arXiv:0906.1011v1 [hep-th] 4 Jun 2009

The construction of a general inner product in non-Hermitian quantum theory and some explanation for the nonuniqueness of the C operator in PT quantum mechanics

Frieder Kleefeld^∗ Collaborator of the Centro de Física das Interacções Fundamentais, Instituto Superior Técnico, Technical University of Lisbon, P-1049-001 Lisboa Codex, Portugal Present address for postal correspondence: Pfisterstr. 31, 90762 Fürth, Germany (Dated: June 4, 2009)

Most recently it has been observed e.g. by Bender and Klevansky (arXiv:0905.4673 [hep-th] [1]) that the C-operator related to a PT -symmetric non-Hermitian Hamilton operator is not unique. Moreover it has been remarked by Shi and Sun (arXiv:0905.1771 [hep-th] [2]) very recently that there seems to exist a well defined inner product in the context of the Hamilton operator of the PT -symmetric non-Hermitian Lee model yielding a different C-operator as compared to the one previously derived by Bender et al.. The puzzling observations of both manuscripts are reconciled and explained in the present manuscript as follows: the actual form of the metric operator (and the induced C-operator) related to some non-Hermitian Hamilton operator constructed along the lines of Shi and Su depends on the chosen normalization of the left and right eigenvectors of the Hamilton operator under consideration and is therefore ambiguous. For a specific PT -symmetric 2 × 2-matrix Hamilton operator it is shown that — by a suitable choice of the norm of its eigenvectors — the metric operator yielding a positive semi-definite inner product can be made even independent of the parameters of the considered Hamilton operator. This surprising feature makes in turn the obtained metric operator rather unique and attractive. For later convenience the metric operator for the Bosonic and Fermionic (anti)causal harmonic oscillator is derived.

PACS numbers: 03.65.-w,11.30.-j,11.10.Ef,03.65.Ge

I. INTRODUCTION

The formulation of a consistent quantum-theoretical framework for physical systems described by non- Hermitian Hamiltonians is for various reasons [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16] some very topical and important issue which is known to have a long history [5, 6, 7, 8, 9, 10, 17, 18].

Important progress by the application of non- Hermitian Hamilton operators is to be expected in the theory of strong interactions (and the intimately related theory of superconductivity) where hadronic mesonmeson and meson-nucleon scattering is well described [4, 5, 19, 20] over a wide range of energies by some non-Hermitian interaction converting hadrons into intermediate (anti)quarks the confining effective interaction Hamiltonian of which is displaying also strong signals of non-Hermiticity. That such type of non-Hermiticity of a Hamilton operator does not necessarily spoil the unitarity and probability concept of the underlying quantum theory will be clarified to some extent below.

Moreover had it been discoveries in mathematical physics [21, 22] noticing that several non-Hermitian Hamilton operators are sharing various features with (often non-local or non-linear) Hermitian Hamilton operators making these specific non-Hermitian operators interesting candidates to describe the time evolution and spectral properties of specific physical systems.

∗Electronic address: kleefeld@cfif.ist.utl.pt

Stimulated by some important conjecture by Bessis (and Zinn-Justin) of 1992 on the reality and positivity of spectra for manifestly non-Hermitian Hamiltonians received the research field considering non-Hermitian Hamilton operators some considerable boost [23] when Bender and Boettcher proposed in 1997 [24] that the reality property of spectra of Hamilton operators is connected with their anti-unitary [25] PT -symmetry, i.e. symmetry under simultaneous space (P, parity) reflection and time (T ) reversal. The reality and boundness of the spectrum for eigenstates with unbroken PT - symmetry has been proven meanwhile rigorously for a general class of PT -symmetric Hamilton operators [26]. Unfortunately it had become also clear that the PT operation cannot be used as a metric for a quantum mechanical inner product as the resulting pseudo-norm would be indefinite [6, 7, 9, 10, 18, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. This noted indefiniteness caused researchers working in the field to recall and review the long history of the concept of pseudo-Hermiticity and indefinite metrics [6, 7, 9] going back to names like P.A.M. Dirac, W. Pauli, W. Heisenberg, L.S. Pontrjagin, M.G. Kreĭn, . . . in order to find a suitable inner product with positive semi-definite norm for functions subject to PT - symmetric Hamilton operators replacing the well known inner product with positive semi-definite norm associated with the name Max Born [37] being applicable only in the context of Hermitian Hamilton operators. The identification of a so-called CPT -inner product with positive semi-definite norm by Bender, Brody and Jones [38] (see e.g. also discussions in Refs. [39, 40, 41, 42]) led then finally to a well defined pseudo-Hermitian quantum mechanics [17, 18, 43, 44] and quantum field theory [39] for non-Hermitian PT -symmetric Hamilton operators.

As attractive the discovery by Bender et al. has been that physical systems described by non-Hermitian PT -symmetric Hamiltonians obtain a quantum theoretic foundation by the construction of some C-operator yielding a probability concept via an induced CPT -inner product [18, 38], as cumbersome turned out the actual exact or just perturbative construction of some Coperator even for simple non-Hermitian Hamiltonians [45, 46, 47, 48, 49]. In this spirit it has been a great success that Bender et al. [17, 50] were e.g. able to determine exactly some C-operator for the non-Hermitian PT -symmetric Lee-model [6, 51, 52], while Jones [53] constructed subsequently from the non-Hermitian PT - symmetric Hamiltonian of the Lee-model its respective Hermitian counterpart by a simililarity transform.

Facing the very successful concept of a CPT -inner product for physical systems described by non-Hermitian PT -symmetric Hamiltonians it came to us as a surprise when Shi and Sun suggested in their most recent article “Recovering Unitarity of Lee Model in Bi-Orthogonal Basis” [2] some inner product for the non-Hermitian PT - symmetric Lee-model seemingly different from the aforementioned CPT -inner product by Bender et al. which shares all the attractive features of the CPT -inner product including a probability concept.

