arXiv:quant-ph/0504226 v1 29 Apr 2005

Distance-based degrees of polarization for a quantum field

A. B. Klimov,^1 L. L. Sánchez-Soto,^2 E. C. Yustas,^2 J. Söderholm,^3 and G. Björk^4 1Departamento de Física, Universidad de Guadalajara, 44420 Guadalajara, Jalisco, Mexico 2Departamento de Óptica, Facultad de Física, Universidad Complutense, 28040 Madrid, Spain 3Institute of Quantum Science, Nihon University, 1-8 Kanda-Surugadai, Chiyoda-ku, Tokyo 101-8308, Japan 4School of Communication and Information Technology, Royal Institute of Technology (KTH), Electrum 229, SE-164 40 Kista, Sweden (Dated: April 29, 2005)

It is well established that unpolarized light is invariant with respect to any SU(2) polarization transformation. This requirement fully characterizes the set of density matrices representing unpolarized states. We introduce the degree of polarization of a quantum state as its distance to the set of unpolarized states. We use two different candidates of distance, namely the Hilbert-Schmidt and the Bures metric, showing that they induce fundamentally different degrees of polarization. We apply these notions to relevant field states and we demonstrate that they avoid some of the problems arising with the classical definition.

PACS numbers: 42.50.Dv, 03.65.Yz, 03.65.Ca, 42.25.Ja

I. INTRODUCTION

The polarization properties of quantum fields have received much attention over the past few years, especially in the single photon regime. The polarization state is a robust characteristic, which is relatively simple to manipulate without inducing more than marginal losses. It is thus hardly surprising that many outstanding experiments in quantum optics, such as Bell tests [1, 2], quantum tomography [3] or quantum cryptography [4, 5], have been performed using polarization states.

The polarization of a light beam in classical optics can be elegantly visualized by resorting to the Poincaré sphere, and is determined by the four Stokes parameters [6, 7, 8, 9]. These parameters present unique advantages: they are easily measured, they can be extended to the quantum domain, where the Stokes parameters become the mean values of the Stokes operators, and, finally, they allow us to classify the states of light according to a degree of polarization [10, 11, 12, 13].

This classical degree of polarization is simply the modulus of the Stokes vector. While this affords a very intuitive image, it has also serious drawbacks that can be traced back to the fact that the Stokes parameters are proportional to the second-order correlations of the field amplitudes. This may be sufficient for most classical problems, but for quantum fields higher-order correlations are crucial. For this reason, the Stokes parameters do not distinguish between quantum states having remarkably different polarization properties [14, 15, 16]. For example, the classical polarization degree of the state with exactly one photon in each of the horizontally and vertically polarization modes is zero, but it cannot be regarded as unpolarized. These unwanted consequences call for alternative measures.

Recently, Luis [17] has brought in a challenging idea to circumvent these difficulties. For the full characterization of polarization, a probability distribution (obtained via the Q function) is defined on the Poincaré sphere. To some extent, the existence of such a probabilistic description is unavoidable in quantum optics from the very beginning, since the Stokes operators do not commute and thus no state can have a definite value of all of them simultaneously (except the vacuum). In this framework, the degree of polarization of a field state can be defined as the distance from its associated distribution to the uniform distribution corresponding to unpolarized light. We find this proposal interesting, but semiclassical in nature. In addition, we stress that the SU(2) Q function does not connect manifolds with different photon excitations, so the information it embodies cannot be, in general, complete.

The question of what unpolarized light is has a relatively long history [18, 19, 20]. Today, there is a wide consensus [21, 22] in considering unpolarized light as the light that is described by quantum states that are invariant with respect to any SU(2) polarization transformation. It turns out that this requirement fixes the density operators admissible to represent unpolarized fields. It is then suggestive to look at the degree of polarization as a distance from a given state to this set of unpolarized states.

The notion of distance measure has been successfully used in assessing nonclassicality [23, 24, 25], entanglement [26], quantum information [27, 28, 29, 30, 31, 32, 33, 34, 35] and localization [36, 37, 38, 39], to cite only some relevant examples. These measures are useful both when comparing experiments with the corresponding theory and in comparing different experiments. We hope that they will be soon agreed upon by experimentalists and theorists alike.

In this paper, we connect the idea of distance with the problem of assessing the polarization characteristics of a quantum field, exploring a suitable definition that avoids at least some of the aforementioned difficulties that previous approaches based on Stokes parameters encounter.

