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Abstract: We investigate advantages and disadvantages of using Gazeau-Klauder coherent states
for optical communication. In this short paper we show that using an alphabet consisting of
coherent Gazeau—Klauder states related to a Kerr-type nonlinear oscillator instead of standard
Perelomov coherent states results in lowering of the Helstrom bound for error probability in
binary communication. We also discuss trace distance between Gazeau-Klauder coherent states
and a standard coherent state as a quantifier of distinguishability of alphabets.
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1. Introduction

Quantum optical implementations of quantum information processing, including communication
and computation, seems to be one of the most promising kinds today [1]. It is related to the maturity
of both theoretical and experimental techniques developed in the last hundred years. It was quite early
when the Quantum Community recognized the usefulness of the ‘most classical” among quantum
states—the coherent states—in quantum information processing [1-4]. Even recently coherent states
with a non-random phase, despite certain limitations [2], have found their application in the very hot
branch of quantum communication related to quantum key distribution [5]. The idea is simply to
utilize as an alphabet a pair of coherent states [1]

eo = [0){0, p1=1[2)(z], @

where |z) = D(z)|0) is a coherent state related to the vacuum state |0) via the displacement operator
D(z) = exp (—za" — za) representing the Heisenberg-Weyl algebra [4,a"] = 1[6]. Let us notice that the
apparent simplicity of that proposal is at a price of non-orthogonality of the ‘letters’, i.e., tr(ppp1) # 0,
resulting in their limiting distinguishability. Since coherent states do not require nonlinear media
for their generation it seems advantageous [3] to use them in comparison to, e.g., earlier proposals
utilizing squeezed states [7] demanding "hard’ nonlinearity. However, recent progress in experimental
techniques may reverse this trend at least in the cases when going beyond standard coherent states
becomes advantageous. Using the Schrodinger cat states as candidates for orthogonal letters of alphabet
states serves as an example [1].

The aim of this work is to present an example of a candidate for an alphabet consisting
of Gazeau-Klauder coherent states [8]. We analyze binary communication with Gazeau-Klauder
states related to an oscillator equipped with a polynomial nonlinearity typical for the Kerr media.
The Gazeau—Klauder coherent states have been studied for a variety of quantum systems: A one-mode
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system with sinusoidal potential [9], systems characterized by the Poschl-Teller [10] and Morse
potentials [11], for nonlinear Kerr-type oscillators [12], quantum particles confined by a double-well
potential [13] and pseudoharmonic oscillators [14]. They can also serve as a basis of a very natural
generalization of the cat states [15,16]. Our aim is to expand a list of potential applications of
Gazeau-Klauder construction to a class of communication problems utilizing the non-orthogonal
binary alphabet formed by Gazeau-Klauder coherent states. We show that such a choice can result
in lowering of the Helstrom bound for a receiver error that may balance an obvious disadvantage of
using nonlinear systems leading to non-trivial Gazeau-Klauder coherent states. The paper is organized
as follows: After providing a short review of the Gazeau-Klauder construction of coherent states for
a quantum bosonic system with a Kerr-type polynomial nonlinearity we calculate, as a quantifier of
distinguishability of states, trace distance between Gazeau-Klauder states for a nonlinear system and
corresponding standard states in a linear limit. Further, we propose a binary communication scheme
utilizing an alphabet consisting of two Gazeau—Klauder coherent states as an alternative for well
established schemes utilizing standard (Perelomov) coherent states. For such a scheme we calculate
the Helstrom bound minimizing (over all possible positive-operator-valued measurements (POVM))
the error in the receiver. In the last two sections we discuss and conclude our work.

2. Results

Standard coherent states [6] are most natural for harmonic potential systems exhibiting
the Heisenberg-Weyl symmetry which is a first step toward generalized coherent states in the
Gilmore-Perelomov sense [6] exhibiting different symmetries. However, in an absence of almost any
symmetry it is still possible to construct a class of states equipped with most of the desired properties
of coherent states: The Gazeau—Klauder coherent states [8] solely associated with Hamiltonians of
systems under consideration.

For the sake of completeness, let us recall the construction proposed in reference [8]. Let H be
a Hamiltonian of the system with purely discrete non-degenerate (either finite or infinite) spectrum.
The first step in constructing the Gazeau—Klauder states is to solve the eigenvalue problem:

Hln) = Ey|n) = hwey|n), n=0,1,2, ... )

The Gazeau—Klauder coherent states |J, y) are two-parameter states with real-valued | > 0 and
¥ € (—o0,00) defined by the relation [8]
& 1/2 exp(—iye
() = VP

1Ly =

where
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and pp = 1. The other parameters in Equation (3) can be equipped with a clear physical meaning [8]:
@) (J,v|H|J,¥) ~ ] corresponds to a mean energy of the system, and (ii) its phase v is related to a
temporal stability via exp(—iHt)|],v) = |], v + wt). As the maximal value of | is bounded from above
by the radius of convergence of the series C(]), a choice of | leading to a well defined quantum state
remains limited.