Moreover turned it out to be very puzzling to us when Bender and Klevansky noted in a very recent article [1] (see also [47]) that the C-operator of a PT -symmetric quantum theory is not unique facing the situation that Das and Greenwood [54] were able to reproduce the result of Bender et al. [50] on the Lee-model by different means.

This article is devoted to reconcile the observations of Bender et al. with the results of Shi and Sun and to try to explain why Bender and Klevansky observed that the C-operator of a PT -symmetric quantum theory is not unique.

The article is organized as follows. In Section II we recall the definition of the general inner product for non- Hermitian Hamiltonians used by Shi and Sun [2]. In Section III we apply the definition of the inner product mentioned in the article by Shi and Su to a system described by some PT -symmetric 2 × 2-matrix Hamilton operator originally suggested and discussed by Bender et al.. Section IV is used to revisit the non-Hermitian Hamilton operator for the Bosonic and Fermionic (anti)causal harmonic oscillator and to derive its metric operator along the lines described in Section II. In Section V we summarize our results and conclude.

II. A GENERAL INNER PRODUCT FOR A NON-HERMITIAN HAMILTONIAN

Let’s consider some Hamilton operator H which is not necessarily Hermitian, i.e. we assume particularly the situation H ≠ H^+ with H^+ being the Hermitian conjugate of H. The right eigenvectors |e_n⟩ and left eigenvectors ⟨⟨e_n| for the respective (sometimes even complex valued) eigenvalues E_n (The index n ∈ {0, 1, 2, . . .} labels the eigenvalue!) respect the following well known equations: H |e_n⟩ = E_n |e_n⟩ , (1) ⟨⟨e_n| H = E_n ⟨⟨e_n| , (2) implying also the following well known identy: 0 = ⟨⟨e_n′ | H |e_n⟩ − ⟨⟨e_n′ | H |e_n⟩ = ( ⟨⟨e_n′ | H ) |e_n⟩ − ⟨⟨e_n′ | ( H |e_n⟩ )

= (E_n′ − E_n) ⟨⟨e_n′ | e_n⟩ (3) yielding ⟨⟨e_n′ | e_n⟩ = 0 for E_n′ ≠ E_n. In what follows we define the following Hermitian conjugation of state vectors according to the following identities: ⟨e_n| ≡ ( |e_n⟩ )_+ , (4) |e_n⟩⟩ ≡ ( ⟨⟨e_n| )_+ , (5)

implying of course also ⟨e_n′ |e_n⟩⟩ = ( ⟨⟨e_n′ | e_n⟩ )_∗ = 0 for E_n′ ≠ E_n while (. . .)^∗ is indicating complex conjugation.

As pointed out in the article by Shi and Sun [2] one can introduce “normalized” right eigenvectors |E_n⟩ and left eigenvectors ⟨⟨E_n| for the respective eigenvalues E_n of the Hamilton operator H by performing the following definitions [75]: |E_n⟩ ≡ |e_n⟩ √ ⟨⟨e_n| e_n⟩ , (6)

|E_n⟩⟩ ≡ |e_n⟩⟩ √ ⟨e_n|e_n⟩⟩ , (7)

yielding ⟨E_n| ≡ ⟨e_n| √ ⟨e_n|e_n⟩⟩ , (8)

⟨⟨E_n| ≡ ⟨⟨e_n| √ ⟨⟨e_n| e_n⟩ , (9) and ⟨E_n′ |E_n⟩⟩ = ⟨⟨E_n′ | E_n⟩ = δ_n′_{,n} , (10) and of course by definition also: H |E_n⟩ = E_n |E_n⟩ , (11) ⟨⟨E_n| H = E_n ⟨⟨E_n| . (12) Shi and Sun [2] then recall the following well known spectral expansion of the Hamilton operator H (see also [34]): H = ∑ n E_n |E_n⟩ ⟨⟨E_n| , (13) the following completeness relations (see also [34]): 1 = ∑ n |E_n⟩ ⟨⟨E_n| = ∑ n |E_n⟩⟩ ⟨E_n| , (14) and suggest the following metric operator η: η ≡ ∑ n |E_n⟩⟩ ⟨⟨E_n| = η^+ , (15) yielding obviously: |E_n⟩⟩ = η |E_n⟩ , (16) ⟨⟨E_n| = ⟨E_n| η^+ = ⟨E_n| η . (17) We would like to add here that the inverse metric operator η^{−1} defined by η η^{−1} = η^{−1}η ≡ 1 is given by:

η^{−1} = ∑ n |E_n⟩ ⟨E_n| = ( η^{−1} )_+ . (18)

In our aforementioned notation Shi and Sun [2] write down the following inner product for two arbitrary state vectors |ψ⟩ and |φ⟩ (⟨φ| ≡ |φ⟩^+): ⟨φ |ψ⟩_η ≡ ⟨φ| η |ψ⟩ (19) = ∑ n ⟨φ |E_n⟩⟩ ⟨⟨E_n| ψ⟩ (20) = ⟨⟨φ |ψ⟩ = ⟨φ |ψ⟩⟩ (21) = ⟨⟨φ| η^{−1}|ψ⟩⟩ = ⟨⟨φ |ψ⟩⟩_η−1 . (22) As in standard quantum mechanics the probability of a normalized state |ψ⟩ (normalization condition: ⟨ψ |ψ⟩_η = 1) having the energy E_n is given by the modulous square |⟨⟨E_n| ψ⟩|^2 of the probability amplitude ⟨⟨E_n| ψ⟩ = (⟨ψ |E_n⟩⟩)^∗ as there holds: ⟨ψ |ψ⟩_η ≡ ⟨ψ| η |ψ⟩ = ⟨⟨ψ |ψ⟩ = ⟨ψ |ψ⟩⟩ (23) = ∑ n ⟨ψ |E_n⟩⟩ ⟨⟨E_n| ψ⟩ (24) = ∑ n |⟨⟨E_n| ψ⟩|^2 . (25)