II. SU(2) POLARIZATION STRUCTURE AND INVARIANCE PROPERTIES OF QUANTUM FIELDS

We assume a monochromatic plane wave propagating in the z direction, whose electric field lies in the xy plane. Under these conditions, we are dealing with a two-mode field that can be fully described by two complex amplitude operators. They are denoted by â_H and â_V , where the subscripts H and V indicate horizontally and vertically polarized modes, respectively. The commutation relations of these operators are standard: [â_j, â^†_k] = δ_{jk} , j, k ∈ {H, V } . (2.1) The Stokes operators are then defined as the quantum counterparts of the classical variables, namely [10, 11, 12, 13]

Ŝ_0 = â^†_Hâ_H + â^†_V â_V , Ŝ_1 = â^†_H â_V + â^†_V â_H ,

(2.2) Ŝ_2 = i(â_H â^†_V − â^†_H â_V ) , Ŝ_3 = â^†_H â_H − â^†_V â_V ,

and their mean values are precisely the Stokes parameters (⟨Ŝ_0⟩, ⟨Ŝ⟩), where Ŝ = (Ŝ_1, Ŝ_2, Ŝ_3). Using the relation (2.1), one immediately gets that the Stokes operators satisfy the commutation relations of angular momentum:

[Ŝ, Ŝ_0] = 0 , [Ŝ_1, Ŝ_2] = 2iŜ_3 , (2.3)

and cyclic permutations. The noncommutability of these operators precludes the simultaneous exact measurement of their physical quantities. Among other consequences, this implies that no field state (leaving aside the twomode vacuum) can have definite nonfluctuating values of all the Stokes operators simultaneously. This is expressed by the uncertainty relation

(ΔŜ)^2 = (ΔŜ_1)^2 + (ΔŜ_2)^2 + (ΔŜ_3)^2 ≥ 2⟨Ŝ_0⟩ . (2.4)

Contrary to what happens in classical optics, the electric vector of a monochromatic quantum field never describes a definite ellipse [17].

In mathematical terms, a SU(2) (or linear) polarization transformation is any transformation generated by the operators Ŝ. It is well known [40] that the operator Ŝ_2 is the infinitesimal generator of geometrical rotations around the direction of propagation, whereas Ŝ_3 is the infinitesimal generator of differential phase shifts between the modes. As indicated by Eq. (2.3), these two operators suffice to generate all SU(2) polarization transformations, which in experimental terms means that they can be accomplished with a combination of phase plates and rotators (that produce rotations of the electric field components around the propagation axis) [21].

The standard definition of the degree of polarization is [7, 8, 9]

P_{sc} = √ ⟨Ŝ⟩^2 ⟨Ŝ_0⟩ = √ ⟨Ŝ_1⟩^2 + ⟨Ŝ_2⟩^2 + ⟨Ŝ_3⟩^2 ⟨Ŝ_0⟩ , (2.5) where the subscript sc indicates that this is a semiclassical definition, mimicking the form of the classical one. In the semiclassical description it is implicitly assumed that unpolarized light (i. e., the origin of the Poincaré sphere) is defined by the specific values [41]

⟨Ŝ_1⟩ = ⟨Ŝ_2⟩ = ⟨Ŝ_3⟩ = 0 . (2.6)

Sometimes the extra requirement that the Stokes parameters are temporally invariant is added to make the definition even more stringent [42]. In any case, this conception has several flaws that have been put forward before and give rise to strange concepts such as that of quantum states with “hidden” polarization [43]. Actually, this notion leads to the paradoxical conclusion that unpolarized light has a polarization structure, which is latent when the mean intensities are measured and detectable when the noise intensities are measured [44].

If, as anticipated in the Introduction, one looks at unpolarized light as field states that remain invariant under any SU(2) polarization transformation, then there is no more any “hidden” polarization. Any state satisfying this invariance condition will also fulfill the classical definition of an unpolarized state, but the converse is not true. It has been shown [18, 19, 20] that the density operator of such “quantum” unpolarized states can be always written as

σ̂ = ∞⨁ N=0 λ_N ^11_N , (2.7)

where N denotes the excitation manifold in which there are exactly N photons in the field. All the coefficients λ_N are real and nonnegative and to ensure the unit-trace condition of the density operator they must satisfy ∞∑ N=0 (N + 1)λ_N = 1 . (2.8)

In the following, the basis states of the excitation manifold N will be denoted as |N, k⟩ = |k⟩_H ⊗ |N − k⟩_V , k = 0, 1, . . ., N . These states span a SU(2) invariant subspace of dimension N + 1, and the generators Ŝ act therein according to Ŝ_+|N, k⟩ = √ (k + 1)(N − k)|N, k + 1⟩ , Ŝ_−|N, k⟩ = √ k(N − k + 1)|N, k − 1⟩ , (2.9) Ŝ_3|N, k⟩ = (k − N/2)|N, k⟩ , where Ŝ_± = Ŝ_1 ± iŜ_2. These SU(2) invariant subspaces will play a key role in the following.