The most elementary generalization of the standard coherent states [6] leading to the
Gazeau-Klauder coherent states of non-trivial properties is for a bosonic oscillator with a polynomial
nonlinearity. Let us consider a nonlinear oscillator of the Kerr type studied in the context of
Gazeau-Klauder states in reference [12]. It is described by the bosonic Hamiltonian

A,

H = hwata + hxa™a® = hwN + iy (N? — N), )
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where a' and a are the creation and annihilation boson operators, N = a'a is a number operator and

X is related to the nonlinear susceptibility of the Kerr medium [12], i.e., a medium with a refraction
index depending on the field intensity [17,18].
From Equation (5) it follows that the energy eigenvalues are given by

en:sn:n—yn—i—ynz, n=20,1,2... 6)

where y = x/w (typically not exceeding a range of unity p ~ 1) is the susceptibility rescaled with
respect to the bare oscillator energy and hence one can explicitly construct Gazeau-Klauder states with

pn = T(n+1)p'T (””ﬂ“) JT (y_l). @)

Let us notice that p, = T'(n+ 1) = n! for the harmonic oscillator, i.e., for 4 = 0. In this case
the Gazeau-Klauder coherent states reduce to the standard coherent states for z = \f] . Moreover,
since eigenstates of the Kerr Hamiltonian (5) coincide with the eigenstates of the standard harmonic
oscillator one can consider the Gazeau—Klauder states studied in this paper as a very first ‘extension
of the standard coherent states construction of Perelomov [6]. In particular, for v = 0, one gets

7

1 00 ]1’1/2

],0) = cn ).

n=0 vV Pn

), ®)

with

N TR

expressed in terms of the modified Bessel function I,(z). Further, as a potential alternative for the
traditional choice given by Equation (1), here we consider

as a candidate for the alphabet in a binary communication and compare it with Alphabet (1) with real
z € R, cf. Reference [3].

For a binary communication utilizing two states in either Equation (1) or Equation (10) as
codewords, a receiver is faced with a decision of distinguishing which among two states has already
been transmitted. The most natural quantifier of the distinguishability between two various states p

and ¢ is the trace distance [19]:
1
— = 72
D = 2Tr [\/(p o) } . (11)

The trace distance between the Gazeau—Klauder coherent state and the corresponding standard
coherent state satisfying z = /] can be calculated and the result is

D=/1—|F]% (12)

where

—J/2 oo _
F=o ZI’N L) (13)

urT2 (n+1)T (%“)



Entropy 2020, 22, 201 40f7

stands for fidelity [19]. Clearly, with increasing # which quantifies the role played by polynomial
nonlinearity of the Kerr medium in Equation (5) the trace distance becomes larger as presented in
Figure 1. Nevertheless, for small values of ], the Gazeau-Kluder and Perelomov coherent states are
hardly distinguishable.

Figure 1. Trace distance between the Gazeau-Klauder coherent states |],0) given by Equation (3) and
the Perelomov coherent states |z = /) depicted for selected values of the rescaled susceptibility p.

Non-orthogonality of states pg and p; utilized as codewords in (binary) quantum communication
becomes a natural source of error due to limited distinguishability of codewords. If one applies
(resolving unity) POVM (positive-operator-valued measures) [19]

for a measurement of non-orthogonal states one arrives to two hypotheses Hy and H; which need to
be tested. According to Hy, the transmitted state is pp and according to Hj, the transmitted state is p.
There is also the natural and unavoidable possibility of erroneous detection and choosing Hy (Hj) if o4
(respectively, pg) arrives at a receiver. Such an opportunity can be formalized by quantities

p(Holer) = tr[Tlops], p(Hilpo) = tr{IT1po]. (15)
The receiver error probability becomes then

pllly, 1] = polpo)p(Hileo) + polp1)p(Holp1) (16)

with pg(-) denoting the actual probability of transmission of a given state (1) and po(po) + po(p1) = 1.
In quantum communication [20], there is a bound minimizing the receiver error (its lower bound)

Py = min{l_lo,l_h} p[Ho,Hl] (17)
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known as the Helstrom bound [20] which, for a binary communication using the alphabet in
Equation (10) reads [20,21]

P = % (1 - \/1 —4P0(P0)P0(P1)|<0|],0>!2) . (18)

For the particular class of the Gazeau-Klauder coherent states studied in this paper, the Helstrom
bound can be calculated explicitly:

1+ -1
1 1 1/2 =
3 (e G ) e

The Helstrom bound (19) for a binary communication with Gazeau-Klauder coherent states as
letters of an alphabet for different values of y in Equation (5) is presented in Figure 2.