III. REVISITING A PT -SYMMETRIC MATRIX HAMILTONIAN OF BENDER ET AL.

To illustrate why the C-operator should be ambiguous and not unique we consider the following simple 2 × 2- matrix Hamilton operator suggested and studied thoroughly by Bender, Brody and Jones in Ref. [38] (see also [18, 55, 56]): H = ( r e^{i θ} s t r e^{−i θ} ) (26) with r, s, t and θ being real parameters. As has been pointed out in Ref. [38] the Hamilton operator is obviously PT -symmetric, as there holds the following identity:

H^+ = P H P , (27)

with P being the respective parity operator defined as follows: P = ( 0 1 1 0 ) . (28)

The Hamilton operator H has two eigenvalues E_+ and E_− which have been determined already in Ref. [38] and which are given by:

E_± = r cos θ ± √ st − r^2 sin^2 θ . (29)

As has been pointed also out already in Ref. [38] the eigenvalues E_± of H are real provided that there holds:

st ≥ r^2 sin^2 θ . (30)

The right eigenvectors |e_±⟩ and left eigenvectors ⟨⟨e_±| corresponding to the eigenvalues E_± are — up to some normalization — determined by the following conditions: H |e_±⟩ = E_± |e_±⟩ , (31) ⟨⟨e_±| H = E_± ⟨⟨e_±| , (32) yielding with the definition sin α ≡^{r√}_{st} sin θ of Ref. [38] |e_±⟩ ∝ ( √ s e^{±i α2} ± √ t e^{∓i α2} ) , (33)

⟨⟨e_±| ∝ (√ t e^{±i α2} , ± √ s e^{∓i α2} ) . (34)

The crucial point for the nonuniqueness of the C-operator and therefore also the metric operator η is to our understanding related to the fact that normalization of the right eigenvectors |e_±⟩ and left eigenvectors ⟨⟨e_±| of H is not unique, yet can be chosen conveniently. To explain this point we will choose without loss of generality now two different suitable normalizations for the aforementioned eigenvectors to obtain respectively two suitable versions of the C-operator:

Case 1: The C-operator chosen by Bender et al.

Throughout this case we will assume the proportionality constants in Equations (33) and (34) to be unity and choose the right eigenvectors |e_±⟩ and left eigenvectors ⟨⟨e_±| of H to be therefore given exactly by the following expressions: |e_±⟩ = ( √ s e^{±i α2} ± √ t e^{∓i α2} ) , (35)

⟨⟨e_±| = (√ t e^{±i α2} , ± √ s e^{∓i α2} ) , (36) yielding by Hermitian conjugation of course ⟨e_±| = (√ s e^{∓i α2} , ± √ t e^{±i α2} ) , (37)

|e_±⟩⟩ = ( √ t e^{∓i α2} ± √ s e^{±i α2} ) , (38)

and consequently also ⟨⟨e_±| e_±⟩ = ⟨e_± |e_±⟩⟩ = 2 √ st cos α . (39)

Using these results and Equations (6), (7), (8) and (9) we obtain for the respective normalized right eigenvectors |E_±⟩ and left eigenvectors ⟨⟨E_±| of H the following expressions: |E_±⟩ = 1 √ 2 √ st cos α ( √ s e^{±i α2} ± √ t e^{∓i α2} ) , (40)

|E_±⟩⟩ = 1 √ 2 √ st cos α ( √ t e^{∓i α2} ± √ s e^{±i α2} ) , (41)

⟨E_±| = 1 √ 2 √ st cos α (√ s e^{∓i α2} , ± √ t e^{±i α2} ) ,(42)

⟨⟨E_±| = 1 √ 2 √ st cos α (√ t e^{±i α2} , ± √ s e^{∓i α2} ) .(43)

Using these expressions it is straight forward to verify the orthonormality conditions Equation (10), the completeness relations Equation (14) and the spectral expansion of the Hamilton operator Equation (13). For latter convenience the metric operator η defined by Equation (15) will be now derived explicitely:

η = |E_+⟩⟩⟨⟨E_+| + |E_−⟩⟩⟨⟨E_−| = 1 2 √ st cos α × [ ( √ t e^{−i α2} + √ s e^{+i α2} ) (√ t e^{+i α2} , + √ s e^{−i α2} )

+ ( √ t e^{+i α2} − √ s e^{−i α2} ) (√ t e^{−i α2} , − √ s e^{+i α2} ) ]

= 1 2 √ st cos α [ ( t √ st e^{−iα} √ st e^{+iα} s )

+ ( t − √ st e^{+iα} − √ st e^{−iα} s ) ]

= 1 cos α ( √ t/s −i sin α i sin α √ s/t ) . (44)

The C-operator derived by Bender et al. in Ref. [38] is now obtained as the product of the parity operator Equation (28) and the metric operator: C = P η = 1 cos α ( i sin α √ s/t √ t/s −i sin α ) , (45)

provided one assumes s = t yielding √ s/t = √ t/s = 1. The disadvantage of this C-operator and the related metric operator η in Equation (44) is that they depend — contrary to the metric operator of the inner product of standard quantum mechanics — on parameters r, s, t and θ of the Hamilton operator, i.e. they depend on specific properties of the physical system described by the Hamilton operator. The question arises at this point whether it is possible to construct some metric operator η and some related C-operator which are independent of the parameters of the Hamilton operator H. The answer to this question will be given during the study of the following case 2.

