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The first quantum revolution started in the early 20th century and gave us new rules that govern
physical reality. Accordingly, many devices that changed dramatically our lifestyle, such as transistors,
medical scanners and lasers, appeared in the market. This was the origin of quantum technology,
which allows us to organize and control the components of a complex system governed by the laws of
quantum physics. This is in sharp contrast to conventional technology, which can only be understood
within the framework of classical mechanics.

We are now in the middle of a second quantum revolution. Although quantum mechanics is
nowadays a mature discipline, quantum engineering as a technology is now emerging in its own right.
We are about to manipulate and sense individual particles, measuring and exploiting their quantum
properties. This is bringing major technical advances in many different areas, including computing,
sensors, simulations, cryptography and telecommunications.

The present collection of selected papers, all of them being invited talks at thel6th International
Conference on Squeezed States and Uncertainty Relations (ICSSUR 2019), held in Madrid from 17 to
21 June 2019, is a clear demonstration of the tremendous vitality of the field. The issue is composed
of contributions from world leading researchers in quantum optics and quantum information, and
presents viewpoints, both theoretical and experimental, on a variety of modern problems. We are
confident that the reader will enjoy the present collection; it will be useful to experts working in all
branches of quantum science.

The contributions to this collection deal with the modern results obtained in connection with
the development of quantum technologies based on quantum mechanics, quantum information
and quantum optics, as well as a better understanding of the foundations of quantum physics.
It contains contemporarytheory of quantum phenomena, including practical applications and
discussions of measurement procedures; see the paper “On the Prospects of Multiport Devices
for Photon-Number-Resolving Detection” by Teo, Y.S.; Jeong, H.; Rehacek, J.; Hradil, Z.; Sanchez-Soto,
L.L.; Silberhorn, C. [1].

The important result is searching forand finding during the last decades the possibility of
formulating the basic notion of the state of a quantum system, like an atom or spin system, conventionally
presented in terms of the wave function or density matrix, by using the standard probability distribution
of the classical-like random variables given in the paper “Probability Representation of Quantum
Mechanics Where System States Are Identified with Probability Distributions” by Chernega, V.N.;
Man’ko, O.V.; Man’ko, V.I. [2]. The result is based on the existence of invertible maps of the vectors
and density operators acting in Hilbert spaces onto the probability distributions.

The photon states, which in the previous period of quantum optics development were associated
with quasidistributions like Wigner functions, Husimi-Kano functions and Glauber-Sudarshan
functions, were found to be associated with the tomographicprobability distributions completely

Quantum Rep. 2020, 2, 450-452; d0i:10.3390/quantum2030031 1 www.mdpi.com/journal/quantumrep
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describing the states of quantum electromagnetic fields. An analogous association was also established
for spin states and N-level atom states. In connection with discovering the possibility of describing
quantum states by probability distributions, the superposition principle of quantum states responsible
for the interference phenomenon was found to be formulated in terms of the nonlinear addition rule of
probability distributions providing the probability distribution of the resulting state; see “Superposition
Principle and Born’s Rule in the Probability Representation of Quantum States” by Doskoch, I.Ya.;
Man’ko, M.A. [3].

The other important development of quantum theory connected with the employment of coherent
states and properties of oscillators, including their behavior in the presence of non-Hermitian
Hamiltonians, is discussed in papers “Nonclassical States for Non-Hermitian Hamiltonians with the
Oscillator Spectrum” by Zelaya, K.; Dey, S.; Hussin, V.; Rosas-Ortiz, O. [4], and “Coherent States for
the Isotropic and Anisotropic 2D Harmonic Oscillators” by Moran, J.; Hussin, V. [5].

A recently developed group and graph theoretical approach aiming at the construction of large
sets of mutually unbiased bases in finite-dimensional Hilbert spaces is discussed in the paper “Mutually
Unbiased Bases and Their Symmetries” by Alber, G.; Charnes, C. [6]. In this approach, the construction
of mutually unbiased bases in a Hilbert space of given dimension is reformulated as a clique-finding
problem of a Cayley graph associated with a finite basis group. This approach offers the possibility to
enlarge and possibly also to complete already known systems of mutually unbiased basis systems.

This collection of papers contains also the development of the theory of classical mechanics
and relativistic dynamics, and its relation with the Poincare group; see the paper “Descriptions of
Relativistic Dynamics with World Line Condition” by Ciaglia, EM.; Di Cosmo, E; Ibort, A.; Marmo,
G.[7].

Furthermore, group theory, and oscillator creation and annihilation operator algebra, discussed
in connection with Einstein’s formula relating the particle energy with its mass and light velocity,
are given in the contribution “Einstein’s E = mc? Derivable from Heisenberg’s Uncertainty Relations”
by Basgkal, S.; Kim, Y.S.; Noz, M.E. [8]. In this connection of classical mechanics with the quantum
approach, one can point out that the probability distributions identified with quantum states obey
kinetic equations of classical-like type, which presentother forms of the Schrodinger and von Neumann
equations of the conventional formulation of quantum mechanics.

The phenomena of quantum correlations, including entanglement and its characteristics, are
reviewed in detail in the following papers: “Distance between Bound Entangled States from
Unextendible Product Bases and Separable States” by Wieaniak, M.; Pandya, P; Sakarya, O.;
Woloncewicz, B. [9] and “Selective Engineering for Preparing Entangled Steady States in Cavity
QED Setup” by Sousa, E.H.S.; Roversi, J.A. [10]. Entanglement is considered for different kinds of
quantum systems, both for systems with continuous variables and systems with discrete variables.
The properties of nonclassical states of light are discussed in paper “Resource Theories of Nonclassical
Light” by Tan, K.C.; Jeong, H. [11].

New important results describing the behavior of charged particles moving in the time-dependent
magnetic field in solenoid are presented for new kinds of solenoid forms and different time-dependencies
of magnetic fields; see the paper “A Quantum Charged Particle under Sudden Jumps of the Magnetic
Field and Shape of Non-Circular Solenoids” by Dodonov, V.V.; Horovits, M.B. [12].

It should be pointed out that here one can find biographic memorial details of Roy Glauber and
George Sudarshan, pioneers of quantum optics, and a kaleidoscope of the ICSSUR participants during
the last three decades, presented in the above-mentioned contribution [3]. The scientific collaboration
of George Sudarshan with friends and colleagues from European Universities and theirfundamental
results in quantum optics, quantum mechanics and quantum field theory are reviewed in the paper
“Remembering George Sudarshan” by Ibort, A.; Marmo, G. [13].

We hope that this collection of papers will be useful to get new results to be discussed at the
next meeting of the ICSSUR series. This event started in 1991 as the Joint Seminar on Squeezed States
and Uncertainty Relations of the University of Maryland at College Park and the Lebedev Physical
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Institute in Moscow, with Young Suh Kim and Vladimir I. Man’ko as its Founders; later on, it was
converted into the International Conference on Squeezed States and Uncertainty Relations, which
takes place over the world every two years; see https://www.mdpi.com/journal/quantumrep/special _
issues/quantumrep_ICSSUR2019.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The probability representation of quantum mechanics where the system states are identified
with fair probability distributions is reviewed for systems with continuous variables (the example
of the oscillator) and discrete variables (the example of the qubit). The relation for the evolution of
the probability distributions which determine quantum states with the Feynman path integral is
found. The time-dependent phase of the wave function is related to the time-dependent probability
distribution which determines the density matrix. The formal classical-like random variables
associated with quantum observables for qubit systems are considered, and the connection of the
statistics of the quantum observables with the classical statistics of the random variables is discussed.

Keywords: quantum tomography; probability representation; quantizer-dequantizer; qubit;
quantum suprematism

1. Introduction

The goal of this work is to discuss some aspects of the new formulation of quantum mechanics
where system states are described by the probability distributions. The Schrodinger and von Neumann
equations take the form of kinetic equations for the probability distributions. In the conventional
formulation of quantum mechanics, a system state (e.g., the oscillator state) is associated with the wave
function [1]. In the presence of interaction of the system with the heat bath, the system state is identified
with the density matrix [2,3]. The wave functions and density matrices are associated with state vectors
in the Hilbert spaces and density operators acting on the vectors [4]. The physical observables—e.g.,
the energy of the oscillator—in the conventional formulation of quantum mechanics are described
by the Hermitian matrices or Hermitian operators—e.g., the Hamiltonian of the oscillator—acting
in the Hilbert space of the system state vectors. The aim of this work is to discuss the probability
representation of quantum states—e.g., of the oscillator states [5-8].

In this representation, the quantum states are identified with fair probability distributions
containing the same information on the states, which is contained in the state density operator.
In this probability representation of quantum mechanics, physical observables are associated
with the sets of formal classical-like random variables. The evolution of the quantum states
described in the conventional formulation of quantum mechanics by the Schrodinger equation

Quantum Rep. 2020, 2, 64-79; doi:10.3390/ quantum2010006 5 www.mdpi.com/journal /quantumrep
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for the wave function or by the von Neumann equation for the density operator, as well as by
the Gorini-Kossakowskii-Sudarshan-Lindblad (GKSL) equation [9,10], is described by the kinetic
equations for the probability distributions identified with the quantum states.

The suggested probability representation is constructed using the invertible map of the probability
distributions on the density operators acting in the Hilbert space. For example, in the case of systems
with continuous variables like the harmonic oscillator, the invertible map is given either by the Radon
transform [11] of the state Wigner function [12] or by the fractional Fourier transform of the wave
function [13]. The tomographic probability distributions of spin states were discussed in [14-16].
We point out that different representations—like the Wigner function representation for the system
states with discrete variables based on using the formalism of the quantizer operators—were studied
in [17-20]. Gauge invariance of quantum mechanics in the probability representation was studied
in [21].

This paper is organized as follows.

In Section 2, the case of the tomographic probability distribution of a system with continuous
variables like the harmonic oscillator is considered. In Section 3, the generic method of quantization,
based on using the quantizer-dequantizer operators [22,23] to introduce the associative product
(star product) of the symbols of the operators, is discussed. In Section 4, the gauge invariance of the
von Neumann equation and the gauge transform of the wave functions (state vectors) are studied.
The gauge invariance is used to investigate the phase factor of the state vector depending on time in
the probability representation of quantum mechanics. The qubit (spin-1/2) states are described in
the probability representation of quantum mechanics in Section 5. Quantum observables are mapped
onto the set of formal classical-like random variables in Section 6. The notion of distance between
different quantum states is characterized using the standard notion of the difference between the
probability distributions in Section 7. In Section 8, the evolution of quantum states is considered in the
probability representation and in the other representations using the quantizer—-dequantizer formalism.
Conclusions are presented in Section 9.

2. Quantum State Description by Probability Distribution for the Case of Continuous Variables

The possibility of describing the states of systems with continuous variables—like the oscillator
system—by probability distributions can be demonstrated on an example of the use of tomographic
probability distribution [5-7] . For the harmonic oscillator state, the symplectic tomographic probability
distribution can be introduced using the fractional Fourier transform of the wave function (y|y) = 9(y).
The function [13]

2
, —co < X, 1, v < 0 (€]

1 in 5, iX
wp (Xl v) = 5 ‘/lﬁ(y) exp <2Vy ’ y) dy
has the following properties. It is nonnegative and normalized for arbitrary parameters y and v, i.e.,

/wll,(X\y,v)dX =1, 2

if the wave function is normalized, i.e., / [p(y)|2dy = 1.

The density operator py = |¢) (| of the pure state [¢) can be reconstructed as follows [7]:

o1 , o
Py =5~ /dXdH dvawy (X|p,v) expli(X — pq —vp)], 3)

where 4 and p are the position and momentum operators, respectively. For mixed states with the density
operator p = Yy pify,, 0 < pr < 1, Y pr = 1, the probability distribution w,(X]|u.v) reconstructs
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the operator p in view of the same Formula (3). For a given operator p, the tomographic probability
distribution, called the symplectic tomogram of the state, is given by the relation [22,23]

wp(X|p,v) = Tepd(X — v — vp). @

If the real parameters y and v are described as y = scosf and v = s~ 'sinf, where s = 1,
the tomogram coincides with the optical tomogram w°P!(X|6) used to measure photon states [24], i.e.,

wPH(X|0) = Trpo(X — Gcosf — psind). )

Here, 6 is the local oscillator phase and X is the photon quadrature.
The optical tomogram of the pure state is related to the Wigner function [12] of the system via the
Radon transform [25,26],

1
w;pt(X\B) =5 / Wy(q, p) delta(X —qcos6 — psinf) dqdp, (6)

where

Wyla.p) = [wla+u/2u" (- u/2) expl—ipw)du, 5 [ Wyla,p) =1

The optical tomogram is related to the symplectic tomogram w°P!(X|0) = w(X| cos 6, sin ). If we
know the optical tomogram, the symplectic tomogram is given by the formula

1 X v
w(X|u,v) = w°Pt arctan <7) , 7
(X|p,v) e ( o " )
in view of the property of the Dirac delta-function §(Ax) = ‘17‘5 (x) used to define the tomogram (4).