III. QUANTUM DEGREE OF POLARIZATION AS A DISTANCE

As we have discussed before, measures of nonclassicality have been defined as the (minimum) distance to an appropriate set representing classical states [23, 24, 25]. Similarly, the minimum distance to the (convex) set of separable states has been used to introduce measures of entanglement [26]. In the same vein, we propose to quantify the degree of polarization as

P(ρ̂) ∝ inf_{σ̂∈U} D(ρ̂, σ̂) , (3.1)

where U denotes the set of unpolarized states of the form (2.7) and D(ρ̂, σ̂) is any measure of distance (not necessarily a metric) between the two density matrices ρ̂ and σ̂, such that P(ρ̂) satisfies some requirements motivated by both physical and mathematical concerns. The constant of proportionality in Eq. (3.1) must be chosen in such a way that P is normalized to unity, i.e., inf_{ρ̂} P(ρ̂) = 1.

In Ref. [34] a check list of six simple, physicallymotivated criteria that should be satisfied by any good measure of distance between quantum processes can be found. For our problem, we impose the following two conditions:

(C1) P(ρ̂) = 0 iff ρ̂ is unpolarized.

(C2) Energy-preserving unitary transformations Û_E leave P(ρ̂) invariant; that is, P(ρ̂) = P(Û_Eρ̂Û^†_E ).

The first condition is to some extent trivial: it ensures that unpolarized and only unpolarized states have a zero degree of polarization. The second takes into account that the requirement that an unpolarized state is invariant under any SU(2) polarization transformation makes it also invariant under any energy-preserving unitary transformation [45]: these include not only the transformations generated by Ŝ, but also those generated by Ŝ_0, which, in technical terms, corresponds to the group U(2) [22].

It is clear that there are numerous nontrivial choices for D(ρ̂, σ̂) (by nontrivial we mean that the choice is not a simple scale transformation of any other distance). None of them could be said to be more important than any other a priori, but the significance of each candidate would have to be seen through physical assumptions. To illustrate this point further, let us take an extreme example fulfilling the previous conditions [26]. Define the discrete distance

D_{dis}(ρ̂, σ̂) = 1 , ρ̂ ≠ σ̂ , 0 , ρ̂ = σ̂ . (3.2)

If the degree of polarization is computed using this distance, we have

P_{dis}(ρ̂) = 1 , ρ̂ /∈ U , 0 , ρ̂ ∈ U . (3.3)

This therefore tells us only if a given state ρ̂ is unpolarized or not.

There are authors demanding that D(ρ̂, σ̂) is a metric [34]. This requires three additional properties: (1) Positiveness: D(ρ̂, σ̂) ≥ 0 and D(ρ̂, σ̂) = 0 iff ρ̂ = σ̂. (2) Symmetry: D(ρ̂, σ̂) = D(σ̂, ρ̂). (3) Triangle inequality: D(ρ̂, τ̂ ) ≤ D(ρ̂, σ̂) + D(σ̂, τ̂). These are quite reasonable properties, since most distances used in quantum mechanics are based on an inner product and so they automatically fulfill them. However, there exist pertinent examples in which D is not a metric. For example, the quantum relative entropy [46, 47, 48, 49]

D_S (ρ̂, σ̂) = S(ρ̂||σ̂) = Tr[ρ̂(ln ρ̂ − ln σ̂)] (3.4)

is not symmetric and does not satisfy the triangle inequality. Nevertheless, it generates a valuable measure of entanglement, and the corresponding degree of polarization satisfies both C1 and C2.

However, for a detailed analysis we will consider the Hilbert-Schmidt metric

D_{HS}(ρ̂, σ̂) = ||ρ̂ − σ̂||^2_{HS} = Tr[(ρ̂ − σ̂)^2] , (3.5)

which has been previously studied in the contexts of entanglement [50, 51, 52]. Since D_{HS}(ρ̂, σ̂) is a metric, condition C1 is satisfied. It follows from the unitary invariance of the Hilbert-Schmidt metric that also C2 is satisfied.