Case 2: Parameter independent choice of the C-operator

Throughout this case we will assume the proportionality constants in Equations (33) and (34) to be unity for right eigenvectors and ±1 for left eigenvectors of H. We choose therefore the right eigenvectors |e_±⟩ and left eigenvectors ⟨⟨e_±| of H to be given exactly by the following expressions: |e_±⟩ = ( √ s e^{±i α2} ± √ t e^{∓i α2} ) , (46)

⟨⟨e_±| = ± (√ t e^{±i α2} , ± √ s e^{∓i α2} )

= ( ± √ t e^{±i α2} , √ s e^{∓i α2} ) , (47)

yielding by Hermitian conjugation of course ⟨e_±| = (√ s e^{∓i α2} , ± √ t e^{±i α2} ) , (48)

|e_±⟩⟩ = ( ± √ t e^{∓i α2} √ s e^{±i α2} ) , (49)

and consequently also ⟨⟨e_±| e_±⟩ = ⟨e_± |e_±⟩⟩ = ± 2 √ st cos α . (50)

The interesting aspect of this case is that the left eigenvector of H for the eigenvalue E_− contains an extra factor (−1) as compared to the one of case 1 yielding now the leading minus sign in the inner product on the righthand side of Equation (50). This extra minus sign leads to the fact that one of the eigenvalues of the resulting C-operator will have now an opposite sign as compared to the eigenvalues of the C-operator of case 1. Hence, the original task of the C-operator of case 1 to render the inner product ⟨ψ|ψ⟩_η positive semi-definite is taken over in case 2 by the norm of specific left eigenvectors of the Hamilton operator H.

Using now the previous results derived for the case 2 and Equations (6), (7), (8) and (9) we obtain for the respective normalized right eigenvectors |E_±⟩ and left eigenvectors ⟨⟨E_±| of H the following expressions:

|E_±⟩ = 1 √ ± 2 √ st cos α ( √ s e^{±i α2} ± √ t e^{∓i α2} ) , (51)

|E_±⟩⟩ = 1 √ ± 2 √ st cos α ( ± √ t e^{∓i α2} √ s e^{±i α2} ) , (52)

⟨E_±| = 1 √ ± 2 √ st cos α (√ s e^{∓i α2} , ± √ t e^{±i α2} ) , (53)

⟨⟨E_±| = 1 √ ± 2 √ st cos α ( ± √ t e^{±i α2} , √ s e^{∓i α2} ) .(54)

Invoking these expressions it is again straight forward to verify the orthonormality conditions Equation (10), the completeness relations Equation (14) and the spectral expansion of the Hamilton operator Equation (13). As in case 1 we will derive now also for case 2 the metric operator η defined by Equation (15) explicitely:

η = |E_+⟩⟩⟨⟨E_+| + |E_−⟩⟩⟨⟨E_−| = 1 2 √ st cos α × [ ( + √ t e^{−i α2} √ s e^{+i α2} ) ( + √ t e^{+i α2} , √ s e^{−i α2} )

− ( − √ t e^{+i α2} √ s e^{−i α2} ) ( − √ t e^{−i α2} , √ s e^{+i α2} )]

= 1 2 √ st cos α [ ( t √ st e^{−iα} √ st e^{+iα} s )

− ( t − √ st e^{+iα} − √ st e^{−iα} s ) ]

= ( 0 1 1 0 ) , (55)

being identical to the parity operator of Equation (28). As in case 1 the C-operator of case 2 is obtained as the product of the parity operator Equation (28) and the metric operator:

C = P η = ( 1 0 0 1 ) . (56)

The remarkable feature of the matrix representation of the metric operator η of Equation (55) and the resulting trivial C-operator in case 2 is that both are now — contrary to case 1 — independent of the parameters r, s, t and θ of the Hamilton operator, i.e. independent of the properties of the physical system described by the respective Hamilton operator. Moreover is it remarkable that the inner product ⟨ψ|ψ⟩_η remains by construction positive semi-definite with respect to the parameter dependent left and right eigenvector basis of the Hamilton operator chosen despite the fact that a scalar product based on the parity operator as the metric operator can be indefinite [6, 7, 9, 10, 18, 27, 28, 29, 30, 31, 32, 34, 35] if the basis vectors of the left eigenspace of the Hamiltonian are not chosen properly. Since the eigenvalues of the C-operator of case 2 are all one the C-operator of case 2 cannot be any interpreted (as in case 1) to be the intrinsic parity operator as suggested by Bender et al. e.g. in Ref. [40].

IV. REVISITING THE (ANTI)CAUSAL HARMONIC OSCILLATOR

E.g. in Refs. [5, 6, 7, 8, 11, 12, 13, 14, 15, 16] and references therein it has been pointed out by us that the causal evolution of some physical system finding its manifestation e.g. in the iε-prescription in denominators of retarded Green’s functions of a causal quantum theory implies some at least infinitesimal non-Hermiticity of the causal Hamilton operator H_C responsible for the causal evolution of the system. In order to restore the overall Hermiticity of the Hamilton operator H = H_C + H_A = (H)^+ we added to H_C the anticausal Hamilton operator H_A = (H_C )^+ which would describe the anticausal, i.e. advanced evolution of some physical system backwards in time and which commutes for consistency reasons with H_C , i.e. [H_C , H_A] = 0. Moreover have we noted in Refs. [5, 6, 7, 8, 11, 12, 13, 14, 15, 16] and references therein that the Hamilton operators describing relativistic Bosons and Fermions, the mass of which is assumed to be complex due to (anti)causal boundary conditions, display the features of the Hamilton operator of some Harmonic oscillator with some complex-valued oscillator frequency ω with the particular property that creation and annihilation operators of causal excitations (or anticausal excitations) are not Hermitian conjugate to each other. Below we will recall first the definition of the Hamilton operator of the Bosonic and Fermionic (anti)causal harmonic oscillator. Then we will try to construct with the method described in Section II the metric operator η for both cases. The derived metric operator and the related positive semi-definite inner product will find in future convenient applications in the context of some causal or anticausal quantum theory for Bosons and Fermions. It is amusing to note by inspection of the results presented below that the structure of the inner product recalled by Shi and Sun and presented again in Section II has been anticipated already throughout the formulation of the results provided Refs. [5, 6, 7, 8, 11, 12, 13, 15].