The harmonic oscillator states, such as Fock states |n), n = 0,1,2,..., are described in the
probability representation of quantum mechanics by the distributions (m = = w = 1)

exp [-X%/ (2 +v3)] 1, X
wy(X|u,v) = H | ——|. 8
#(X[p,v) e )
Here, H, is the Hermite polynomial.
The coherent states |a) [27-29], the eigenfunctions of the oscillator annihilation operator 4|a) =
ala), & = (§+ip)/+/2, are described by the normal distributions
1 (X*X(%V))z}

wy(X|u,v) = ——exp | ————F——— 9
Klow) = oo | T o

_ 2+ 12
X(u,v) = pvV2Rea +vV2Ima, o(p,v) = R (10)

The time evolution of the tomogram of the harmonic oscillator state is determined by the Green
function [30], namely,

w(X|p, v, t) = /w(X’|p¢’,v',0)G(X,]/¢,v,X’,]/,v',t) ax’dy’ av’, (11)

which can be expressed in terms of the Green function of the Schrodinger equation for the
harmonic oscillator

s 1 Yy
gW’””‘m“"Q Ztant 'sinf)’ 12)
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The above function provides the formula for the evolution of the oscillator’s wave function

¥(y,t) = / sy, ey, 0)dy. (13)

Using this formula and relations (1), (3), and (4) for the tomogram expressed in terms of the wave
function, we obtain the expression for the Green function in (11). Since the Green function in (13) can
be given in the form of the path integral [31,32]

g y's) = [ D ((®)) exp {iSa; yr (u(8) }, (14)

where y and y’ are the initial and final points of classical trajectories and S, . (u(t)) is the classical
action, the path integral formulation of quantum mechanics can be also applied in the probability
representation of quantum states.

The generic evolution kernel for the tomogram in (11) reads in terms of the path integral as follows:

GX, v, X!, Wt t) = gk [ [ D ((t) D (0(t)) exp { ~iSay e (u(t)) +iSa, .y (0(1)) }]
x (x[6(X' = W' q = v'p) ) (/| exp (i(X — pg —vp)) y) dxdy dx'dy’.  (15)

Here, the matrix elements of the Weyl operator in the position representation are
, . R R . . iw ., ’
W/l exp GOX — = vp) 1) = exp (iX+ " =iy’ ) o4/~ =) (16)

The matrix elements of the expression with the Dirac delta-function read

X+ x

(X ==V P = e {0 [ -t R | 17)

In view of the term in the matrix element of the Weyl operator (16) and the term with the Dirac
delta-function in (17), after integrating in (15) over variable i/, we arrive at the result

G(X, y,v’ X, v, t)
47‘[2|1//‘ / |:/ (U(t)) exp {_iscl; y,x (u(t)) + iscl; X (y+v) (U(t))}:|
i(x—=x) [y oo Xtx (MY /
X exp { o [X " } } exp [1 (X 3 yy)] dxdydx’. (18)
For the harmonic oscillator, the Green function g(y, ', t) (12) is expressed in terms of the path

integral g(y, v/, t) = / D (u(t)) exp [ISCI; yy (u(t ))] . Thus, for the harmonic oscillator, we derive the

integral expression for the Green function (propagator), which describes the evolution of symplectic
tomographic probability distribution as follows:

G(X, uv, X, 4 V1)

_ yx P HyHv)? Xy )
N 7T3|1/’|/ < Ztant +lsmt+l 2tant 'sint
i(x— X+ x ) v
Xexp{% {X’ W= 3 }}exp [1 (X—%—yy)) dxdydx’. (19)

The propagator is expressed in the form of a Gaussian integral, and the result of the integration
applied to the initial tomogram provides the same result, which one can obtain using the propagator,

GX,uv, W V,t)=6(X—X')d(pcost —vsint — ') 6 (vcost + psint —v/'). (20)
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3. Quantizer-Dequantizer Formalism

The presented approach is the example of using the formalism of the quantizer—dequantizer
method [22,23,33,34] applied for the quantization of classical system states in the tomographic
probability representation of quantum mechanics. In this section, we formulate the relation of the
path-integral method to the quantizer-dequantizer formalism by providing different representations
of the quantum state evolution such as the evolution of the Wigner function [12] and the
Glauber-Sudarshan [27,28] and Husimi-Kano [35,36] quasidistributions; for a review, see [37].

For a given Hilbert space H, the sets of two operators U(5) and D(yj)—where § =
(71,72, ---,vn)—are continuous or discrete variables, and are called dequantizer and quantizer
operators [22,38,39], respectively, if for any operator A, one has the equalities

fa(¥) = TTAU(T), @1)

A= [ @D 3. 2

The product of the operators AB is mapped onto the associative product of functions
(fa* f) (%), called the star product. The function f4(%¥) is called the symbol of the operator A.
In the considered representation of states, either by means of the Wigner function or by means of
symplectic tomographic probability distribution, one uses known dequantizer-quantizer pairs of the
operators.

In the case of the Wigner function ¥ = (g, p),

Z)(q,p):/.\q+u/2>(q—u/2\e“"‘“du, (23)

A 1 -
and D(q,p) = 5_U(4,p).

In the case of the symplectic tomographic probability representation, ¥ = (X, y,v), and the
dequantizer reads

U(X,u,v) =8(X —pg—vp). (24)

The quantizer has the form of the Weyl operator

DX, v) = 5= expli(X — ud — v)]. 25)

Now we present the expression for the propagator of the symbol of the density operator p in
terms of generic dequantizer-quantizer operators and the path integral which determines the wave
function evolution; it is

GG, 70 = [ [ [ D) Do) exp {8, un (1) 4150,y ()]
(AT )Y (' [D(7)|y) dx dy dx' dy'. (26)
This formula is a generalization of Formula (15) to the case of an arbitrary known representation
of quantum states given in the form of expressions containing the dequantizer—quantizer operators.

The formulated approach provides the relation of the path integral quantization of the classical
mechanics with known star-product schemes of quantization.

4. Gauge Invariance and the Probability Representation of Quantum States

Using the dequantizer—quantizer formalism, gauge invariance in the probability representation of
quantum mechanics was considered in [21].
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The pure state vector |¢) of a quantum system [4] satisfies the Schrodinger equation

M) _
DL — Al @)

i

Here, we take Planck’s constant 1 = 1; also, the state vector belongs to the Hilbert space; e.g.,
the N-dimensional Hilbert space of qudit states. The Hilbert space can be also infinite-dimensional, e.g.,
for the harmonic oscillator system states. In the generic case, the operator H(t) is the time-dependent
operator (Hamiltonian of the system) acting in the Hilbert space of the system states. The density
operator of the pure state py(t), which is determined by the state vector, i.e.,

Py () = [ (1) (p(t)], (28)
satisfies the von Neumann evolution equation [3]

iaﬁgt(t) + (H(B)py (1) — py()A(H)) = 0. 29)

The gauge transform of the state vector of the form

(1)) = X lpo(t), (30)

where x(t) is the time-dependent phase, is the symmetry transform of the von Neumann equation,
since the density operator of the pure state with the state vector | (¢)) is equal to the density operator
of the pure state with the state vector [{(t)), i.e., py(t) = py,(t). In view of this fact, the density
operator fy, (t) satisfies the same evolution Equation (29). In the case of a mixed state of the system
with the density operator given as an arbitrary convex sum of the pure state density operators, i.e.,

) =Y Aipy, (1), 0<A <1, Y Ap=1, (31)
k k

the operator p(t) satisfies the evolution Equation (29).

Now we consider the influence of the gauge transform (30) and express the connection of the
Schrodinger equations for state vectors |i(t)) and |¢o(t)), using the time dependence of the phase
x(t). In view of (30), we obtain the evolution equation for the state vector |y (t)) of the form

A00) — 1) go (e, @)

i

where the Hamiltonian Hy () reads
Hy(t) = [H(t) + x(1)1). 33)

The unitary evolution operator U(t), which describes the evolution of the state vector |i(t)),
namely,

[w(6) = UB)ly(t = 0), (34)
satisfies the equation A
iaL;Et) — A (35)

with the initial condition U(t = 0) = 1.
In the case of the qubit, for the time-independent Hamiltonian

Hy Hipp
H=[ 1 , 36
<Hi2 sz) )

10
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the unitary matrix U(t) reads

U(t) = exp [—it ( ﬁ}l ﬁz >:| = exp <—%t(H11 + H22)> M(t), 37)

where the unitary matrix M(t) is

1 sin Ot isin Ot
cos Qf — 20 (Hi1 — Hx) - Hip
M(t) = P§nQt isis b : (38)
——q Hi cos Ot + 20 (Hyp — Hyp)

Here, the frequency Q) is given by formula

O = \/HiaHy, + [(Hi — H) /2. (39)

Analogously, the evolution of the state vector |9(t)) is described by the unitary operator U, (f),
which satisfies Equation (35), where the Hamiltonian F(t) is replaced by the operator (H(t) + x(t)1).
The unitary evolution operators U(t) and Uy (t) are different ones but, due to the gauge invariance
of the von Neumann equation for the density operators satisfying Equation (29) with Hamiltonians
A(t) and HX (t), the density operators are equal. In the case of continuous variables, the wave function
P(x,t) = (x|p(t)) and the function yo(x, t) = (x|¢po(t)) are different. The Schrédinger equation for
the system wave function (x, t), written in the form of an equation for the function ¢ (x, t) following
from Equation (32) for the vector | (t)), provides the relation

K0 =1 2ol 1) — 4 (0 DA (51, (40)

This relation contains information on the phase x(t), determining the gauge transform of the
wave function ¢(x, t), which does not change the density matrix

py(x, ', t) = (x[p(O) (WO X) = pyo (x, %, 1) = (x[o(£)) (o () [x').

Analogous consideration can be presented in the case of N-dimensional Hilbert space, e.g., in the
case of a qubit system with N = 2.