Py =

0.10

0.08

0.06

PH

0.04

0.02

Figure 2. Helstrom bound Py given by Equation (19) depicted for selected values of p. For the sake of
clarity, the range of Py in the figure is limited to Py < 0.1.

Let us notice that for small values of | < 3 the Helstrom bound Py remains almost unaffected by
nonlinearity even with relatively large amplitude p ~ 2. With increasing | the effect of nonlinearity
becomes more apparent resulting in lowering the value of the Helstrom bound, i.e., resulting in
an advantageous smaller minimal probability of receiver error.

3. Discussion

Quantum communication implemented with quantum optical states and devices seems to be one
of the most promising for future developments. Non-randomized coherent states are natural candidates
for letters of an alphabet used in communication [2—4]. Creation and manipulation of such states do
not require devices with a "hard” nonlinearity. In this work we studied a binary alphabet consisting
of two Gazeau—Klauder coherent states [8] as an alternative for a well studied choice of standard
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Perelomov coherent states. We utilize Gazeau-Klauder states calculated for a simplest nonlinear
Kerr-type medium Equation (5) and we provide explicit analytic formulas for trace distance between
Gazeau—Klauder and Perelomov states serving as codewords of the two alternative binary alphabets.

Despite that Gazeau-Klauder generalized coherent states [8] (used instead of the standard
Perelomov) are harder in production [22], they can be, as we showed in this work, advantageous.
At the cost of coping with a relatively well known Kerr-type nonlinear bosonic oscillator, present also
beyond typical optical context [23], one gets a communication scheme with a smaller value of the
Helstrom bound.

As coherent states with a non-randomized phase have recently attracted new attention [5] we
believe that our analysis, despite its simplicity, can serve as a modest theoretical contribution for
further practical developments utilizing Gazeau—Klauder coherent states in quantum communication
and information processing and in a context of hybrid protocols [24].

4. Materials and Methods

Coherent states technique, quantum detection theory, quantum information with quantum optical
implementations of quantum communication [4,6,8].

Author Contributions: All authors have read and agree to the published version of the manuscript.
Conceptualization, ].D. and J.L.; methodology, ].D.; software, ].D.; formal analysis, J.L.; writing—original draft
preparation, J.D.; writing-review and editing, J.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been supported by the NCN Grant 2015/19/B/ST2/02856.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Akira Furusawa, A.; van Loock, P. Quantum Teleportation and Entanglement: A Hybrid Approach to Optical
Quantum Information Processing; Wiley: Hoboken, NJ, USA, 2011.

2. Lo, HXK,; Preskill, J. Security of Quantum Key Distribution Using Weak Coherent States with Nonrandom
Phases. Quantum Inf. Comput. 2007, 7, 431-458.

3. Ralph, T.C,; Gilchrist, A.; Milburn, G.J.; Munro, W.]J.; Glancy, S. Quantum computation with optical coherent
states. Phys. Rev. A 2003, 68, 042319. doi:10.1103/PhysRevA.68.042319.

4. Gazeau, ].P. Coherent states in Quantum Information: An example of experimental manipulations. J. Phys.
Conf. Ser. 2010, 213, 012013. doi:10.1088/1742-6596/213/1/012013.

5. Liu, L.; Wang, Y., Lavie, E; Wang, C.; Ricou, A, Guo, FZ,; Lim, C.C.W. Practical Quantum
Key Distribution with Non-Phase-Randomized Coherent States. Phys. Rev. Appl. 2019, 12, 024048.
doi:10.1103/PhysRevApplied.12.024048.

6.  Perelomov, A. Generalized Coherent States and Their Applications; Springer: Berlin/Heidelberg, Germany, 1986.

7. Gottesman, D.; Kitaev, A.; Preskill, ]. Encoding a qubit in an oscillator. Phys. Rev. A 2001, 64, 012310.
doi:10.1103/PhysRevA.64.012310.

8.  Gazeau, ].P; Klauder, ].R. Coherent states for systems with discrete and continuous spectrum. J. Phys. A
Math. Gen. 1999, 32, 123-132. doi:10.1088/0305-4470/32/1/013.

9.  Hollingworth, ].M.; Konstadopoulou, A.; Chountasis, S.; Vourdas, A.; Backhouse, N.B. Gazeau-Klauder
coherent states in one-mode systems with periodic potential. ]. Phys. A Math. Gen. 2001, 34, 9463-9474.
doi:10.1088/0305-4470/34 /44 /308.