A. The Bosonic (anti)causal harmonic oscillator

The Hamilton operator of the Bosonic (anti)causal harmonic oscillator in 1-dimensional quantum mechanics is given by (see also [8, 14, 57, 58]):

H = H_C + H_A = 1 2 ω {c^+, a } + 1 2 ω^∗{a^+, c } . (57)

The relevant Bosonic commutation relations for the causal creation operator (c^+), causal annihilation operator (a), anticausal creation operator (a^+) and anticausal annihilation operator (c) are: ( [c, c^+] [c, a^+] [a, c^+] [a, a^+] ) = ( 0 1 1 0 ) , (58) ( [c, c] [c, a] [a, c] [a, a] ) = ( 0 0 0 0 ) , (59) ( [c^+, c^+] [c^+, a^+] [a^+, c^+] [a^+, a^+] ) = ( 0 0 0 0 ) . (60)

After defining the conveniently normalized right vacuum state |0⟩ and left vacuum state ⟨⟨0| by the properties c |0⟩ = a |0⟩ = 0, ⟨⟨0| c^+ = ⟨⟨0| a^+ = 0 and ⟨⟨0| 0⟩ = 1 the (conveniently normalized) normal right eigenstates |n, m⟩ and left eigenstates ⟨⟨n, m| (n, m ∈ IN_0) of H are given by: |n, m⟩ = 1 √ n! m! (c^+)^n(a^+)^m |0⟩ , (61)

⟨⟨n, m| = 1 √ m! n! ⟨⟨0| c^m a^n . (62)

They fulfil the following two (stationary) Schrödinger equations: (H − E_{n,m}) |n, m⟩ = 0, ⟨⟨n, m| (H − E_{n,m}) = 0 , (63) for the energy eigenvalues: E_{n,m} = ω ( n + 1 2 ) + ω^∗ ( m + 1 2 ) . (64)

For later convenience we define — via Hermitian conjugation — the following adjoint state vectors: |n, m⟩⟩ ≡ ⟨⟨n, m|^+ = 1 √ n! m! (a^+)^n(c^+)^m |0⟩⟩ , (65)

⟨n, m| ≡ |n, m⟩^+ = 1 √ m! n! ⟨0| a^m c^n , (66) and |0⟩⟩ ≡ ⟨⟨0|^+ , ⟨0| ≡ |0⟩^+ . (67)

B. The Fermionic (anti)causal harmonic oscillator

The Hamilton operator of the Fermionic (anti)causal harmonic oscillator in 1-dimensional quantum mechanics is given by (see also [8, 15, 16, 59]):

H = H_C + H_A = 1 2 ω [d^+, b ] + 1 2 ω^∗[b^+, d ] . (68)

The relevant Bosonic anticommutation relations for the causal creation operator (d^+), causal annihilation operator (b), anticausal creation operator (b^+) and anticausal annihilation operator (d) are: ( {d, d^+} {d, b^+} {b, d^+} {b, b^+} ) = ( 0 1 1 0 ) , (69) ( {d, d} {d, b} {b, d} {b, b} ) = ( 0 0 0 0 ) , (70) ( {d^+, d^+} {d^+, b^+} {b^+, d^+} {b^+, b^+} ) = ( 0 0 0 0 ) . (71)

After defining the conveniently normalized right vacuum state |0⟩ and left vacuum state ⟨⟨0| by the properties d |0⟩ = b |0⟩ = 0, ⟨⟨0| d^+ = ⟨⟨0| b^+ = 0 and ⟨⟨0| 0⟩ = 1 the (conveniently normalized) normal right eigenstates |n, m⟩ and left eigenstates ⟨⟨n, m| (n, m ∈ {0, 1}) of H are given by: |n, m⟩ = 1 √ n! m! (d^+)^n(b^+)^m |0⟩ , (72)

⟨⟨n, m| = 1 √ m! n! ⟨⟨0| d^m b^n . (73)

They fulfil the following two (stationary) Schrödinger equations: (H − E_{n,m}) |n, m⟩ = 0, ⟨⟨n, m| (H − E_{n,m}) = 0 , (74) for the energy eigenvalues: E_{n,m} = ω ( n − 1 2 ) + ω^∗ ( m − 1 2 ) . (75)

For later convenience we define — via Hermitian conjugation — the following adjoint state vectors: |n, m⟩⟩ ≡ ⟨⟨n, m|^+ = 1 √ n! m! (b^+)^n(d^+)^m |0⟩⟩ , (76)

⟨n, m| ≡ |n, m⟩^+ = 1 √ m! n! ⟨0| b^m d^n , (77) and |0⟩⟩ ≡ ⟨⟨0|^+ , ⟨0| ≡ |0⟩^+ . (78)

C. Orthonormality, completeness, metric operator and probability concept

The following discussion applies to both, the Bosonic and the Fermionic (anti)causal harmonic oscillator:

The energy eigenvalues E_{n,n} are obviously real, while the eigenvalues E_{m,n} and E_{n,m} form a complex conjugate pair for n ≠ m which arises typically for the case of broken PT -symmetry. In the spirit of Section II are the (bi)orthogonal (here normal) eigenstates complete: ⟨⟨n^′, m^′| n, m⟩ = δ_n′_n δ_m′_m , (79) ∑ n,m |n, m⟩⟨⟨n, m| = 1 . (80) Following the stategy discussed in Section II we define the metric operator η and the inverse metric operator η^{−1} as follows: η ≡ ∑ n,m |n, m⟩⟩⟨⟨n, m| = η^+ , (81)

η^{−1} ≡ ∑ n,m |n, m⟩⟨n, m| = (η^{−1})^+ . (82) As in Section II the positive semi-definite inner product for two arbitrary state vectors |ψ⟩ and |φ⟩ (⟨φ| ≡ |φ⟩^+) is given by: ⟨φ |ψ⟩_η ≡ ⟨φ| η |ψ⟩ (83) = ∑ n,m ⟨φ |n, m⟩⟩ ⟨⟨n, m| ψ⟩ (84) = ⟨⟨φ |ψ⟩ = ⟨φ |ψ⟩⟩ (85) = ⟨⟨φ| η^{−1}|ψ⟩⟩ = ⟨⟨φ |ψ⟩⟩_η−1 , (86) while the quantity |⟨⟨n, m| ψ⟩|^2 can be interpreted to be the probability of a physical system described by the normalized state vector |ψ⟩ (normalization condition: ⟨ψ |ψ⟩_η = 1) to have the energy E_{n,m}.