5. Qubit State in the Probability Representation

In the case of qubits (two-level atom, spin-1/2 system), the variable x takes two values
x — m = £1/2, where m is the spin-1/2 projection in the z-direction. The pure state is described by

the state vector |¢) with two components |¢) = iﬂ/ 2 ) satisfying the normalization condition
~1/2
(@) = [p11/2> + [_1/2|*> = 1. The 2 x 2 density matrix of the pure state py reads
2 *
oy = |¢+1/2*| Yi1/2 1/’7%/2 . (41)
Yoo, 1Yol

The 2 x 2 density matrix p,,,, of the mixed state has the matrix elements expressed in terms of
probabilities pq, pa, p3 [40,41]:

_ p3 (p1—1/2) —i(p2—1/2)
f= ( (p1—1/2)+i(p2—1/2) 1-ps ) (42)

11
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Here, the numbers 0 < py, p2, p3 < 1 determine three probability distributions— (p1, 1 — p1),
(p2, 1 —p2),and (ps, 1 — p3)—of dichotomic random variables. These numbers satisfy the Silvester
criterion of nonnegativity of the matrix eigenvalues:

(pj—1/2)* <1/4. (43)

M=

-
Il
-

For the pure state with the density matrix given by (41) satisfying the condition pi = py, we have

equality Zjlil (pj—1 /2)2 = 1/4. Our aim is to consider the gauge invariance property of matrix (42).
We introduce vector |y (t)) of the form

p3(t)
$o(t)) = L () -1/ +i(pa(t) —1/2)] |- “
pa(t)

The vector [ip(t)) = eX()|yy(t)) gives the density matrix of the form (42). Equation (40) provides
the relation of the phase x(t) to probabilities p;(t), p2(t), and p3(t). In fact, the probabilities satisfy
the von Neumann evolution equation for the density matrix |o(f)) (o (t)| of the form

I i (o
d . d
$P1(t) +1 Epz(f) —$P3(t)
_( Hu(t) Hi(t) pa(t) (p1(t) =1/2) —i(p2(t) — 1/2) 45)
Hx(t) Hxn(t) (p(t) =1/2) +i(p2(t) —1/2) 1—pa(t)
_ p3(t) (p1(t) =1/2) —i(p2(t) = 1/2) Hyi(f)  Hio(t)
(p1(t) =1/2) +i(p2(t) = 1/2) 1—ps(t) Hy(t) Hxn(t) )

dpi(t

Pi). 12,3 with
probabilities and matrix elements of the Hamiltonian ij(t) ; j,k = 1,2. In addition, Equation (40)
written for probabilities p;(t); j = 1,2, 3 takes the form

i%\/ p3(t) = [Hin(t) + X(1)] \/pa(t) + Hio(t) (pr(H) ~1/2) + i(gu(t) — 1/2)- (46)
ps

This matrix equation provides the connection of the time derivatives

Thus, using (40), we can obtain the connection of the phase x(t) with probabilities p;(t), pa(t),
and p3(t). For the case of the spin-1/2 pure state with matrix elements of the Hamiltonian Hy; j = 1,2,
one obtains the evolution equation for the phase x(t) of the Pauli spinor of the form

X 16) [(palt) —1/2) Im Hia1) — (pa(8) ~ 1/2) Re Hp(0)] — Hua(8). @)

The probabilities p;(t), p2(t), and p3(t) are given as solutions of the kinetic Equation (45),
which follows from the von Neumann equation for the density matrix p(t) of spin-1/2 states, and it
does not contain the phase x(t). The evolution Equation (47) can be rewritten using Bloch parameters
Bj(t) = 2p;j(t) — 1. These parameters have the physical meaning connected with mean values of the
spin-1/2 projections onto three perpendicular directions—x, y, and z, respectively. The equation has
the form

AXUE) — 1By (1) 1] [Ba(e) I Hra(#) — By (1) Re Hia(8)] — iy (1) )

12
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The values B;(t) and probabilities p;(t) can be measured. This means that one can find the
evolution of the phase x(t) of the spin-1/2 wave function given by the formula

x() = Jydr {p5(¥) [(pa() = 1/2) Im Hio(1) = (p1(1) = 1/2) Re Hin(1)] = Hua (1)}, x(0) = 0. (49)

For the Hamiltonian describing the evolution of the spin-1/2 particle with magnetic moment M in
a constant magnetic field # = (0,0, ), i.e., H(t) = —M%H0, the probabilities p; (t), pa(t), and p3(t)
depend on the initial values of the state, p1(0), p2(0), and p3(0). For example, if p1(0) = p2(0) =1/2
and p3(0) = 1, one has Equation (47) of the form

dx(t) _
T MH. (50)
The solution (49) of this equation gives the phase

x(t) = MHt, (51)

and this phase corresponds to the solution of the Schrodinger equation for the Pauli spinor |¢(t)),

e~ it 0 1
[p(t)) = < 0 ot ) ( 0 >, (52)

10

where the initial value |(0)) corresponds to the pure state density matrix p(0) = ( 00

) , and the

initial phase x(0) = 0.
The density matrix p(t) corresponding to the pure state (52) does not depend on the magnetic
field H due to the stationarity of probabilities p1(t) = pa(t) = 1/2 and p3(t) = 1 in this particular

case. However, in the case of the initial state with density matrix p(0) = % 1 1 and [ (0)) =
L one has the evolution of probabilities
va\) :
1+ cos(2MHt 1+ 2sin(2MHt 1
pu(e) = LHEEMAID gy o IEZIMEMAED = L 3

The phase x(t) given by (49) takes into account the connection of the probabilities of the spin-1/2
projections m = +1/2 onto perpendicular directions x and y on the magnetic field. Thus, the value of
the magnetic field can be found measuring the probability evolution.

6. The Quantum Observable as a Set of Dichotomic Random Variables

As we found, the density matrix of a spin-1/2 system (42) is expressed in terms of three probability
distributions, (p1, 1 — p1), (p2, 1 — p2), and (ps, 1 — p3), where the probabilities p;, j = 1,2, 3 satisfy
inequality (43). For an observable

A ( An Ap >, (54)

Ay Ax

one can determine the set of formal classical-like random variables using the following rule.

Let us determine a random dichotomic variable ¥ taking two values, (x; = x, xo = —x),
and another random variable i taking two values, (y; = y,y2 = —y), where x + iy = Ajp. The third
random variable Z takes two real values, (z; = A1, z2 = Ag). The introduced random dichotomic
variables can be interpreted as the rules in such a game as tossing three classical coins. The game with
the first coin has a gain equal to x and a loss equal to —x. For the second coin, the gain is equal to y and

13
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the loss is equal to —y. For the third coin, the gain and loss are not equal; they are denoted as z; and
2y, respectively. We interpret the probability distributions (p1, 1 — p1), (p2, 1 — p2), and (p3, 1 — p3)
as distributions describing the classical statistics of random variables ¥, i/, and Z. This means that we
define the moments for the dichotomic variables

Mu(X) = x{p1+ (1= p)xy, Mu(H) =yip2+ (1 —p2)ys, Ma(Z) =z{ps+ (1 - p3)z3,
n=12,... (55

The quantum statistics of observable (54) are described by the matrix A and the density matrix p
given by (42) as follows:
(A") =Trp A", n=1,2,... (56)

One can check that, for the quantum observable A, the mean value (A) is expressed in terms of
classical mean values M; (X), M; (), and M; (Z), namely,

(A) = My(%) + My (¥) + My (2). (57)

The highest moments (55) of classical-like random variables, which we used to interpret the
matrix elements of the quantum observable A and the quantum moments, e.g., {A?), are not expressed
in the form of a sum analogous to (57).

We consider now an example of the qubit thermal equilibrium state with the density matrix p(T).
For a given Hamiltonian H (36) with matrix elements H, ik j, k = 1,2, the density matrix reads

p(B) = 5 P (—PH),  B= . 58)

. . . . 01 0 —i 1 0
Using the properties of Pauli matrices o7 = ( 10 ),02 = ( i 0 ),and 03 = ( 0 -1 >,

namely, 17]2 =1,Tro; = 0; j = 1,2,3 and the relation exp 7(¢7i) = (cosh 1)1, + (sinh )77, where
12 = 1, we arrive at

b cosht+ 2 d sinh T bisinh t
a — platd)/2 2T T
exp =e - 2 , (59)
( c d > Csmjn’ coshT—i—d asinhT
where
T=1/[(a—d)/2*+bc (60)

and

Tr {exp < Z Z )] =2exp|(a+d)/2]cosht. (61)

14
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The thermal equilibrium state of the qubit at the temperature T = 1/ is identified with three
probabilities, p1(B), p2(B), and p3(B). For Hamiltonian (36), —fHy1 = a, —fH1» = b, —BHy = ¢,
and —BHy; = d, the probabilities read

1 i (Re Hy2) tanh </5\/[(H11 — Ha) /2] + \H12|2) ]
pp) =5 |1+ > ’
V(Hy — Hy) /2P + a2
1 i (Im Hy3) tanh (5\/[(1'111 — Hp) /2] + |H12‘2> ]
p2(f) =5 |1+ ’

\/[(Hn — Hy)/2)* + |Hpp 2

(Hpz — Hip) tanh (5\/[(H11 — Hp) /2" + \H12|2>

(62)

psB) =5 1+

\/(Hu — Hp)? +4|Hyp?

We arrive at the function Z() = Tr [exp(—BH)] of the form

Z(B) = 2exp (B [(H1 + Han) /2))] cosh (W (His — H) /2 + [Hial?)

Thus, the three probabilities p;(B); j = 1,2,3 describe the statistical properties of thermal
equilibrium states of qubits (two-level atoms).

The geometrical picture for all of the states of the qubit is given in terms of Bloch ball parameters.
However, the states of the qubit could also be presented in the form of Triada of Malevich’s squares
(Figure 1) using the probabilities py, po, and p3 [40,42,43].

Figure 1. Triada of Malevich’s squares as a geometrical interpretation of qubit states.

An equilateral triangle with a side length of v/2 is given. This triangle is constructed by gluing
vertices on hypotenuses of three rectangular triangles with equal legs and with the points Aj; j = 1,2,3.
The points have coordinates p; and 1 — p;. Inside this equilateral triangle, we have the triangle A1 A2 A3
with three side lengths:

15
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> 2 172
S1= (2+2p1 —4p1—2p2+2p; +2P1P2> .

) 5 1/2
Sy = (2 +2p; —4p2 —2ps +2p5+ 2P2P3> ,

2 2 1/2
S3= (2+2p3 —4p3 —2p1 +2p7 +2P3p1) . (63)

We construct the squares on sides A1A, AyA3, and AzA; of triangle A1 A Az. We paint the
squares in different colors: The square with side AjA; is red, the square with side A;Aj is black,
and the square with side A3A; is white. Thus, the state with density matrix p can be geometrically
described either by the point in the Bloch ball or by the three squares on the plane, called the Triada of
Malevich’s squares. This approach was called quantum suprematism [40,42,43].

The quantum nature of the qubit state provides a difference with classical coins, which are also
described by the probabilities p;, p2, and p3. The maximum area of the Triada of Malevich’s squares for
three classical coins is equal to 6. However, for the qubit state (spin-1/2 state, two-level atom state), it is
equal to 3. By measuring Bloch parameters or probabilities p1, po, and p3, one provides the possibility
of checking this property. This measurement is analogous to checking the Bell inequality for a two
spin-1/2 system, where the maximum value of specific correlations is equal to 2+/2. The classical-like
maximum is equal to 2. However, in the case of the possible measurement of the Malevich’s square
areas (i.e., measuring probabilities p1, p», and p3), the system under investigation is a single spin-1/2
particle. In the case of the Bell inequality, the system under study is the two-qubit system. Thus, one can
check the differences in the properties of classical and quantum correlations in the case of one spin-1/2
particle by measuring probabilities p1, p2, and p3, which determine the area of Malevich’s squares.

7. Distance between Quantum States

The probability representation of quantum states can be used to introduce classical-like
characteristics of difference between the states in addition to the fidelity. We consider qubit states as an
example. For density matrices p; and ps, there exist six probability distributions

1 1 1 1 1 1 2 2 2 2 2 2
1=y, 1= ), 1= ), P 1= ), 01 = D), (01 - )
which determine the density matrices. In conventional probability theory, the difference between
the two probability distributions (P, P,,...,Py) and (Q1,Q1,...,Qn) is characterized by the

distance parameter
S=[(Pi— Q)+ (Pa+Q2)*+-+(Py— Qn)?.

This classical formula can be used to characterize the difference of quantum states with density
matrices p1 and p,. We determine such characteristics for the two qubit states as follows:

3
sp=2Y(p)" = pi)2 (64)
j=1

In the case of continuous variables, the difference of the two states is characterized by an analogous
relation; it reads

Sia(p,v) = / [w (X|p,v) — wz(X|;4,v)]2 X, (65)

where we use the tomographic probability distributions wj (X |, ) corresponding to the states, e.g.,
of the oscillator with density operators p; and p,, respectively. The difference of the two states depends
on the parameters y and v, which describe the reference frames in the phase space where the position
X is measured.

16
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In the case of the classical oscillator, for which the tomographic probability distribution can be
introduced [6] and expressed in terms of the Radon transform of the classical probability density
function f(q, p)

wa(X[p,v) / f(a,p) 6(X —pg —vp)dqdp, (66)
the parameters = scosf and v = s~ !sinf correspond to scale and rotation transforms of the
position and momentum: q — ¢ = s, p — p = s'p, ¢ — q" = q'cosf + p'siné,

and p’ — p” = p’ cos6 — ¢’ sin 6, respectively. Thus, we can use the notion of the difference of the
states both in classical and quantum mechanics using the tomographic probability distributions.

