. Mosca, “Quan-

tum Algorithms Revisited”, [quant-ph/9708016]; P. Høyer, “Efficient Quantum Transforms”, [quant-ph/9702028].

[12] S. Wolfram, Rev. Mod. Phys. 55 (1983) 601.

[13] S. Minwalla, M. Van Raamsdonk and N. Seiberg,“Noncommutative Perturbative Dynamics”, [hep-th/9912072]; M. Van Raamsdonk and N. Seiberg, JHEP 03 (2000) 035, [hep-th/0002186]; T. Yoneya, “String Theory and Space/Time Uncertainty Principle”, [hep-th/0004074]; J. Gomis and T. Mehen, “Space/Time Noncommutative Field Theories and Unitarity”, [hep-th/0005129]; N. Seiberg, L. Susskind, N. Toumbas, “Strings in Background Electric Field, Space/Time Noncommutativity and a New Noncritical String Theory, [hep-th/0005040]; N. Seiberg, L. Susskind, N. Toumbas, “Space/Time Noncommutativity and Causality”, [hep-th/0005015].

[14] J. Ambjørn, Y. M. Makeenko, J. Nishimura, R. Szabo, JHEP 11 (1999) 029, [hep-th/9911041]; V. Kazakov, “Field Theory as a Matrix Model”,

[hep-th/0003065] J. Ambjørn, Y. M. Makeenko, J. Nishimura, R. Sz-

abo, “Lattice Gauge Fields and Discrete Noncommutative Yang-Mills Theory”,

[hep-th/0004147].

[15] S. Lang Algebraic Number Theory, Addison-Wesley (1970).