V. SUMMARY AND CONCLUSIONS

As discussed throughout this manuscript and has been recalled in a very recent manuscript by Shi and Sun [2] there exists a general inner product even for non- Hermitian non-PT -symmetric Hamilton operators which can be defined along the lines described in Section II of this manuscript by constructing some bi-orthogonal basis of left and right eigenvectors of some non-Hermitian Hamilton operator under consideration. The aforementioned inner product allows to establish some probability concept in the space spanned by the states on which the non-Hermitian Hamilton operator is acting. The very existence of this inner product is — besides the determination of some complete set of observables — known to be a crucial ingredient for the construction of some quantum theory. As shown in the present manuscript the construction of the metric operator (and the related C-operator for some PT -symmetric Hamilton operator) are not unique, as the normalization of the left and right eigenvectors of the considered non-Hermitian Hamilton operator is not unique. Keeping this in mind one might be tempted to think that there is an infinity of possibilities of establishing a metric operator for a given non- Hermitian Hamilton operator due to the fact that one has an infinity of possibilities to choose the normalization of the left and right eigenvectors of the respective Hamilton operator. Yet the discussion of this manuscript shows also that there exist some metric operators with very particular features which make these metric operators seemingly unique among all other feasible metric operators. The metric operator as originally suggested by Bender et al. (see e.g. the discussion in Ref. [40]) has the interpretation of some intrinsic parity operator as it assumes the full responsability of rendering the inner product positive semi-definite. Unfortunately does this metric operator explicitely depend on parameters of the Hamilton operator and has to be constructed for each physical system individually (which is often very cumbersome). Fortunately, as demonstrated in the context of case 2 in Section III of this manuscript, there seems to exist the possibility to normalize the left and right eigenvectors of every non-Hermitian such that the metric operator can be made independent of the parameters of the Hamilton operator.

A particular — maybe even unique — situation like in case 2 of Section III arises, whenever the choice of the normalization of the left and right eigenvectors of the Hamilton operator yields a trivial C-operator. A related metric operator η will yield the most preferable inner product to set up some quantum theory for a physical system, as it will carry no specific information about the physical system itself (with the exception of some general features of the physical system like e.g. the dimension of the phase space involved). The strategy to construct this metric operator suggested by the present manuscript points to the construction and suitable normalization of left and right eigenvectors of some Hamilton operator under consideration. The question about the existence of such a metric operator is, however, not easy to answer.

In this context we should recall that the nonuniqueness of the C-operator observed by Bender and Klevansky [1] was partially related to the question of how to order operators. It is well known that Green’s functions calculated from path integrals or Moyal products [63] bearing information of the underlying inner product of some quantum theory [60, 61, 62] correspond to a specific kind operator ordering [64, 65, 66, 67] needed in calculating the same Green’s functions on the basis of operator based vacuum-persistence amplitudes. Simultaneously a correct operator ordering is needed to obtain results being Lorentz invariant and displaying no superficial divergencies which cannot be renormalized [68, 69]. In this spirit the search for a most simple C-operator/metric operator and the related operator ordering will be guided by the search for Lorentz invariance and renormalizability of the quantum theory under consideration [69]. Unfortunately we know that on the level of the action of a quantum theory there can remain some terms called anomalies [69, 70, 71] which do not find some classical counterpart, the relevance of which in physical laws has to be decided by experiments and the existence of which in a quantum theoretical formalism is related to the specific operator ordering to be used. It is clear that the ambiguity in the C-operator or metric operator stemming from eventual anomalies should remain persistent in an inner product of any quantum theory and should be visible throughout the determination of some metric operator independent of how simple it finally is chosen by Nature.

Rooted in the work of Scholtz, Geyer and Hahne [35] it is nowadays well known that for each PT -symmetric Hamilton operator H there exists — with the exception of some very pathologic situations [72] requiring further investigation — an infinity [73] of Hermitian Hamilton operators h related to the former operator H by some similarity transform h = U √ P H √ P U^+ = h^+ with U being some arbitrary unitary operator. The ambiguous square root √ P of the parity operator P Equation (28) for our Hamilton operator under consideration in Section III of this manuscript is most conveniently determined from a diagonalized representation of P like e.g. the following: P = 1 √ 2 ( 1 1 1 −1 ) ( 1 0 0 −1 ) 1 √ 2 ( 1 1 1 −1 ) , (87) suggesting e.g.

√ P = 1 √ 2 ( 1 1 1 −1 ) ( 1 0 0 ± i ) 1 √ 2 ( 1 1 1 −1 ) ,(88)

yielding obviously √ P^{−1} = √ P^+. The very existence of this similarity transform is not at all affected by the nonuniqueness of the C-operator despite the fact that the actual form of the unitary matrix U can be related to the specific representation of the C-operator if one establishes the relation C = e^QP as suggested by Bender et al. [18, 40, 45, 74].

For later convenience we have constructed in Section IV along the lines described in Section II the metric operator and the related positive semi-definite inner product for the Bosonic and Fermionic (anti)causal harmonic oscillators. The results easily generalized to respective Hamilton operators describing (anti)causal Klein-Gordon and Dirac fields will have some crucial importance in formulating a consistent causal, analytical, local and unitary quantum theory for physical systems governed by quasi-Hermitian and non-Hermitian Hamiltonians.

This work was supported by the Fundação para a Ciência e a Tecnologia of the Ministério da Ciência, Tecnologia e Ensino Superior of Portugal, under contract POCI/FP/81913/2007 and by the Czech project LC06002.