In connection with the construction of the probability distributions identified with quantum states,
one can apply other characteristics of the state difference used in classical probability theory to study
the difference of two probability distributions. For example, in addition to (66), the Shannon relative
entropy can be considered as a tool to characterize the difference of the two states of photons with two
different tomographic probability distributions.

The relative entropy for quantum symplectic and optical tomograms must be nonnegative; i.e.,
for the symplectic tomogram, we have

w1 (X|p,v)
w (X[, V')
This relative entropy can be equal to zero only for equal probability distributions. Since optical

tomograms of photon states are measured experimentally [24], tomograms w; (X|6;) and w;(X|6;)
must satisfy the inequality for the relative entropy:

Helative = / w1 (XW'V) In |: :| X > 0.

wl(Xlﬂl)}
H(61,6,) / (X|or) In |22 x> 0.
o) = [ in 500 | x>

This inequality can be checked experimentally. An analogous entropic inequality can be checked

for qubit states, namely,
3 ) )
Pj 1—p;
iIn | = 1—p;)L >
]; {P] (PJ) H=) n(l_Pf v

where p1, p2, p3, P1, P2, and P; are different probabilities of spin projections m = +1/2 on the
x, Y, z-directions in two different spin-1/2 states identified with the probability distributions.

For composite systems like that of the two qubits, quantum correlations between the subsystem
degrees of freedom can be associated with the probability distributions and their entropies by
describing the states of the system and its subsystems. This problem needs extra consideration.

8. The Evolution Equation in the Probability Representation

Given an arbitrary pair of dequantizer-quantizer operators () and D(+), the von Neumann
Equation (27) can be written for the symbol of operator p(t) determined by the dequantizer operator,

fot) =T [@Mp(H)); (67)
the equation has the form
S50 = [ Fo K717 (68)

Here, the integral kernel is determined by the quantizer-dequantizer operators [21]

K(7,9',t) = iTe [U(7) (D(¥)H - AD(Y))] . (69)

17
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In the case where the symbol of the density operator is a probability distribution, e.g., in the case
of ¥ = (X, u,v), using dequantizer-quantizer operators (24) and (25), we arrive at the von Neumann
equation of the form of a kinetic equation for tomographic probability distribution w(X|u,v,t) [5].
Equations (68) and (69) provide the unitary evolution description for all known representations of
quantum states in the literature, including the probability representation. For optical tomographic
probability distribution, the evolution equation was found in [44].

9. Conclusions

To conclude, we point out the main results of our work.

We reviewed the probability representation of quantum states and considered the application of
this approach on the examples of harmonic oscillator states and qubit states. In the case of systems
with continuous variables, like the harmonic oscillator, we obtained the relation of the probability
representation of quantum states with the path integral method. We expressed the propagator
describing the evolution of the tomographic probability distribution identified with the quantum state
of the system with continuous variables, like the oscillator, with the path integral determining the
Green function of the Schrodinger evolution equation for the wave function of the system.

In the generic case of systems with continuous variables, we formulated the connection of the
path integral representation of the quantum-state evolution with other representations of quantum
states, using the quantizer-dequantizer approach to the quantization of classical systems studied
in [22,23,38,39]. The notion of classical-like difference of quantum states was introduced, using the
standard notion of the difference of two probability distributions for both the oscillator system
and qubit system, where the state is identified with three probability distributions of dichotomic
random variables.

We found the equation for the time-dependent phase determining the gauge transform of the wave
function. For the qubit state, the equation is given in the form of a relation, where the time-dependent
phase is expressed in terms of the probabilities of dichotomic random variables determining the
evolution of the density matrix satisfying the von Neumann equation with a given Hamiltonian.

The statistical properties of qubit quantum observables were discussed in relation with the
classical statistical properties of the classical-like dichotomic random variables. The different aspects of
the relation of the probability theory with properties of quantum or quantum-like states were discussed
in [45-49]. We will consider other examples of the connection of the path integral with star-product
schemes and entropic inequalities for quantum systems based on the probability representation of
quantum mechanics in future publications.
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Abstract: We discuss the use of the Gilbert algorithm to tailor entanglement witnesses for
unextendible product basis bound entangled states (UPB BE states). The method relies on the fact that
an optimal entanglement witness is given by a plane perpendicular to a line between the reference
state, entanglement of which is to be witnessed, and its closest separable state (CSS). The Gilbert
algorithm finds an approximation of CSS. In this article, we investigate if this approximation
can be good enough to yield a valid entanglement witness. We compare witnesses found with
Gilbert algorithm and those given by Bandyopadhyay-Ghosh-Roychowdhury (BGR) construction.
This comparison allows us to learn about the amount of entanglement and we find a relationship
between it and a feature of the construction of UPBBE states, namely the size of their central tile.
We show that in most studied cases, witnesses found with the Gilbert algorithm in this work are more
optimal than ones obtained by Bandyopadhyay, Ghosh, and Roychowdhury. This result implies the
increased tolerance to experimental imperfections in a realization of the state.

Keywords: bound entanglement; entanglement witness; Hilbert-Schmidt measure; optimization
algorithms

1. Introduction

Entanglement is likely the most counter-intuitive feature of quantum mechanics. It allows
quantum systems to exhibit correlations, which cannot be reconstructed by any set of prearranged
local quantum states. As such, entanglement is seen as a resource responsible for advantage in various
communication tasks (see, e.g., Ref. [1]). However, while it is trivial to describe entanglement for pure
states [2], it is one of the most important open questions of quantum information theory to determine
whether a given mixed state is entangled. This problem is additionally complicated by, e.g., existence of
bound entanglement [3], which cannot be transformed in the local actions and classical communication
(LOCC) regime into an ensemble of pure maximally entangled states. Hence, these states have limited
applications in quantum communication.

For bipartite states with distillable entanglement, we again have a straightforward tool to detect
their nonclassicality: they become non-positive under partial transposition [4]. Thus, the problem of
certifying entanglement for the bipartite case is reduced to the case of bound entangled (BE) states [3].
In theory, any form of entanglement can be certified with a proper positive, but not completely positive
(PNCP) map [5]. The Jamiotkowski—Choi isomorphism [6,7] links each such map to a linear operator
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called an entanglement witness [8]. A reference state, entanglement of which we want to confirm,
should give the expectation value of the witness inaccessible with only product states.

Naturally, any entangled state has its own class of witnesses that detect its nonclassical correlations.
This follows directly from the fact that it is represented by a point in some distance from a convex set
of separable states—there are infinitely many states separating the two, but for an individual state
they cannot define the whole boundary of the set. The witness that detects entanglement in the largest
volume of the state set is optimal. Since neither the set of all the states nor of the separable ones is
a polytope, an optimal entanglement witness is related to a hyperplane tangential to a line connecting
the reference state and CSS. Contrary to a common belief, an optimal entanglement witness does not
correspond to robustness against any particular form of noise.

The plethora of entanglement witnesses, or equivalently, PNCP maps, is responsible for the
complexity of the problem of entanglement detection. Not only do we need to optimize the expectation
value of the witness over all separable states, but also the witness itself needs to be a subject of
optimization, as we have no a priori knowledge about its form. The max-max nature of the problem is
the main difficulty in tackling the question, even just numerically.

In Ref. [9], Bandyopadhyay, Ghosh, and Roychowdhury proposed a construction of entanglement
witnesses for UPB BE states. They have a strikingly simple structure comprised of the combination of
a projection onto the support of the state and the unit operator with a weight equal to the maximal
mean value of the UPB BE state in a separable state. Unfortunately, till date these witnesses have not
been studied extensively, for example, in terms of optimality. From this point onwards, this family of
entanglement witnesses will be referred to as BGR witnesses.

In our recent article [10] we have employed the Gilbert algorithm [11] to find approximation
of a separable state closest (with respect to the Hilbert-Schmidt measure, D(p, o) = /tr(p — ¢)?) to
a reference state. We argued that basing on decay of the distance (and other properties) we can classify
a state as strongly entangled or practically separable. Here, we elaborate on this approach by asking if
an implementation of the Gilbert algorithm can yield a separable state close enough to a reference state
that it gives a state-tailored entanglement witness. As argued in Ref. [12], the optimal entanglement
witness for state pg will be given by a hyperplane perpendicular to a vector in the state space pcss — po,
where pcss is the closest separable state with respect to the Hilbert-Schmidt measure. The algorithm
cannot reach pcss, but instead it gives an approximation p;, which introduces a small tilt in the plane
of the witness. Also, as subsequent corrections to the found state become exponentially small, it is not
feasible to reach arbitrarily high precision. Thus, the question is: can this tilt be small enough, so that
the hyperplane still defines a valid entanglement witness for po.

Computationally, our approach is substantially easier than solving a max-max problem. The latter
requires that the two optimizations be conducted in turns. It may happen that a step taken in optimizing
a witness actually degrades it which can be only verified by optimizing over separable states. On the
other hand, the Gilbert algorithm guarantees convergence to the true solution, so it can be conducted
independently.

To test this hypothesis, we chose BE states from unextendible product bases [13,14]. On one hand,
they have a simple construction, which can be straight-forwardly generalized to a large number of
cases. On the other—their bound entanglement is nontrivial to be certified. Their additional advantage
is that their CSS can be found mixing only strictly real states, which improves the efficiency. Also,
an entanglement witness can be constructed analytically for them [9].

In the next section we review the construction of BE states. In Section 3 we briefly discuss the
concept of an entanglement witness. Section 4 describes the Gilbert algorithm. The numerical results
are discussed in Section 5, followed by conclusions.

2. Bound Entangled States from Unextendible Product Bases

We continue with a brief introduction of bound entangled states from unextendible product
bases (UPB BE states). It is one of most fundamental methods of generating bound entangled
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states, first presented in Refs. [13,14]. The idea is as follows. Given a two- (or more) party
Hilbert space we choose a subspace, which can be represented by a factorizable set of projectors
from the computational basis. Subsequently, we remove from this subspace the projector on the
equal superposition of all computational basis states belonging to that region. The remaining is
defined as a tile. For example, in Hilbert space H = span(|1),|2),|3))%2, a possible tile would be
Yij—12 i, 7) (i j] = i 21.2/]»/,(’1:1 li,j) (k,1|. Figure 1 depicts such a construction in d-dimensions. The next
step is to find a covering of the entire Hilbert space such that there is no subset of regions related to
tiles, which can be merged into a region, which is, again, a factorizable region. Once such a covering
is found, we sum subspaces of all the tiles, and add a projector on the uniform superposition of all
states from the computational basis, ITsy;, = dlsz Zj}(zl 2731:1 li,j) (k, 1] (sometimes called a stopper
state). As we have previously removed the symmetric states from each tile, they are orthogonal to this
state. The bound entangled state is then the normalized projector onto the complement of the sum.
The state is PPT, which can be argued from its construction, but it is entangled, since its kernel does
not contain any product states. There is no product state orthogonal to the sum of all tiles and the
symmetric state anymore.

Let us denote a projection on the subspace related to a k-th tile as 1), and onto the symmetrized

state of that subspace as Hﬁ’ﬁﬂ. Then, any UPB BE state is given by:

1 K ® (k)
p= E(]lfnsym* Z(H *Hsym)) 1)
k=1

The rank of the state is hence K — 1, where K is the number of tiles necessary to cover the whole
Hilbert space. For two parties, the minimum number of tiles is 5, while for three parties, 9 tiles
are necessary.

Figure 1. Visualization of the structure of bound entangled states from unextendible product bases
considered in this article. The size of the central tileis (n — [ +1)(m —o0 +1).

Possible low rank of the UPB bound entangled states makes them attractive from the experimental
point of view. Granted access to a source of an arbitrary pure state, a resource readily available with
modern high-intensity sources of multidimensional entanglement, local filters and operations, one can
relatively easily realize mixtures. One of the greatest challenges in such realizations is high sensitivity
of the bound entanglement. For example, any deviation of weights of the eigenstates from the support
of the state will transform it into an NPT (negative partial transpose) state. This aspect will play a role
when the construction of the source cannot guarantee equal mixing. A possible solution is to add
white noise, but PPT entanglement tends to be rather fragile.
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Another approach is to emulate the state. Instead of looking at its eigenvectors, our aim is
to reconstruct the probability distributions that it produces. This can be done by taking a proper
combination of product states, possibly with negative coefficients. In case of UPB BE states we can sum
up probabilities given by all the states Hg;,)ﬂ and measure relevant probabilities I, to be deducted.
Naturally, to establish probabilities we need to measure the projections of complementary states.
This can be done after the measurements, or in the following procedure. The observers are informed
every time Iy, is produced and a projection is successful, and they increase the denominator in
the relative frequency, but decrease the numerator. In some cases, this might lead to “negative
probabilities”, which then should be taken to be zero, or the best fit to a physical density operator.