According to our general strategy stated in the definition (3.1), for a given state ρ̂ we should find the unpolarized state σ̂ that minimizes the distance

D_{HS}(ρ̂, σ̂) = Tr(ρ̂^2) + Tr(σ̂^2) − 2 Tr(ρ̂σ̂) . (3.6)

If we take into account that the purity of an unpolarized state is

Tr(σ̂^2) = ∞∑ N=0 (N + 1)λ^2_N , (3.7)

we easily get

D_{HS}(ρ̂, σ̂) = Tr(ρ̂^2) + ∞∑ N=0 [(N + 1)λ^2_N − 2p_N λ_N ] , (3.8)

where p_N is the probability distribution of the total number of photons

p_N = N∑ k=0 ρ_{Nk,Nk} , (3.9)

and ρ_{Nk,N} ′_k′ = ⟨N, k|ρ̂|N^′, k^′⟩ denotes the matrix elements of the density operator ρ̂ between SU(2) invariant subspaces. Now, it is easy to obtain the coefficients λ_N that minimize this distance. The calculation is direct and the result is

λ_N = p_N N + 1

. (3.10)

The density operator σ̂_{opt} ∈ U with these optimum coefficients λ_N satisfies the constraint (2.8), and hence minimizes the distance (3.6). Note that σ̂_{opt} can be written as σ̂_{opt} = ∞∑ N=0 p_N σ̂^{(N)}_{opt} , (3.11)

with

σ̂^{(N)}_{opt} = 1 N + 1 N∑ k=0 |N, k⟩⟨N, k| . (3.12) With all this in mind, we can define the Hilbert- Schmidt degree of polarization by

P_{HS}(ρ̂) = Tr(ρ̂^2) − ∞∑ N=0 p^2_N N + 1

, (3.13)

which is determined not only by the purity 0 < Tr(ρ̂^2) ≤ 1 (as it happens for other measures [53]), but also by the distribution of the number of photons p_N . Although the maximum Hilbert-Schmidt distance between two density operators is 2, the minimum distance to an unpolarized state is normalized to unity.

Using Eqs. (3.7) and (3.10), the Hilbert-Schmidt degree of polarization can be recast as

P_{HS}(ρ̂) = Tr(ρ̂^2) − Tr(σ̂^2_{opt}) , (3.14)

which makes it easy to verify that it vanishes only for unpolarized states, in agreement with the condition C1.

It has been shown [50, 51, 52] that the Hilbert-Schmidt distance is not monotonically decreasing under every completely positive trace-preserving map (what is called the CP nonexpansive property). This has motivated that the quantum information community has identified the fidelity as a particularly important alternative approach to the definition of a distance measure for states [54].

In consequence, as our second candidate of distance we will employ the fidelity (or Uhlmann transition probability) [55]

F (ρ̂, σ̂) = [Tr(σ̂^{1/2} ρ̂ σ̂^{1/2})^{1/2}]^2 . (3.15)

A word of caution is necessary here. There is an ambiguity in the literature: both the quantity (3.15) and its square root have been referred to as the fidelity. The reader should take this into account when comparing different sources.

The fidelity has many attractive properties. First, it is symmetric in its arguments F (ρ̂, σ̂) = F (σ̂, ρ̂), a fact that is not obvious from Eq. (3.15), but which follows from other equivalent expressions. It can also be shown that 0 ≤ F (ρ̂, σ̂) ≤ 1, with equality in the second inequality iff ρ̂ = σ̂. This means that the fidelity is not a metric as such, but serves rather as a generalized measure of the overlap between two quantum states. A common way of turning it into a metric is through the Bures metric

D_B(ρ̂, σ̂) = 2[1 − √ F (ρ̂, σ̂)] . (3.16)

The origin of this distance can be seen intuitively by considering the case when ρ̂ and σ̂ are both pure states. The Bures metric is just the Euclidean distance between the two pure states, with respect to the usual norm on the state space.

Since the larger the fidelity F (ρ̂, σ̂), the smaller the Bures distance D_B(ρ̂, σ̂), we can define the Bures degree of polarization as

P_B(ρ̂) = 1 − sup_{σ̂∈U} √ F (ρ̂, σ̂) . (3.17)

An alternative definition would be 1 − sup_{σ̂∈U} F (ρ̂, σ̂), which arises naturally in the context of quantum computation [34]. It is clear that these definitions order the states ρ̂ in the same way. Unfortunately, we cannot find a general expression of the unpolarized state σ̂ that gives the maximum fidelity. Such a task must be performed case by case and will be illustrated with some selected examples in the next Section. Let us conclude this Section by noting that the fidelity can be used to define a measure of entanglement [26], whereas this is not the case with the Hilbert-Schmidt metric [51]. Since the unpolarized states are separable, P_B(ρ̂) thus gives an upper bound on the entanglement of ρ̂.