[1] C. M. Bender and S. P. Klevansky, arXiv:0905.4673 [hepth].

[2] T. Shi and C. P. Sun, arXiv:0905.1771 [hep-th]. [3] F. Kleefeld, J. Phys. A 39, L9 (2006) [arXiv:hep-th/0506142].

[4] F. Kleefeld, Czech. J. Phys. 55, 1123 (2005) [arXiv:hep-th/0506140].

[5] F. Kleefeld, AIP Conf. Proc. 660, 325 (2003) [arXiv:hep-ph/0211460].

[6] F. Kleefeld, arXiv:hep-th/0408028. [7] F. Kleefeld, arXiv:hep-th/0408097.

[8] F. Kleefeld, doctoral thesis (University of Erlangen- Nürnberg, Germany, 1999).

[9] M. Znojil, Rend. Circ. Mat. Palermo, Serie II, Suppl. 72, 211 (2004) [arXiv:math-ph/0104012].

[10] F. Kleefeld, Czech. J. Phys. 56, 999 (2006) [arXiv:quant-ph/0606070].

[11] F. Kleefeld, arXiv:hep-th/0312027.

[12] F. Kleefeld, eConf C0306234, 1367 (2003) [Proc. Inst. Math. NAS Ukraine 50, 1367 (2004)] [arXiv:hep-th/0310204].

[13] F. Kleefeld, Few Body Syst. Suppl. 15, 201 (2003) [arXiv:nucl-th/0212008].

[14] F. Kleefeld, E. van Beveren and G. Rupp, Nucl. Phys. A 694, 470 (2001) [arXiv:hep-ph/0101247].

[15] F. Kleefeld, Acta Phys. Polon. B 30, 981 (1999) [arXiv:nucl-th/9806060].

[16] F. Kleefeld: Consistent effective description of nucleonic resonances in an unitary relativistic field-theoretic way in Proc. XIV ISHEPP98 (17-22 August, 1998, Dubna), Eds. A. M. Baldin, V. V. Burov, JINR, Dubna, 2000, Part 1, 69-77 [arXiv:nucl-th/9811032].

[17] C. M. Bender, Rept. Prog. Phys. 70, 947 (2007) [arXiv:hep-th/0703096].

[18] C. M. Bender, Contemp. Phys. 46, 277 (2005) [arXiv:quant-ph/0501052].

[19] F. Kleefeld, AIP Conf. Proc. 717, 332 (2004) [arXiv:hep-ph/0310320].

[20] E. van Beveren, F. Kleefeld and G. Rupp, AIP Conf.

Proc. 814, 143 (2006) [arXiv:hep-ph/0510120]. [21] E. Caliceti, S. Graffi, M. Maioli, Commun. Math. Phys.

75, 51 (1980); V. Buslaev, V. Grecci, J. Phys. A: Math. Gen. 26, 5541 (1993); E. Delabaere, F. Pham, Phys. Lett. A 250, 25 (1998); E. Delabaere, F. Pham, Phys. Lett. A 250, 29 (1998).

[22] F.M. Fernández, R. Guardiola, J. Ros, M. Znojil, J. Phys.

A: Math. Gen. 31, 10105 (1998); see also F.M. Fernandez, R. Guardiola, J. Ros, M. Znojil, quant-ph/9812026.

[23] Proc. 1st workshop on “Pseudo-Hermitian Hamiltonians in Quantum Physics” (PHHQP), 16.-17.6.2003, Villa

Lanna, Prague, Czech Republic, Czech. J. Phys. 54, 1-156 (2004); Proc. 2nd workshop on PHHQP, 14.-16.6.2004, Villa Lanna, Prague, Czech Republic, Czech. J. Phys. 54, 1005-1148 (2004); Proc. 3rd workshop on PHHQP, 20.-22.6.2005, Koç University, Istanbul, Turkey, Czech. J. Phys. 55, 1049-1192 (2005); Proc. 4th workshop on PHHQP, 22.-25.11.2005, Stellenbosch University, South Africa, J. Phys. A: Math. Gen. 39, 9963 - 10262 (2006); Proc. 5nd workshop on PHHQP, 3.-5.7.2006, Bologna University, Italy, Czech. J. Phys. 56, 885-1064 (2006); Proc. 6th workshop on PHHQP, 16.-18.7.2007, City University London, J. Phys. A: Math. Gen. 41, 240301 - 244027 (2008); Proc. 7th workshop on PHHQP, 29.6.- 11.7.2008, Benasque Centre for Science, Barcelona University, Spain, to be published in SIGMA; Proc. 8th workshop on PHHQP, 12.-16.1.2009, Bhabha Atomic Research Centre, Mumbai, India, to be published in Pramana.

[24] C.M. Bender, S. Boettcher, Phys. Rev. Lett. 80, 5243 (1998).

[25] M. Robnik, M.V. Berry, J. Phys. A: Math. Gen. 19, 669 (1986).

[26] P Dorey, C. Dunning, R. Tateo, J. Phys. A: Math. Gen.

34, 5679 (2001); K.C. Shin, Commun. Math. Phys. 229, 543 (2002) [math-ph/0201013]; E. Caliceti, S. Graffi, S. Sjostrand, J. Phys. A: Math. Gen. 38, 185 (2005); P. Dorey, A. Millican-Slater, R. Tateo, J. Phys. A: Math. Gen. 38, 1305 (2005).

[27] G. S. Japaridze, J. Phys. A 35, 1709 (2002) [arXiv:quant-ph/0104077].

[28] B. Bagchi, C. Quesne and M. Znojil, Mod. Phys. Lett. A 16, 2047 (2001) [arXiv:quant-ph/0108096].

[29] A. Mostafazadeh, J. Math. Phys. 43, 205 (2002). [30] A. Blasi, G. Scolarici, and L. Solombrino, arXiv:quant-ph/0310106.