Naturally, such an emulated state cannot bring any advantage in communication tasks or
distributed computation. In particular, the emulation cost is broadcasting a bit. However, emulation
can be extremely useful for testing and perfecting techniques for certifying entanglement. As it is
complicated to build a source of an entangled state, it is experimentally convenient to first master the
accompanying techniques to be sure that the desired goal can be achieved.

3. Entanglement Witnesses

Let us start with a brief recall of the concept of an entanglement witness. Most generally, it would
be a Hermitian operator with a certain range of eigenvalues accessible only in entangled states. In that
sense, a Hamiltonian of an antiferromagnetic spin chain of any length is an entanglement witness [15].
By a common convention, the lowest mean value attainable of a witness with separable states is 0,
and some entangled states may lead to negative mean values. We note, however, that this convention
may not always be practical. For any entanglement witness W, we can define a linear functional
Aw(-) = tr(-W), which divides the space of Hermitian operators with a hyperplane. On one side of
this hyperplane (A (-) > 0) lie all separable states, on the other (A (-) < 0)—our reference state pg
and its neighborhood. Since the set of separable states in a given Hilbert space is convex, there always
exist such a hyperplane for any entangled state.

Then we can introduce a class of tight witnesses for which condition (W)ggp = 0, i.e., the mean
value of the witness in the set of separable states is equal to 0, is achieved for one or more separable
states. Within this class, for any entangled py we can define optimal witness Wy, for which (Wp)sgp = 0
is attained for the closest separable state to pg in the sense of Hilbert-Schmidt norm. As a result,
the distance between pg and the hyperplane Ay, (-) = 0is the largest among all witnesses detecting
entanglement of pg. However, contrary to common belief, this does not correspond to the highest
robustness against the noise of any universal form. Our goal is to confirm the form of such witnesses
for UPB BE states.

A 5-tile bipartite UPB BE states with a fixed heliocity can be characterized by dimensions dy, d»
and coordinates of the central tile (I,n), (m,0) with1 < <n <dyand1 < m < o < dp. We have
studied cases of dy = dp =d = 3,4,5,6. This gives a single 3 x 3 state, nine 4 x 4 states, 36 5 x 5 states,
and 100 6 x 6 states, giving 146 density matrices in total. In general, in dimensions d; x d we will
have 1 (d% — 3d; +1)(d3 — 3d; + 1) states.

4. The Gilbert Algorithm

According to Bertlmann-Durstberg-Heismayr-Krammer theorem [12], the optimal entanglement
witness for state p is given by the difference of p and the closest separable state with respect to
Hilbert-Schmidt measure, W « p — pcss. Finding pcss is generally a complex task, but a very good
approximation can be found with the Gilbert algorithm [11]. The application of the algorithm to the
classification of states as entangled was discussed in Ref. [10]. In short, the algorithm is as follows:

Input: test state pg, arbitrary separable state pq,

Output: approximation of a separable state closest to pg
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1. Choose at random a pure product state p,.

2. Maximize tr(pg — p1)(p2 — p1), or go to step 1if tr(pg — p1)(p2 —p1) < 0.

3. Find the point p}, which lies on line p;d — p», and minimizes the Hilbert-Schmidt distance
D(o,p) = /tr(p — o).

4. Update p;  pj.

5. Go to point 1 until a given HALT condition is met.

Let us note that local states constituting p, are drawn with the Haar measure, according to
an algorithm by Zyczkowski and Sommers [16]. The Hilbert-Schmidt measure has been chosen as
the algorithm then requires only solving a quadratic equation, although it was shown that it is not
monotonous under LOCC and thus is not a true entanglement measure [17,18]. A typical choice of the
HALT condition is simply a time constrain, number of trial states (p2), or number of corrections.

The Gilbert algorithm can provide an accurate approximation of the closest separable state, but,
in fact, we cannot reach that state. For this reason, we only partially succeeded in finding almost
optimal entanglement witness. The procedure is the following. We run the algorithm, which halts at
some number of corrections of p;. We then optimize the mean value of pg — p; for separable states.
When this mean value is lower than tr(pg — p1)po, the witness is found. For We have found a witness
for the 3 x 3 state after 25,100 corrections (time constrain), for 4 x 4 and 5 x 5 states we run the
algorithm for up to 4000 corrections, while for 6 x 6 states we have conducted only 3500 corrections
(number of corrections).

The first criterion of a state being entangled or separable is to investigate the limit of distance
between p and the closest separable state found at the given step. This distance was registered every
50 corrections. As argued in Ref. [10] there is a strong linear dependence between number of corrections
c and |log(tr(p; — pp)? — a)|? for some values of a and b. We hence maximize the linear regression
coefficient between these two quantities. The found value of b is irrelevant, while 4 is an approximation
of the limit. The state can be considered entangled if a is above the precision of the algorithm, estimated
to be less than 1075.

5. Numerical Results

All 146 UPB BE states have been shown to have the estimated distance to the set of separable
sates between 0.09 and 0.06, therefore all of them can be classified as entangled as they indeed are
from the construction. On the other hand, it is difficult to argue that any one of them is particularly
strongly nonclassical.

In the next step, we will attempt to construct an entanglement witness for each state. In a perfect
case of the algorithm actually reaching the closest separable states pcss, the witness would be
simply proportional to pcss — po — trocss (0css — po). However, as mentioned above, we reach only
an approximation p; of pcss, which causes the hyperplane of the witness to be tilted. We thus need to
conduct an optimization over the set of separable states, |A) @ |B), so that A = max 4y ) (A|(Blo1 —
00| A)|B). Then the witness reads:

W(po) = p1 —po — 1A 2

It turns out that in almost all cases p; yielded a valid entanglement witness. When transformed
to a traceless form, p; — pp, each of these witnesses has a similar structure: there are four negative
eigenvalues of roughly the same magnitude and the corresponding eigenspace is approximately the
support of py, and hence W(pg)s can be compared with witnesses in Ref. [9]. A significant difference is
that positive eigenvalues are not uniform.

It now remains to compare the strength of the witnesses. Because the witnesses found with the
Gilbert algorithm are approximations of the witnesses W’(p), constructed accordingly to Ref. [9],
we would focus on the latter. The simplest quantizer of nonclassicality of UPB BE states would be
the Hilbert-Schmidt distance of the state to the hyperplane defining the witness. To establish this
quantity, we need vector M tangent to the hyperplane defining the witness, which in our case is the
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traceless part of the witness operator, M = W’ (p) — 1tr(W’(pg)). The trace part is removed from the
witness operator to ensure that the corresponding vector starts at the origin of the coordinates system.
We will also need state p’ saturating trp’W’(pg) = 0. This state is found in the process of constructing
the witness. Let R = pg — ¢’. Then, our distance to separable states is the length of the projection of R

onto unit vector M/ V' M - M is given by:

IRM| _ [xW'(po) (po — /)|
VM2 triV’2 (o)

where Sep denotes the set of separable states.

Figure 2 presents comparison of four estimates of the distance between five-tile UPB BE states and
separable states. Blue points correspond to the smallest distance found by the Gilbert algorithm after
the mentioned number of corrections, green points show the estimate of the distance from the linear
regression, red represent the distance computed from Equation (3) for the BGR witnesses, while black
points illustrate the distance given by the witnesses found by our algorithm (again, computed from
Equation (3)). The first quantity is an upper bound of the actual distance, the second is just an estimate,
while the distances computed from the witnesses are lower bound.
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Figure 2. The comparison between last distance between a UPB BE state found by the Gilbert algorithm
after 25,100 corrections (3 x 3, top left), 4000 corrections (4 x 4, top right, and 5 x 5, bottom left), and
3500 corrections (6 x 6, bottom right). Red points correspond to distances from Equation (3) with BGR
witnesses, the black points show the distance to the hyperplanes of the witnesses found by the Gilbert
algorithm. The last distance found by the algorithm is marked with blue points and the extrapolation
of its decay is represented with green points. The data are segregated by the size of the central tile.
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It should be noted that in all four plots, the red points are significantly below all other groups.
This clearly indicates that we have found more optimal witnesses, than those given in Ref. [9]. Another
observation, for every state, the green point is above the black one, i.e., the decay estimation is between
the upper and the lower bound. However, our algorithm did not yield a valid witness for 13 states in
6 x 6 Hilbert space. Also, for 6 states in 6 x 6 and 4 states in 5 x 5 Hilbert spaces, the witness yielded
by our algorithm was weaker than the BGR witnesses. Still, our algorithm is successful for most tested
states. Furthermore, our results show that BGR construction does not lead to an optimal witness for
UPB BE states, as we find more optimal ones.

6. Conclusions

In this contribution, we have studied quantifiable entanglement of bound entangled states derived
from unextendible product bases in dimension d x d, where d = 3,4,5,6. As a prime tool, we have
used the Gilbert algorithm to find an approximation of a separable state closest to the given entangled
state. Knowledge of this approximation leads to a close-to-optimal entanglement witness. Our method
succeeded to yield entanglement witnesses in 133 of the 146 studied cases. Moreover, witnesses found
by our algorithm were in 123 cases more optimal than those proposed by Bandyopadhyay, Ghosh, and
Roychowdhury [9]. Both the decay of the distance with successive corrections, and its extrapolation
by a linear fit indicates a presence of entanglement. Also, these results show that construction of
BGR witnesses is not optimal. There exist convex combinations of py and pcss or p1, which are not
recognized as entangled by BGR witnesses, whereas our algorithm reveals quantum correlations in
such cases.

We have calculated the distance between PPT states and the sets of separable states. UPB BE states
turned out to be relatively close to the set of separable states, with all distances below 0.1. While no
clear relationship between the structure of the state and the distance was established, one correlation
appears, i.e., states with smaller central tiles lay closer to separable states.

Our results therefore have multifold scientific aspects. First, we have partially found the order of
degree of entanglement of UPB BE states, by recognizing that in the given dimension, those farthest
from the set of separable states have a smaller central tile. Second, the witnesses yielded by the
algorithm are (in most cases) more optimal than the BGR construction. As a consequence, our witnesses
allow for larger imperfections in an experimental realization. This could be relevant in quantum
randomness amplification and cryptographic key distribution protocols.

Author Contributions: Conceptualization and Data Analysis: M.W.; Software and Data Acquisition: M.W.,
P.P. and O.S.; Writing—Original Draft Preparation M.W.; Writing—Review and Editing: B.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by NCN Grants 2017/26/E/ST2/01008, 2015/19/B/ST2/01999 (MW),
2014/14/E/ST2/00020 (PP), and the ICTQT IRAP project of ENP, financed by structural funds of EU.

Acknowledgments: We thank Remigiusz Augusiak for useful insight on this publication.

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

References

1. Brukner, C.; ukowski, M.Z.; Pan, J.-W.; Zeilinger, A. Bell’s inequalities and quantum communication
complexity. Phys. Rev. Lett. 2004, 92, 127901. [CrossRef] [PubMed]

2. Bennett, C.H.; Popescu, S.; Rohrlich, D.; Smolin, J.A.; Thapiyal, A.V. Exact and asymptotic measures of
multipartite pure-state entanglement. Phys. Rev. A 2000, 63, 012307. [CrossRef]

3. Horodecki, M.; Horodecki, P.; Horodecki, R. Mixed-State Entanglement and Distillation: Is there a “Bound”
Entanglement in Nature? Phys. Rev. Lett. 1998, 80, 5239. [CrossRef]

4. Horodecki, P. Separability criterion and inseparable mixed states with positive partial transposition.
Phys. Lett. A 1997, 232, 333-339. [CrossRef]

5. Horodecki, M.; Horodecki, P.; Horodecki, R. Separability of n-particle mixed states: necessary and sufficient
conditions in terms of linear maps. Phys. Let. A 2001, 283, 1-7. [CrossRef]

27



Quantum Rep. 2020, 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

Jamiotkowski, A. Linear transformations which preserve trace and positive semidefiniteness of operators.
Rep. Math. Phys. 1972, 3, 275-278. [CrossRef]

Choi, M.D. Completely positive linear maps on complex matrices. Linear Algebra Appl. 1975, 10, 285.
[CrossRef]

Terhal, B.M. Bell inequalities and the separability criterion. Phys. Lett. A 2000, 271, 319. [CrossRef]
Bandyopadhyay, S.; Ghosh, S.; Roychowdhury, V. Non-full-rank bound entangled states satisfying the range
criterion. Phys. Rev. A 2005, 71, 012316. [CrossRef]

Pandya, P; Sakarya, O.; Wiesniak, M. Hilbert-Schmidt distance and entanglement witnessing. arxiv 2018,
arxiv:1811.06599.