IV. EXAMPLES

It is clear from Eq. (3.13) that all pure N -photon states have the same Hilbert-Schmidt degree of polarization. For such states, denoted |Ψ^{(N)}⟩, we have

P_{HS}(|Ψ^{(N)}⟩) = N N + 1

. (4.1)

The Bures degree of polarization for these states can also be readily found:

P_B(|Ψ^{(N)}⟩) = 1 − 1 √ N + 1

. (4.2)

The vacuum is the only unpolarized state, in agreement with condition C1. Note also that the expressions (4.1) and (4.2) apply, e. g., to the states |n⟩_H ⊗ |n⟩_V . Since for them ⟨Ŝ⟩ = 0, classically they would be unpolarized for every n (that is, P_{sc} = 0, even in the limit n ≫ 1). In our distance-based approach, the degree of polarization is a function of all moments of the Stokes operators and not only of the first one, as it happens for P_{sc}, which causes this quite different behavior. We also observe that all these states lying in the N + 1-dimensional invariant subspace satisfy P→ 1 when their intensity is increased.

Next, we define the diagonal states as those that can be expressed as

ρ̂_{diag} = ∞∑ N=0 N∑ k=0 p_{Nk}|Ψ^{(N)}_k ⟩⟨Ψ^{(N)}_k | , (4.3) where we let p_{Nk} ≥ p_{Nk+1}, for all k < N , and {|Ψ^{(N)}_k ⟩}^N_{k=0} is an arbitrary orthonormal basis in excitation manifold N . It then follows from C2 that any two diagonal states whose probability distribution {p_{Nk}}^N_{k=0} coincide, must have the same degree of polarization. For any diagonal state, we have

P_{HS}(ρ̂_{diag}) = ∞∑ N=0 N∑ k=0 p^2_{Nk} − ∞∑ N=0 p^2_N N + 1 ≤ ∞∑ N=0 N p^2_N N + 1

. (4.4)

To deal with the Bures degree of polarization for this example, we first note that √ F (ρ̂_{diag}, σ̂) = ∞∑ N=0 N∑ k=0 √ λ_N p_{Nk} = ∞∑ N=0 s_N √ λ_N , (4.5) where

s_N = N∑ k=0 √ p_{Nk} . (4.6)

The extremal points of the fidelity are then determined by s_N 2 √ λ_N − μ(N + 1) = 0 , (4.7)

where μ is a Lagrange multiplier that takes into account the constraint (2.8). Solving for λ_N and imposing again (2.8) to fix the value of μ, the optimum parameters λ_N are found to be

λ_N = s^2_N

(N + 1)^2 ∞∑ k=0 s^2_k k + 1

. (4.8)

In this way, we finally arrive at

P_B(ρ̂_{diag}) = 1 − ∞ ∑ N=0 s^2_N N + 1

. (4.9)

One can easily prove that √ p_N ≤ s_N ≤ √ (N + 1)p_N , (4.10)

so we have the bound

P_B(ρ̂_{diag}) ≤ 1 − ∞ ∑ N=0 p_N N + 1

< 1 . (4.11)

It is clear that ∑_∞ N=0 p_N (N + 1)^{−1} → 0 is necessary for both P_B(ρ̂_{diag}) and P_{HS}(ρ̂_{diag}) to approach unity. The latter also requires the purity to approach unity, whereas this is not necessary in order to have P_B(ρ̂_{diag}) → 1.

As another relevant example, let us consider the case in which both modes are in (quadrature) coherent states. The product of two quadrature coherent states, which we shall denote by |α_H, α_V ⟩, can be expressed as a Poissonian superposition of SU(2) coherent states [56] |α_H , α_V ⟩ = ∞∑ N=0 p_N |N, θ, ϕ⟩ , (4.12) where p_N is the Poissonian factor p_N = e^{−N̄/2} N̄^{N/2} √ N ! (4.13)

and N̄ = |α_H |^2 + |α_V |^2 is the average number of excitations. The SU(2) coherent states are defined as [57] |N, θ, ϕ⟩ = N∑ k=0 ( N k )_{1/2} ( sin θ 2 )_{N−k} ( cos θ 2 )_k

× e^{−ikϕ} |N, k⟩ , (4.14) and the state parameters are connected by the relations α_H = e^{−iϕ/2} √ N̄ sin θ 2 , α_V = e^{iϕ/2} √ N̄ cos θ 2 . (4.15) Taking into account that ∞∑ N=0 p^2_N N + 1 = I_1(2N̄ ) N̄ e^{−2} N̄ , (4.16)

where I_1(z) is the modified Bessel function, Eq. (3.13) reduces to

P_{HS} = 1 −

I_1(2N̄) N̄ e^{−2} N̄ . (4.17)

When N ≫ 1 we can retain the first term in the asymptotic expansion of I_1(z) to obtain

P_{HS} ≃ 1 − 1 2 √ πN̄^{3/2} . (4.18)

This tends again to unity. However, one may have expected a N̄^{−1} behavior for coherent states, while the scaling is N̄^{−3/2}.