10. Antoine, J.P.; Gazeau, ].P.; Monceau, P.; Klauder, J.R.; Penson, K.A. Temporally stable coherent states for
infinite well and Poschl-Teller potentials. J. Math. Phys. 2001, 42, 2349-2387, doi:10.1063/1.1367328.

11.  Roy, B; Roy, P. Gazeau-Klauder coherent state for the Morse potential and some of its properties. Phys. Lett. A
2002, 296, 187 — 191. doi:10.1016/S0375-9601(02)00143-3.

12. Roy, P. Quantum statistical properties of Gazeau-Klauder coherent state of the anharmonic oscillator.
Opt. Commun. 2003, 221, 145 — 152. doi:10.1016/50030-4018(03)01470-6.

13.  Novaes, M.; de Aguiar, M.A.M.; Hornos, ].E.M. Generalized coherent states for the double-well potential. J.
Phys. A Math. Gen. 2003, 36, 5773-5786. doi:10.1088/0305-4470/36/21/307.


https://doi.org/10.1103/PhysRevA.68.042319
https://doi.org/10.1088/1742-6596/213/1/012013
https://doi.org/10.1103/PhysRevApplied.12.024048
https://doi.org/10.1103/PhysRevA.64.012310
https://doi.org/10.1088/0305-4470/32/1/013
https://doi.org/10.1088/0305-4470/34/44/308
https://doi.org/10.1063/1.1367328
https://doi.org/https://doi.org/10.1016/S0375-9601(02)00143-3
https://doi.org/https://doi.org/10.1016/S0030-4018(03)01470-6
https://doi.org/10.1088/0305-4470/36/21/307

Entropy 2020, 22, 201 7of7

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

Popov, D.; Sajfert, V.; Zaharie, I. Pseudoharmonic oscillator and their associated Gazeau—Klauder coherent
states. Phys. A Stat. Mech. Appl. 2008, 387, 4459 — 4474. d0i:10.1016/j.physa.2008.02.062.

Dajka, J.; Luczka, J. Gazeau—Klauder cat states. |. Phys. A Math. Theor. 2012, 45, 244006.
doi:10.1088/1751-8113 /45 /24 /244006.

Ching, C.L.; Ng, WK. Deformed Gazeau-Klauder Schrodinger cat states with modified commutation
relations. Phys. Rev. D 2019, 100, 085018. doi:10.1103/PhysRevD.100.085018.

Kitagawa, M.; Yamamoto, Y. Number-phase minimum-uncertainty state with reduced number uncertainty
in a Kerr nonlinear interferometer. Phys. Rev. A 1986, 34, 3974-3988. doi:10.1103/PhysRevA.34.3974.
Milburn, G.J. Quantum and classical Liouville dynamics of the anharmonic oscillator. Phys. Rev. A 1986,
33, 674-685. doi:10.1103/PhysRevA.33.674.

Nielsen, M.A.; Chuang, I.L. Quantum Computation and Quantum Information; Cambridge University Press:
Cambridge, UK, 2010.

Helstrom, C.W. Quantum Detection and Estimation Theory; Academic Press: Cambridge, MA, USA, 1976.
Helstrom, C.W. Quantum detection and estimation theory. J. Stat. Phys. 1969, 1, 231-252.
doi:10.1007 /BF01007479.

Yadollahi, F; Tavassoly, M. A theoretical scheme for generation of Gazeau-Klauder coherent
states via intensity-dependent degenerate Raman interaction. Opt. Commun. 2011, 284, 608 — 612.
doi:https://doi.org/10.1016 /j.optcom.2010.09.062.

Aldana, S.; Bruder, C.; Nunnenkamp, A. Equationivalence between an optomechanical system and a Kerr
medium. Phys. Rev. A 2013, 88, 043826. doi:10.1103/PhysRevA.88.043826.

Iliyasu, A.M.; Venegas-Andraca, S.E.; Yan, E; Sayed, A. Hybrid Quantum-Classical Protocol for Storage and
Retrieval of Discrete-Valued Information. Entropy 2014, 16, 3537-3551. doi:10.3390/e16063537.

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


https://doi.org/https://doi.org/10.1016/j.physa.2008.02.062
https://doi.org/10.1088/1751-8113/45/24/244006
https://doi.org/10.1103/PhysRevD.100.085018
https://doi.org/10.1103/PhysRevA.34.3974
https://doi.org/10.1103/PhysRevA.33.674
https://doi.org/10.1007/BF01007479
https://doi.org/https://doi.org/10.1016/j.optcom.2010.09.062
https://doi.org/10.1103/PhysRevA.88.043826
https://doi.org/10.3390/e16063537
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Results
	Discussion
	Materials and Methods
	References