Gilbert, E.G. An iterative procedure for computing the minimum of a quadratic form on a convex set. SIAM J.
Control. 1966, 4, 61-80. [CrossRef]

Bertlmann, R.; Durstberg, K.; Heismayr, B.C.; Krammer, P. Optimal entanglement witnesses for qubits and
qutrits. Phys. Rev. A 2005, 72,052331. [CrossRef]

DiVincenzo, D.P.,; Mor, T.; Shor, PW.; Smolin, J.A.; Terhal, B.M. Unextendible Product Bases and Bound
Entanglement. Phys. Rev. Lett. 1999, 82, 5385.

DiVincenzo, D.P.; Mor, T.; Shor, PW.; Smolin, J.A_; Terhal, B.M. Unextendible product bases, uncompletable
product bases and bound entanglement. Commun. Math. Phys. 2003, 238, 379. [CrossRef]

Brukner, C.; Vedral, V. Macroscopic Thermodynamical Witnesses of Quantum Entanglement, preprint
arxiv:quant.ph/0406040; Téth, G. Entanglement witnesses in spin models. Phys. Rev. A 2005, 71,010301.
Zyczkowski, K.; Sommers, H.-J. Induced measures in the space of mixed quantum states. J. Phys. A
Math. Theor. 2001, 34, 7111. [CrossRef]

Witte, C.; Trucks, M. A new entanglement measure induced by the Hilbert-Schmidt norm. Phys. Lett. A
1999, 257, 14. [CrossRef]

Ozawa, M. Entanglement measures and the Hilbert-Schmidt distance. Phys. Lett. A 2000, 286, 158. [CrossRef]

® (© 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
BY

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

28



quantum reports ml\l)\l’y
=

Article
Nonclassical States for Non-Hermitian Hamiltonians
with the Oscillator Spectrum

Kevin Zelaya 12, Sanjib Dey 3, Veronique Hussin ** and Oscar Rosas-Ortiz 2

L Centre de Recherches Mathématiques, Université de Montréal, Montréal, QC H3C 3]7, Canada;

zelayame@crm.umontreal.ca

Physics Department, Cinvestav, AP 14-740, México City 07000, Mexico; orosas@fis.cinvestav.mx

Indian Institute of Science Education and Research Mohali, Knowledge City, Sector 81, SAS Nagar (Mohali),
PO Manauli, Punjab 140306, India; dey@iisermohali.ac.in

Département de Mathématiques et de Statistique, Université de Montréal, Montréal, QC H3C 3]7, Canada
Correspondence: hussin@dms.umontreal.ca

4

*

Received: 29 November 2019; Accepted: 24 December 2019; Published: 27 December 2019

Abstract: In this paper, we show that the standard techniques that are utilized to study the
classical-like properties of the pure states for Hermitian systems can be adjusted to investigate
the classicality of pure states for non-Hermitian systems. The method is applied to the states of
complex-valued potentials that are generated by Darboux transformations and can model both
non-PT-symmetric and PT-symmetric oscillators exhibiting real spectra.
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1. Introduction

In quantum mechanics one finds two important classes of states of the radiation field: Fock and
coherent states. The former, introduced by Fock at the dawn of quantum theory, contain a precise
number of photons and produce average fields equal to zero. With the exception of the vacuum, the
Wigner distribution [1] exhibits negative values in some regions of the phase-space when it is evaluated
with the Fock states. Thus, the properties of the quantum states of radiation fields that are occupied by
a finite number of photons are far from the Maxwell theory. On the other hand, the coherent states
were formally introduced in quantum optics by Glauber [2], although the first antecedents can be
traced back to the Schrodinger papers on quantization, see, e.g., [3]. They produce average fields
different from zero as well as nonnegative symmetrical Wigner distributions. While the coherent states
are constructed as superpositions of Fock states, it is remarkable that their properties are very close
to the Maxwell theory. This is because such states satisfy the notion of full coherence introduced by
Glauber, while the Fock states (for n # 0) lack second (and higher) order coherence, and thus they are
nonclassical. The set of nonclassical states includes also squeezed states [4], even and odd coherent
states (also called Schrodinger cats) [5], binomial states [6,7], photon-added coherent states [8], etc.
The difference between the classical and nonclassical properties of a given quantum state is strongly
linked to the notion of entanglement [9], which is a fundamental concept required in the development
of quantum computation and quantum information [10]. Noticeably, while investigating the quantum
properties of a beam splitter, it has been found that the “entanglement of the output states is strongly
related to the nonclassicality of the input fields” [11]. That is, the nonclassicality of an arbitrary (input)
state can be tested by detecting entanglement in the output of a quantum beam splitter [11,12].

In the present work we study the nonclassical properties of the states of non-Hermitian
Hamiltonians with real spectrum that are generated by Darboux transformations [13,14]. In general,
the systems associated with non-Hermitian Hamiltonians are subject of investigation in many
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branches of contemporary physics [15]. The applications include the study of unstable (decaying)
systems [16], light propagating in materials with a complex refractive index [17], PT-symmetric [18,19]
and PTC-symmetric [20] interactions, multi-photon transition processes [21], diverse measurement
techniques [22], and coherent states [3,23,24], among others. In the case of the Darboux deformed
non-Hermitian systems, the eigenfunctions obey a series of oscillation theorems [25] that permit their
study as if they were associated to Hermitian systems. Indeed, the representation space of such
non-Hermitian systems can be equipped with a bi-orthogonal structure that provides complete sets of
orthonormal states [13]. We shall focus on non-Hermitian oscillators since their bases of eigenfunctions
can be used to construct optimized binomial states [26] and generalized coherent states [24], which in
turn give rise to a wide diversity of pure states as particular cases. One of the main results reported in
this paper is to show that the techniques used to study classical-like properties for Hermitian systems
can be adjusted to investigate the classicality of the states of Darboux deformed non-Hermitian systems.

The outline of the paper is as follows: In Section 2 we revisit the main properties of the
non-Hermitian oscillators we are interested in. The main differences between the conventional
orthogonality and the bi-orthogonality are discussed in detail. In Section 3 we introduce the different
bi-orthogonal superpositions of states that are to be analyzed, these include the optimized binomial
states and diverse forms of generalized coherent states. Section 4 deals with the nonclassicality
of the states defined in Section 3. Final comments are given in Section 5. We have added three
appendices with relevant information that is used throughout the manuscript concerning operator
algebras (Appendix A), and criteria of nonclassicality (Appendix B).

2. Non-Hermitian Oscillators
The solution to the eigenvalue problem of the dimensionless (mathematical) oscillator

Hpse = — 57 + x2 is given by the discrete eigenvalues ES*° = 21 + 1 and normalized eigenfunctions

efxz/Z
Pn(x) = WHn(x), n=0,1,..., (1)

where H,(x) stands for the Hermite polynomials [27]. Using the linearly independent solutions of the

eigenvalue equation Hysct = —u and a set of real numbers {a, b, c, A} fulfilling 4ac — b? = 4A2, it can
be shown that "
a(x) = /2 {%Erfz(x) + berf(x) + c} )

is a real-valued function which is free of zeros in IR, and defines the dimensionless potential

d
20 4%
Va(x) =x j

©)

a2 (x)

a\/mErf(x) +b — zé]

as a Darboux transformation of Vs (x) = x2 [13]. Here Erf(x) defines the error function. If A # 0,
the Hamiltonian H) = _ddTZZ + V) (x) is not self-adjoint since V) +(x) is a complex-valued function.
Nevertheless, it may be shown that the imaginary part of such potential is continuous in R and satisfies
the condition of zero total area [25]:

“+o00
[ mVa () = - az%) =0 4
Equation (4) implies a balanced interplay between gain and loss of probability that does not
depend on any other symmetry of either ImV)(x) or ReV,(x). For instance, besides fulfilling
Equation (4), the profile of the real and imaginary parts of the oscillator depicted in Figure 1a is
not particularly special (this has been obtained from Equation (3) witha =5,b =8,c =5and A = 3).
Looking for concrete symmetries we can take b = 0 to get even and odd forms of ImV), (x) and ReV), (x),
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respectively. The result is a non-Hermitian oscillator which is invariant under PT-transformations [18].
This case is illustrated in Figure 1b fora = ¢ = A = 1, and b = 0. On the other hand, for b = +2./ac,
with a and ¢ positive numbers, the parameter A is equal to zero and Equation (3) decouples into the
pair of real-valued functions

VE () =2 224 et —\/E 5)
A=0 7Y = dx fxefyzdy:t’)/ A 11’

where the condition > /77/2 must be satisfied to avoid singularities. Figure 1c shows V,_(x;7)
with a = 1 and ¢ = 0.88. The concomitant V/{*'Zo(x;'y) corresponds to the specular reflection of
Vi_o(x;7). The Hermitian oscillators of Equation (5) were first found by Abraham and Moses
through the systematic use of the Gelfand-Levitan equation [28], and then recovered by Mielnik
as an application of his generalized factorization method [29].

(a) Non PT-symmetric (b) PT-symmetric (c) Hermitian

Figure 1. (Color online) the oscillators V) (x) defined in Equation (3) can be categorized in three
different classes: (a) Non PT-symmetric, (b) PT-symmetric, and (c) Hermitian. In (a) and (b) the
imaginary part (dashed-red) satisfies the condition of zero total area, Equation (4). The zones of gain
and loss of probability are shadowed in orange and red, respectively. In all the cases the curve in
blue corresponds to the real part of V) (x) and the dotted-black curve represents the shifted oscillator
Vosc(x) — 2, the latter is obtained from Equation (3) as a particular case.

Additionally, Equations (5) represent a family of systems that converge to the conventional
oscillator in the limit |y| — oo. Indeed, it may be verified that

limoo Vieo(x;77) = x% — 2. (6)

[7]=

The oscillator V,s:(x) — 2 is thus a member of the family of complex-valued potentials V) (x)
introduced in Equation (3). This is depicted in the plots of Figure 1 as a reference.

e  Fundamental solutions. Another remarkable profile of the complex-valued oscillators of
Equation (3) is that the functions

pa() = |2 = S s onln, m=o01,., @)

are normalizable solutions of the related eigenvalue equation Hy,11(x) = E,119,41(x) for
E, 11 = 2n + 1. The additional normalizable function

ay/mErf(x) + b)}

Po(x) = ﬁ exp {i arctan ( 7 8)

also solves the eigenvalue equation defined by H), but it is not derivable from the set ¢, (x) and
belongs to the energy Eg = —1. The spectrum of the potential V) (x) is therefore composed of the
equidistant energies E,;, =2n —1,1n > 0.
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e Bi-orthogonality. While the functions ¥, (x) are normalizable, they form a peculiar set since
o(x) is orthogonal to all the ¢, 1 (x) while the latter are not mutually orthogonal. As a result,
in contrast with the Hermitian case, the norm of any superposition of states ¢,,;1(x) depends
not only on the modulus of the related coefficients but also on the phase shift between them.
For instance, the norm of

4 p
Y(x) =7 Pn P , OueC, 9
(x) Hlpn+1H ll] +1(X) * Hlp;nJrlHlp +l(x> e ( )

satisfies
HT‘ |2 = |9|2 + \H\z + 2|9’4| Cn-%—l,m-%—l COS(‘S + 'Yn-%—l,m-%—l)r 0= arg(G*ﬂ), (10)

where z* is the complex-conjugate of z € C. The numbers &, 1,1 and 7¥,41,m+1 are, respectively,
the modulus and argument of the product between ¥, +1(x) and ¢, +1(x). Thus, depending
on the phase-shift §, the non-orthogonality of the set 1,11 (x) produces the oscillations of |['¥||.
The complexity of such a dependence increases with the number of elements in the superposition.