One can ask if the Hilbert-Schmidt and Bures measures order some pairs of states differently. In the Appendix we show that this is indeed the case, and the induced degrees of polarization are therefore fundamentally different.

V. CONCLUSION

In conclusion, we have shown that quantum optics entails polarization states that cannot be suitably described by the (semi)classical formalism based on Stokes parameters. We have advocated the use of a degree of polarization based on an appropriate distance to the set of unpolarized states. Such a definition is closely related to other recent proposals in different areas of quantum optics and is well behaved even in cases where the classical formalism fails.

Acknowledgments

We would like to acknowledge useful discussions with G. M. D’Ariano and A. Wünsche. G. B. acknowledges financial support from STINT and from the Swedish Research Council.

APPENDIX: PROOF OF THE DEFINITIONS’ DIFFERENT ORDERING OF STATES

In this appendix, we will show that the Hilbert- Schmidt and the Bures distances induce fundamentally different degrees of polarization. To this end, we consider the states

ρ̂_{N1 N2} = 2∑ j,k=1 ρ_{jk}|Ψ^{(Nj )}⟩⟨Ψ^{(Nk )}| , (A.1)

where |Ψ^{(N1)}⟩ and |Ψ^{(N2)}⟩ are orthogonal pure states with N_1 and N_2 photons, respectively. We here assume that N_1 ≠ N_2, and note that ρ̂_{NN} is a diagonal state of the form (4.3). To simplify calculations, we shall use the notation

p = ρ_{11} , 1 − p = ρ_{22} , q = ρ_{12} = ρ^∗_{21} . (A.2)

The states |Ψ^{(N1 )}⟩ and |Ψ^{(N2 )} then correspond to p = 0 and p = 1, respectively, and the purity becomes

Tr(ρ̂^2_{N1 N2} ) = p^2 + (1 − p)^2 + 2|q|^2 . (A.3)

We note in passing that 1 − 2p(1 − p) ≤ Tr(ρ̂^2_{N1 N2} ) ≤ 1 and 0 ≤ |q|^2 ≤ p(1 − p).

In the basis (|Ψ^{(N1)}⟩, |Ψ^{(N2)}⟩), we can write

σ̂^{1/2}ρ̂σ̂^{1/2} = λ_{N1} p √ λ_{N1} λ_{N2} q √ λ_{N1} λ_{N2} q^∗ λ_{N2} (1 − p)

. (A.4)

Since the eigenvalues of this matrix are

χ_± = 1 2 {λ_{N1} p + λ_{N2} (1 − p) ± √ [λ_{N1} p − λ_{N2} (1 − p)]^2 + 4λ_{N1} λ_{N2} |q|^2 } ,(A.5)

the fidelity can be expressed as

F (ρ̂, σ̂) = χ_+ + 2 √ χ_+χ_− + χ_− = λ_{N1} p + λ_{N2} (1 − p) + 2 √ λ_{N1} λ_{N2} [p(1 − p) − |q|^2] . (A.6)

For any fixed λ_{N1} , λ_{N2} , and p, the fidelity decreases as |q|^2 increases. This could be expected, since the unpolarized states do not have any off-diagonal elements.

The restriction (2.8) implies for this problem that

λ_{N2} =

1 − (N_1 + 1)λ_{N1} N_2 + 1

. (A.7)

FIG. 1: Polarization degrees for two-dimensional states with N1 = 1 and N2 = 2. For any given p, the maximum and minimum fidelities are given by |q|^2 = p(1 − p) and |q|^2 = 0, respectively. Region A corresponds to states satisfying p > 4/7 and PB < 1 − √ 3/7. For any state ρ̂A in this region,we have PB(ρ̂A) < PB(ρ̂B ) while PHS(ρ̂A) > PHS(ρ̂B ), where the state ρ̂B is characterized by p = 4/7 and |q|^2 = 0. In region C, the states satisfy p > 2/3 and PHS > 2/3. For any such state ρ̂C , we have PHS(ρ̂C ) > PHS(|Ψ^{(2)}⟩) and PHS(ρ̂C ) < PHS(|Ψ^{(2)}⟩), where |Ψ^{(2)}⟩ is the (arbitrary) pure two-photon state corresponding to p = 0.