[31] D. T. Trinh, J. Phys. A 38, 3665 (2005) [arXiv:math-ph/0502009].

[32] T. Tanaka, J. Phys. A 39, 14175 (2006) [arXiv:hep-th/0605035].

[33] A. Mostafazadeh, A. Batal, J. Phys. A: Math. Gen. 37 11645 (2004); A. Mostafazadeh, J. Phys. A: Math. Gen. 38 3213 (2005).

[34] S. Weigert, Phys. Rev. A 68, 062111 (2003). [35] F. G. Scholtz, H. B. Geyer, and F. J. W. Hahne, Ann.

Phys. A 213, 74 (1992).

[36] T. D. Lee and G. C. Wick, Nucl. Phys. B 9 (1969) 209. [37] A. Pais: Max Born and the statistical interpretation of Quantum Mechanics, presented to Annual Mtg. of Optical Soc. of America, Tucson, Arizona, Oct. 21, 1982, on occasion of the centenary of Born’s birth [KEK lib. preprint 198301341].

[38] C. M. Bender, D. C. Brody and H. F. Jones, eConf C0306234, 617 (2003) [Phys. Rev. Lett. 89, 270401 (2002) [Erratum-ibid. 92, 119902 (2004)]] [arXiv:quant-ph/0208076].

[39] C.M. Bender, D.C. Brody, H.F. Jones, Phys. Rev. D 70, 025001 (2004) [Erratum-ibid. D 71, 049901 (2005)].

[40] C. M. Bender, S. F. Brandt, J. H. Chen and Q. h. Wang, Phys. Rev. D 71, 065010 (2005) [arXiv:hep-th/0412316].

[41] A. Mostafazadeh, quant-ph/0307059v2; now published as A. Mostafazadeh, Int. J. Mod. Phys. A 21 2553 (2006).

[42] A. Mostafazadeh, J. Math. Phys. 44, 974 (2003);

B.F. Samsonov, P. Roy, J. Phys. A: Math. Gen. 38, L249 (2005); T. Tanaka, hep-th/0603096.

[43] C.M. Bender, S. Boettcher, P. Meisinger, J. Math. Phys.

40, 2201 (1999).

[44] A. Mostafazadeh, arXiv:0810.5643 [quant-ph]. [45] C. M. Bender and H. F. Jones, Phys. Lett. A 328, 102 (2004) [arXiv:hep-th/0405113].

[46] H. F. Jones, Czech. J. Phys. 54 (2004) 1107. [47] A. Mostafazadeh, J. Phys. A 39, 10171 (2006) [arXiv:quant-ph/0508195].

[48] H. F. Jones and J. Mateo, Phys. Rev. D 73, 085002 (2006) [arXiv:quant-ph/0601188].

[49] C. M. Bender, D. C. Brody and H. F. Jones, Phys. Rev.

D 73, 025002 (2006) [arXiv:quant-ph/0509034]. [50] C. M. Bender, S. F. Brandt, J. H. Chen and Q. h. Wang, Phys. Rev. D 71, 025014 (2005) [arXiv:hep-th/0411064].

[51] T. D. Lee, Phys. Rev. 95, 1329 (1954).

[52] T. D. Lee and G. C. Wick, Nucl. Phys. B 10 (1969) 1. [53] H. F. Jones, Phys. Rev. D 77, 065023 (2008) [arXiv:0711.4967 [hep-th]].

[54] A. Das and L. Greenwood, arXiv:0905.1454 [quant-ph]. [55] C. M. Bender, J. Brod, A. Refig and M. Reuter, J. Phys.

A 37, 10139 (2004) [arXiv:quant-ph/0402026]. [56] H. B. Geyer, W. D. Heiss, and F. G. Scholtz, arXiv:0710.5593v1 [quant-ph].

[57] N. Nakanishi: Phys. Rev. D 5, 1968 (1972). [58] N. Nakanishi: Prog. Theor. Phys. Suppl. 51, 1 (1972). [59] T.D. Lee, G.C. Wick: Phys. Rev. D 2, 1033 (1970). [60] H. F. Jones and R. J. Rivers, arXiv:0905.3522 [hep-th]. [61] H. F. Jones and R. J. Rivers, Phys. Rev. D 75, 025023 (2007) [arXiv:hep-th/0612093].

[62] A. Mostafazadeh, Phys. Rev. D 76, 067701 (2007). [63] F. G. Scholtz and H. B. Geyer, arXiv:quant-ph/0602187. [64] F. J. Testa, J. Math. Phys. 12, 1471 (1971). [65] M. L. Rutenberg, Phys. Lett. B 325, 383 (1994). [66] J. S. Dowker, J. Math. Phys. 17, 1873 (1976). [67] M. a. Sato, Prog. Theor. Phys. 58, 1262 (1977). [68] T. Suzuki, A. C. Hirshfeld and H. Leschke, Prog. Theor.

Phys. 63, 287 (1980).

[69] G. V. Dunne and C. A. Trugenberger, Annals Phys. 195, 356 (1989).

[70] C. M. Bender, D. C. Brody, J. H. Chen, H. F. Jones, K. A. Milton and M. C. Ogilvie, Phys. Rev. D 74, 025016 (2006) [arXiv:hep-th/0605066].

[71] H. F. Jones, J. Mateo and R. J. Rivers, Phys. Rev. D 74, 125022 (2006) [arXiv:hep-th/0610245].

[72] C. M. Bender and P. D. Mannheim, arXiv:0804.4190 [hep-th].

[73] C. M. Bender and D. W. Hook, J. Phys. A 41, 244005 (2008) [arXiv:0802.2910 [hep-th]].

[74] C. M. Bender, P. N. Meisinger and Q. h. Wang, J. Phys.

A 36, 1029 (2003).

[75] Shi and Sun [2] use the notation |en⟩, ⟨dn|, |En⟩, ⟨Dn| for the respective states |en⟩, ⟨⟨en| , |En⟩, ⟨⟨En| in our notation.