One can face the above difficulties by introducing a bi-orthogonal system (see relevant information
in Reference [24]), formed by the eigenfunctions ¥, (x) of H, and those of its Hermitian-conjugate
H} = H,, written as i, (x). The main point is that the bi-product (E’ﬂ’ Pu) = [ O (X)hn(x)dx
is equal to zero if n # m, and serves to define the bi-norm ||¢,||p = ||¢,,||p if n = m.

Therefore, besides the conventional normalization ¥,(x)/||¢u||, we have at hand the
bi-normalization ¥, (x)/||n||p, with ||¢,11||p = /2(n+1) for n > 0. The bi-norm ||¢p||p
of the ground state depends on the set {a,b,¢, A} [24]. The real and imaginary parts of ¢, (x),
as well as the probability density |, (x)|?, behave qualitatively equal in both normalizations
but their bi-normalized values are usually larger than those obtained with the conventional
normalization. Such a difference is reduced as n increases. This property is illustrated in Figure 2
for the first three eigenfunctions ,,(x), and the corresponding probability densities |ip, (x)|?,
of the complex-valued oscillator depicted in Figure 1a.

The bi-orthogonal approach avoids the interference produced by the non-orthogonality.
For instance, if the states in Equation (9) are substituted by their bi-normalized versions, we obtain
the bi-orthogonal superposition

0 #
Y(x) = —F——e X))+ —— X). 11
B( ) 2(7l+1) an+1( ) Z(erl) lpm+1( ) (11)
The bi-norm of the latter state does not depend on the phase-shift
1¥13 = [ Fa(x)¥s(x)dx = 0P + [ 12)

so that ¥p(x) is uniquely bi-normalized to 1 by the constant (|0|? + |u|*)~!. An additional
property of the bi-orthogonal superpositions is that the values of their real and imaginary parts,
as well as the values of the corresponding probability densities, are shorter than those obtained
from the conventional approach. We show this property in Figure 3 for the superpositions of
Equations (9) and (11) with n = 0, m = 1, 8] = |u| = 1/+/2, and three different values of the
phase-shift §. Formally, one may say that ¥(x) and ¥ (x) represent two different superpositions
of the states ;11 (x) and 9,41 (x). In the sequel we shall take full advantage of the mathematical
simplifications offered by the bi-orthogonal approach.
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Figure 2. (Color online) bi-normalization (continuous-purple) against conventional normalization
(dotted-black) for the first three eigenfunctions i, (x)—upper row—and probability densities
[n(x)|>—lower row—of the complex-valued oscillator of Equation (3) shown in Figure Ila.
The eigenfunctions are depicted in the Argand—Wessel representation with Re ¢, (x) and Im ¢, (x) in
the horizontal and vertical axes, respectively. They have been constructed from Equations (7) and (8)
witha =5,b=8,c=5and A = 3.

e Operator algebras. It can be shown that there exist at least two different algebras of operators
associated with the eigenstates of the complex-valued oscillator V) (x) [30]. They are generated
by two different pairs of ladder operators (see Appendix A for details). The first pair, A and AT,
together with the Hamiltonian H), satisfy the quadratic polynomial (Heisenberg) algebra

[A, AT =2(BHy+1) (Hy+1), [HyAl=-2A, [Hy A" =24 (13)

The second pair of ladder operators, denoted by C;, and C;;, together with the Hamiltonian H,,
and an additional operator I, satisfy the distorted (Heisenberg) algebra

[er C;ﬂ = Iwr [H/\r Cw} = *ch/ [H}\/ CJ] = Zczt, (14)

where w is a non-negative parameter that defines the ‘distortion” suffered by the oscillator algebra
when one substitutes the operators Cy,, C;, and H, for the conventional boson operators, 4, at,
and 7, respectively. The algebras of Equations (13) and (14) will serve to the analysis of classicality
of the states associated with the complex-valued oscillators of Equation (3).
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Figure 3. (Color online) the upper row shows the Argand—-Wessel diagrams of the superpositions
¥ (x) and ¥3(x), Equations (9) and (11), respectively, for n = 0, m = 1, |0 = |u| = 1/V/2, and the
indicated values of the phase-shift §. The corresponding probability densities are shown in the lower
row. The code of colors and plot-style is the same as in Figure 2.

3. Bi-Orthogonal Superpositions

We shall study the properties of diverse superpositions of states i, (x) by using

(i) Bi-normalization to obtain regular probability densities.
(ii) Bi-orthogonality to avoid the interference associated with non-orthogonality.

The space of states of H,, denoted H,, consists of all the bi-orthogonal superpositions

p(x) =Y aye(x), o= (P.9) €C, (15)
k=0
such that .
1[5 = (¢,0) = Y lexl* < co. (16)
k=0

In turn, H, denotes the space spanned by the states ¥, (x). The series decomposition of ¢(x),
which is concomitant to ¢(x) in Equation (16), is obtained from Equation (15) by changing ¢y (x) —
P, (x). To simplify the notation, hereafter we use no label to denote the bi-orthogonal properties of the
system {,(x), ¥ (x)}. B

The approach we are going to use identifies a threefold partnership between H,, H), and the
conventional oscillator Hysc, where the eigenvalues play a main role. That is, the triad {HA, Hoyse, Hy }
represents a system for which the energies E, .1 = EJ® = 2n + 1 are threefold degenerate while
the energy Ey = —1 is only twofold degenerate. In this sense, our model is a generalization of the
supersymmetric approach [31] since Hy and H are treated as two different faces of the same system,
which can be studied in much the same way as in the Hermitian approaches [24].

We are interested in two different classes of superpositions. The optimized superpositions are
such that their nonclassicality can be manipulated by tuning the number of elements as well as the
state of lowest energy in the sum. The generalized coherent states are constructed in terms of the
algebras underlying the complex-valued oscillators of Equation (3) and form an over-complete set in
‘H,. Next, we analyze these classes in detail.
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3.1. Optimized Binomial States
Let us consider a superposition of N + 1 adjacent states

N

Pp(x) = Y Py (x), 17)

k=0

where the non-negative integer r > 0 determines the state ,(x) of the lowest energy that is included
in the packet, and the coefficients ci give rise to the binomial distribution

ekl” = (IZ>P"<1P>N’S 0<psl k=N 8

That is, Equation (17) is bi-normalized and includes only the eigenstates belonging to the energies
E; E;iq,...,Ein. Equation (18) means that the probability of finding the system in the state ., (x) is
weighted by the probability p of having success k times in # trials. The superpositions of Equation (17)
are called “optimized binomial” states [26] since (for r = 0) they converge to the conventional binomial
superposition at the oscillator limit.

To investigate the properties of ¢ (x) let us take p ~ 0. The modulus |c§| of the first coefficient
in the expansion is close to 1 and the other coefficients are almost zero. Then, the state i,(r) is
very influential in the behavior of the entire packet since it is weighted by cf in the superposition.
The situation changes if p ~ 1 since in this case the modulus |c?\,| of the last coefficient in the sum is
close to 1, while the moduli of the other coefficients are almost zero. In such case, Y, (x) is the state
of major influence in the packet.

Another important feature of the optimized binomial states is that their mean energy &, depends
on the number r which labels the lowest of the involved energies

& = (Hy)p =2(Np+r) - 1. (19)
Considering 0 < p < 1, we have
2r—1<& <2(N+r)—1. (20)

Thatis, £, is bounded from below by 7, and from above by N and r. Fixing &, and r in Equation (19)
we can write
Np=1(&+1-2r). (1)

Then, from Equation (18) we arrive at the Poisson distribution:

_ Gpti-or

= g, +1-2r\F
lim |cl)2 =% b . 2
e k! 2 22)

In this form, as a limit version of the optimized binomial state ¢;,(x), we introduce the optimized
Poisson state

& 2K 2 Ep+1-=2r
x)=¢ 2 i x), z|t = F——. 23
In the quantum oscillator limit of Equation (6), the superposition of Equation (23) acquires the form
95¢ () ) LS P i 2k
(x) = lim ¢p(x =Y orir(x), o =e 7T —, (24)
$p ‘7|ﬁ+m¢ o kg;) k Ptr k \/]g

which coincides with the conventional coherent state for 7 = 0, see Equation (A25) of Appendix B.
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3.2. Generalized Coherent States

The ground state () is annihilated by both pairs of ladder operators A, A", and Cy, C;},
see Appendix A. In any case we can construct coherent states as eigenstates of the respective annihilator
operator. We write

+o00
o) = Y M (x), 7 =N, w, N, wg. (25)
k=0

The super-index v stands for natural (N), distorted (w), natural displaced (V;), and distorted
displaced (w;). Such nomenclature refers to the form in which the coefficients c,(j) have been selected,
as it is explained below. For simplicity, we use Dirac notation.

If the superposition of Equation (25) is an eigenvector of the natural annihilation operator A with
complex eigenvalue z, then it is a natural coherent state [24]. We write (A factor 1/2 of the complex
eigenvalue reported in [24] has been absorbed in z.)

R L R — S
R Vo2, 1z2P) kY (k+1)!

Notice that also the ground state [yy) is eigenvector of A, but its complex eigenvalue is equal
to zero. Moreover, as |z = 0) = [¢;), we see that the eigenvalue z = 0 is twice degenerate.
The straightforward calculation shows that the vectors |¢p) and |z) minimize the uncertainty
relation (A9). In this sense |ip) and |z) represent two different types of minimal uncertainty states.

Similarly, the distorted coherent states [24] are defined as eigenvectors of the distorted annihilation
operator C;, with complex eigenvalue z. In this case we write

(26)

k
o @ _ 1 Z 27
lz,w) = [p'), ¢ 1F(Lw,[z?) (w) 7

with (w); = w(w —1) -+ (w — k + 1) being the Pochhammer symbol [27]. The eigenvalue z = 0 is
also twice degenerate because |{p) and |z = 0,w) = |¢) are annihilated by Cy. As |¢hy) and |z, w)
minimize the uncertainty relation of Equation (A16), they represent two different types of minimal
uncertainty states.

Another interesting superposition, Equation (25), is obtained by demanding that the vector |¢(?))
be the displaced version of a fiducial state. The states |i9) and |¢;) are invariant under the action of
the operator exponentiations %" and e~%"C», because they are annihilated by both operators A and
Cy. The latter means that |y) and 1) can be used as fiducial states. Considering the operators

D(z) = AT A, Dy(z) = ¢*Ci g% Ca, (28)

which one has the “displaced” states |¢N@)) = D(z)|y;) and |p@2)) = Dy (z)|¢1). Remark that the
ground state |¢p) is invariant under the action of D(z) and D, (z), so it is also a displaced state.

In the rest of this work we shall omit the description of the states |¢N)) since their properties are
qualitatively similar to those of the (distorted) displaced coherent states:

k
— o)y ) ! avACOP 29
A Y A TCANE S I >

In contrast to the previous superpositions, the states |z, w); do not minimize the uncertainty
relation of Equation (A16) for arbitrary values of z, but only for z = 0. The latter means that |¢) and
|th1) are the only displaced coherent states of minimal uncertainty.
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4. Nonclassical States for Non-Hermitian Oscillators

The P-representation introduced by Glauber [32] and Sudarshan [33] defines a limit for the
classical description of radiation fields. If the P-function is not accurately interpretable as a probability
distribution then the field “will have no classical analog” [2]. This notion of nonclassicality applies
immediately to the Fock states |n) for n # 0 because their P-functions are as singular as the derivatives
of the delta function 6 (z) = §(Re(z))d(Im(z)), and are negative in some regions of the complex
z-plane. The latter means that the light beams represented by any of the Fock states |1 # 0) cannot
be described in terms of the electrodynamics introduced by Maxwell. In turn, the Glauber states [2],
usually denoted |a), are classical because their P-function is precisely 6 (z — a). The vacuum |0) is
also classical as it is a coherent state with complex eigenvalue equal to zero. In general, the states for
which the quadrature variances obey the inequalities

(A2)2 >3, (AP >3, (30)

which admit a non-negative P-function [2]. Here, (AA)? = (A?) — (A)? stands for the variance of the
operator A. If either of Equations (30) is not satisfied, the P-function is ill-defined and the state is called
“squeezed” [4,34,35]. In these cases it is better to represent the state using the Wigner distribution [1],
which is regular and always exists. Nonclassical states have Wigner functions which either are negative
in some regions of the phase-space or are squeezed in one of the variables of the phase-space.