In consequence, the coefficients that optimize the fidelity are determined by ∂F ∂λ_{N1} = 0 = p −

(1 + N_1)(1 − p) 1 + N_2

+ [1 − 2λ_{N1} (1 + N_1)] √ p(1 − p) − |q|^2 λ_{N1} [1 − λ_{N1} (1 + N_1)](1 + N_2) . (A.8)

We first consider pure states, for which |q|^2 = p(1 − p). Choosing λ_{N1} according to

λ_{N1} = 0 , p <

1 + N_1 2 + N_1 + N_2 ,

0 ≤ λ_{N1} ≤ 1 1 + N_1 , p = 1 + N_1 2 + N_1 + N_2 ,

λ_{N1} = 1 1 + N_1 , p > 1 + N_1 2 + N_1 + N_2 ,

(A.9) then maximizes the fidelity:

sup_{σ̂∈U} F (ρ̂, σ̂) = 1 − p 1 + N_2 , p ≤ 1 + N_1 2 + N_1 + N_2 , p 1 + N_1 , p ≥ 1 + N_1 2 + N_1 + N_2 . (A.10) On the other hand, when |q|^2 ≠ p(1 − p) (0 < p < 1), the solution of Eq. (A.8) is

λ_{N1} = 1 2(N_1 + 1) ( 1−

× (1 + N_1)(1 − p) − (1 + N_2)p √ [1 + N_1(1 − p) + N_2p]^2 − 4(1 + N_1)(1 + N_2)|q|^2 ) .

(A.11)

Depending on the parameters, this solution can take any value in the interval 0 < λ_{N1} < 1/(1 + N_1). In fact, one can check that the choice (A.11) gives the closest unpolarized state. Combining Eqs. (A.6), (A.7), and (A.11), thus allows one to obtain the fidelity and hence P_B.

In Fig. 1, we have plotted the Hilbert-Schmidt and Bures degree of polarization for some two-dimensional states. From the explanation in the caption, we see that the two measures order some pairs of states differently. The Hilbert-Schmidt and Bures distances thus induce two fundamentally different degrees of polarization.

[1] A. Aspect, P. Grangier, and G. Roger, Phys. Rev. Lett.

47, 460 (1981).

[2] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. Shih, Phys. Rev. Lett. 75, 4337 (1995).

[3] M. Barbieri, F. De Martini, G. Di Nepi, P. Mataloni, G. M. D’Ariano, and C. Macchiavello, Phys. Rev. Lett. 91, 227901 (2003); M. Barbieri, F. De Martini, G. Di Nepi, and P. Mataloni, Phys. Rev. Lett. 92, 177901 (2004).

[4] C. H. Bennett, F. Bessette, G. Brassard, L. Salvail, and J. Smolin, J. Cryptology 5, 3 (1992).

[5] A. Muller, T. Hertzog, B. Huttner, W. Tittel, H. Zbinden, and N. Gisin, Appl. Phys. Lett. 70, 793 (1997).

[6] G. G. Stokes, Trans. Cambridge Philos. Soc. 9, 399 (1852).

[7] M. Born and E. Wolf, Principles of Optics (Pergamon, Oxford, 1980).

[8] R. Simon, Opt. Commun. 77, 349 (1990). [9] T. Saastamoinen and J. Tervo, J. Mod. Opt. 51, 2039 (2004).

[10] J. M. Jauch and F. Rohrlich, The Theory of Photons and Electrons (Springer, Berlin, 1976).

[11] E. Collett, Am. J. Phys. 38, 563 (1970).

[12] A. S. Chirkin, A. A. Orlov, and D. Yu. Paraschuk, Kvant.

Electron. 20, 999 (1993).

[13] A. P. Alodjants and S. M. Arakelian, J. Mod. Opt. 46, 475 (1999).

[14] T. Tsegaye, J. Söderholm, M. Atatüre, A. Trifonov, G. Björk, A. V. Sergienko, B. E. A. Saleh, and M. C. Teich, Phys. Rev. Lett. 85, 5013 (2000).

[15] A. Trifonov, T. Tsegaye, G. Björk, J. Söderholm, E. Goobar, M. Atatüre, and A. V. Sergienko, J. Opt. B 2, 105 (2000).

[16] P. Usachev, J. Söderholm, G. Björk, and A. Trifonov, Opt. Commun. 193, 161 (2001).

[17] A. Luis, Phys. Rev. A 66, 013806 (2002); Opt. Commun.

216, 165 (2003).

[18] H. Prakash and N. Chandra, Phys. Rev. A 4, 796 (1971). [19] G. S. Agarwal, Lett. Nuovo Cimento 1, 53 (1971). [20] J. Lehner, U. Leonhardt, and H. Paul, Phys. Rev. A 53, 2727 (1996); G. S. Agarwal, J. Lehner, and H. Paul, Optics Commun. 129, 369 (1996).

[21] G. Björk, J. Söderholm, A. Trifonov, P. Usachev, L. L. Sánchez-Soto, and A. B. Klimov, Proc. SPIE 4750, 1 (2002).

[22] A. Wünsche, Fort. Phys. (2003).

[23] M. Hillery, Phys. Rev. A 35, 725 (1987); 39, 2994 (1989). [24] V. V. Dodonov, O. V. Manko, V. I. Manko, and A. Wünsche, J. Mod. Opt. 47, 633 (2000).

[25] P. Marian, T. A. Marian, and H. Scutaru, Phys. Rev.

Lett. 88, 153601 (2002).

[26] V. Vedral, M. B. Plenio, M. A. Rippin, and P. L. Knight, Phys. Rev. Lett. 78, 2275 (1997); V. Vedral, M. B. Plenio, K. Jacobs, and P. L. Knight, Phys. Rev. A 56, 4452 (1997); V. Vedral and M. B. Plenio, ibid 57, 1619 (1998).

[27] B. Schumacher, Phys. Rev. A 51, 2738 (1995); 54, 2614 (1996).

[28] Č. Brukner and A. Zeilinger, Phys. Rev. Lett. 83, 3354 (1999).

[29] R. Schack and C. M. Caves, Phys. Rev. A 60, 4354 (1999).

[30] T. Rudolph and B. C. Sanders, Phys. Rev. Lett. 87, 077903 (2001).

[31] A. M. Childs, J. Preskill, and J. Renes, J. Mod. Opt.

47, 155 (2000); A. M. Childs, I. L. Chuang, and D. W. Leung, Phys. Rev. A 64, 012314 (2001).

[32] M. A. Nielsen, Phys. Lett. A 303, 249 (2002). [33] B. M. Terhal and G. Burkard, Phys. Rev. A 71, 012336 (2005).

[34] A. Gilchrist, N. K. Langford, and M. A. Nielsen, e-print quantum-ph/0408063.

[35] V. P. Belavkin, G. M. D’Ariano, and M. Raginsky, J.

Math. Phys. (in press); e-print quantum-ph/0408159. [36] H. Maassen and J. B. M. Uffink, Phys. Rev. Lett. 60, 1103 (1988).

[37] A. Anderson and J. J. Halliwell, Phys. Rev. D 48, 2753 (1993).

[38] B. Mirbach and H. J. Korsch, Ann. Phys. (N. Y.) 265, 80 (1998).

[39] S. Gnutzmann and K. Życzkowski, J. Phys. A 34, 10123 (2001).

[40] B. Yurke, S. L. McCall, and J. R. Klauder, Phys. Rev. A 33, 4033 (1986).

[41] V. P. Karassiov, J. Phys. A 26, 4345 (1993).

[42] R. Barakat, J. Opt. Soc. Am. A 6, 649 (1989). [43] D. M. Klyshko, Phys. Lett. A 163, 349 (1992); Sov. Phys.

JETP 84, 1065 (1997).

[44] V. P. Karassiov, e-print quant-ph/9503011. [45] A. Sehat, J. Söderholm, G. Björk, P. Espinoza, A. B.

Klimov, and L. L. Sánchez-Soto, Phys. Rev. A 71, 033818 (2005).

[46] A. Wehrl, Rev. Mod. Phys. 50, 221 (1978). [47] M. Ohya, Rep. Math. Phys. 27, 19 (1989). [48] F. Hiai and D. Petz, Commun. Math. Phys. 143, 99 (1991).

[49] M. J. Donald, Commun. Math. Phys. 105, 13 (1986). [50] C. Witte and M. Trucks, Phys. Lett. A 257, 14 (1999). [51] M. Ozawa, Phys. Lett. A 268, 158 (2000). [52] R. A. Bertlmann, H. Narnhofer, and W. Thirring, Phys.

Rev. A 66, 032319 (2002).

[53] E. J. Heller, Phys. Rev. A 35, 1360 (1987). [54] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information (Cambridge University Press, Cambridge, 2000).

[55] A. Uhlmann, Rep. Math. Phys. 9, 273 (1976); R. Jozsa, J. Mod. Opt. 41, 2315 (1994); P. M. Alberti and A. Uhlmann, Acta Appl. Math. 60, 1 (2000); M. Raginsky, Phys. Lett. A 290, 11 (2001); P. M. Alberti, Rep. Math. Phys. 51, 87 (2003).

[56] P. W. Atkins and J. C. Dobson, Proc. R. Soc. London, Ser. A 321, 321 (1971).

[57] A. Perelomov, Generalized Coherent States and Their Applications (Springer, Berlin, 1986).