In modern days, the nonclassicality of a state can be tested by another excellent method, which
follows from the use of the quantum beam splitter. It creates entangled states at its output ports while
at least one of its inputs are fed with a nonclassical state. The device is used frequently both in theory
and experiment, since it not only tests the nonclassicality of the state, but also quantifies the degree
of nonclassicality in an efficient way [11,12]. There are some well-known nonclassical states in the
literature, which include squeezed states [4], even and odd coherent states (also called Schrodinger
cats) [5], binomial states [6,7], photon-added coherent states [8], etc. Apart from the nonclassical states
that arise from the harmonic oscillator, there exist many other such states emerging from different
generalizations of coherent states; see, for instance [36]. Other interesting nonclassical states have also
been shown to originate from some mathematical frameworks, in particular, from the noncommutative
systems reported in [37-39]. The striking feature of such systems is that they give rise to well-defined
nonclassical states although the corresponding models are non-Hermitian.

Quite recently it has been shown that the appropriate generalizations of the oscillator algebra
permit the construction of nonlinear coherent states that satisfy a closure relation which is expressed
uniquely in terms of the Meijer G-function [40]. This property automatically defines the delta
distribution as the corresponding P-representation. However, in the same work, it is also shown
that does not exist a classical analog for such states since they lack second-order coherence and
exhibit antibunching. Thus, although their P-representation is a delta function, the nonlinear coherent
states studied in [40] are not classical since they are not fully coherent in the sense established by
Glauber [2]. Similar results have been obtained for the para-Bose oscillator [41,42]. The algebras
of Equations (13) and (14) that we have used to construct the coherent states of Section 3.2 satisfy
the requirements established in [40]. Considering also that the bi-orthogonality permits to operate
the non-Hermitian oscillators as in the conventional Hermitian case, it may be shown that the
corresponding P-representation is proportional to the delta distribution. Nevertheless, the latter
means the existence of a classical analog only if the states of Section 3.2 are fully coherent.

Instead of investigating whether our coherent states lack second (or higher) order coherence, we
shall use some of the techniques described in Appendix B to study their classicalness. Namely, we are
going to study the corresponding variances, Mandel parameter, Wigner distribution and purity.
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4.1. Nonclassical Optimized Binomial States

Let us investigate the properties of the distorted quadratures of Equation (A15) in terms of the
optimized binomial states of Equations (17) and (18). The variances (AXy)? and (AP,)? may be
expressed in the form of Equation (A17) of Appendix B:

(Axw)z = %|<Iw>b‘ + ulr (pr)z = %‘(Iw>h‘ - UZI (31)

where we have used Equation (A16) and (L), = (§y|Lo|pp) = 1+ (w —1) (6,1 63+ 6,0 3) — by c3.
The straightforward calculation gives U; = % (M1 4+ Mp) — M% and U = % (M1 — My), with

N2

M= Y 0000/ (k+r+w—1)(k+r+w), (32)
k=0
- @ N o0 /

M, = Z(k+r+1072)()k1rc£, M=), O, creprery/ (k+r+w—1). (33)
k=0 k=0

In the above expressions Q,El) = 1— 6,60, and Q,((zg = Q;(lr) — 01010 — Ok 00r,1. Hereafter we

make 6 = 0in ¢, = |C£|€i0k.

It may be shown that there is always a subset of the mean energies of Equations (19) and (20) for
which (AXy)? < (I)p. Thus, it is always possible to find a mean energy &, producing the squeezing
of the distorted quadrature X;,. The latter is illustrated in Figure 4 for r = 2, N = 10 and two different
values of w. In turn, the squeezing of P, occurs for r = 0 only, and it is not as strong as the one suffered
by Xu since (APy)? is just slightly larger than 1(I,),. In general, the optimized binomial states of
Equation (17) are of minimal uncertainty (i.e., they are classical states) only at the lowest mean energy
for either (i) = 0 and any value of w, or (i) r = 2 and w = 0.

3 13 23 3 3
(@Qw=0 b)w=1

Figure 4. (Color online) the variances of Equation (31) and expectation value % (Iw)p of the optimized
binomial states of Equation (17). The functions (AXyw)? and (APy)? are depicted in solid-red and
dotted-blue, respectively; the expectation value is in dashed-black. We have used N = 10, r = 2, and
the indicated values of w. The horizontal axis refers to the allowed mean energy &, introduced in
Equations (19) and (20).

In the quantum oscillator limit of Equation (6) one has

N
95 (x) = Tim y(x)| =) lefle® i (x). (34)

[7|—e0 A=0 k=0
Clearly, we recover the conventional binomial state for » = 0. This state is squeezed in the
quadrature £, for N = 10 and p = 0.5, as shown in the Wigner distribution of Figure 5a. If r > 1,
besides the squeezing of £, the Wigner distribution exhibits negative values in different zones of
the phase-space, see Figure 5b,c. The latter results confirm that the optimized binomial states of

Equation (34) are stronger nonclassical than the conventional ones.
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Figure 5. Wigner distribution of the optimized binomial states of Equation (34). The panel is constructed
with(a) p=0.5,r=0,(b)p=04,r=1,and (c) p =0.3,r =2. Inall cases N = 10 and &, = 9.

To get more insights about the optimized binomial states of Equation (34) we have depicted
the related Mandel parameter Q, as a function of p, in Figure 6. For p = 1 the superposition of
Equation (17) is reduced to the state ¢, (x), so that all the curves shown in Figure 6 converge to —1
as p — 1. In turn, for r # 0, all the curves take the value —1 at p = 0 since only the Fock state ¢, (x)
is included in the sum. Thus, for r # 0 and any p, the Mandel parameter Q in this case is always
negative. Then, the optimized binomial states of Equation (34) are sub-Poissonian for r # 0, and thus
do not admit any classical description.

-0.5]

14
0 025 05 075 1

Figure 6. (Color online) Mandel parameter Q of the optimized binomial states of Equation (34) in terms
of the probability p. The curves correspond to N = 10 with » = 0 (red-solid), r = 1 (blue-dotted) and
r = 2 (black-dashed).

Let us apply also the beam-splitter technique (see Appendix B) to the states we are dealing with.
We may study the purity (linear entropy) Sy, in terms of either the transmission coefficient T of the
beam-splitter or the probability p that defines the superposition of Equation (34). In the former case it
is convenient to fix N and &, to parameterize the purity with r and p. Then one finds that the purity is
equal to zero for T = 0 and T = 1, see Figure 7. However, it is important to remark that such results
give no special information since they correspond to complete reflectance (i.e., the beam-splitter is
indeed a perfect mirror) and complete transparency (no beam-splitter), so the output is, respectively,
the vacuum and the state which was injected in input. In general, for other values of T, the purity
reaches its maximum at T = 1/0.5, i.e., when the testing beam-splitter is 50/50.

To analyze Sy, in terms of the probability p we must fix N and T. Then, with exception of the
purity for r = 0, we find S > 0 for any value of p (see Figure 8). The latter confirms, once again,
that the optimized binomial states ¢, (x) are nonclassical. Concerning the case r = 0, the purity is
equal to zero at p = 0 only. Thus, the superposition of Equation (34) only includes the vacuum state
¢o(x), which is clearly classical.
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Figure 7. (Color online) purity S;, of the optimized binomial states of Equation (34) in terms of the
transmission coefficient T of a testing beam-splitter. In all cases N = 10 and &, = 9. The curves
correspond to p = 0.5, 7 = 0 (solid-blue), p = 0.4, r = 1 (dotted-black), and p = 0.3, r = 2 (dashed-red).
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\
0.5h,

0 025 05 075 1
Figure 8. (Color online) purity S;, of the optimized binomial states of Equation (34) in terms of the

probability p with N = 10. We have used a 50/50 beam-splitter (T = 1/0.5) for r = 0 (solid-blue), r = 1
(dotted-black) and r = 2 (dashed-red). Compare with Figure 7.

4.1.1. Nonclassical Optimized Poisson States

It may be shown that the optimized Poisson states of Equation (23) are minimum uncertainty
states for concrete values of the parameters like either r = 1,w = 1, or r = 2, w = 0. In any case, they
become states of minimum uncertainty as |z| — co. For other values of the parameters either (AX,)?
or (APw)2 is squeezed, see Figure 9.

In the quantum oscillator limit of Equation (6), the superposition of Equation (23) acquires the
form of Equation (24). As indicated above, for r = 0 this state is reduced to the conventional coherent
state, so that the Mandel parameter is equal to zero, as expected. For other values of r, the optimized
Poisson states of Equation (24) are sub-Poissonian. In fact, in Figure 10 we see that the Mandel
parameter becomes zero as |z| — oo, and it is equal to —1 for r # 0 at z = 0 (i.e. at the lowest mean
energy &, = 2r — 1). In other words, for r # 0 and finite values of z, the optimized Poisson states
¢%(x) are nonclassical.

| 1.5
0.5
0.5 — — — > s
0% 15 3 % 15 3
@w=0r=1 b)w=1r=2

Figure 9. (Color online) the variances (AXy)? and (APy)?, in solid-red and dotted-blue, respectively,
of the optimized Poisson states of Equation (23) for the indicated values of w and r. The minimum
uncertainty (dashed-black) is included as a reference.
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Figure 10. (Color online) Mandel parameter Q of the optimized Poisson states of Equation (24) as a
function of |z|. The curves correspond to r = 0 (solid-red), r = 1 (dotted-blue) and r = 2 (dashed-black).
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For completeness, we show the Wigner function of ¢%°(x) in Figure 11. Clearly, for r = 0 one has
a conventional (classical) coherent state. Other values of r give rise to both, the squeezing of £ and the
negativity of the Wigner function in some regions of the phase-space.

@r=0 (b)r=1 (cr=2

Figure 11. Wigner distribution of the optimized Poisson states of Equation (24). The panel is constructed
with |z| = v/5 (a), |z| = 2 (b), |z] = V/3 (c), and the indicated values of 7; in all cases &£, = 9.

e Photon added coherent states. Equation (24) resembles the structure of the photon-added
coherent states for the conventional harmonic oscillator [8], written in Dirac notation as

400 | 1/2 k
(pa)y — ¥ () (pa) _ (k+71)! w
o) kzzock |Pir)r Er+LLamn] e “€C (35

In both cases the superpositions are infinite and start with the eigenstate |¢,). The main difference
lies on the coefficients, for if we make z = «, then

c,(f”) _

172
(k+ 1) } e'F ek, (36)

LFl(r +1,1,|a2)r!

If r = 0 we see that, up to the normalization constant e lal?/ 2 the coefficients are the same.
For other values of r the superpositions of Equations (24) and (35) are different in general.

Let us compare |«(P?)) with [¢%€) in order to identify which one is stronger nonclassical. Using
the beam-splitter technique, we find that the nonclassicality of these states depends on different
parameters. For instance, in Figure 12a we have fixed the value of the mean energy as &, = 9 and, after
adjusting the parameters z, &, and r, the purities Sy (¢%°) and Sg(«(P?)) have been depicted in terms of
the transmission coefficient T. As a global property, we see that the purity is maximum at T = v/0.5
in all the cases. Besides, we can appreciate that Sz (¢%¢) < Sy («(P?)). Thus, for the parameters used
in the figure the state |«(P?) is stronger nonclassical than |¢%*). The situation changes if we fix T,
and adjust the other parameters to plot the purity Sy in terms of |z|. Then Sy (¢%¢) > Sp(a(P?)) holds
for small values of |z| and |«|, and Sz (¢p3¢) < Sp.(a{P?) is valid for large values of such parameters.
The latter is illustrated in Figure 12b for T = v/0.5 and |z| = |a|.
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Figure 12. (Color online) the purities of the photon-added coherent state, Equation (24), and the
Poisson state, Equation (35), are, respectively, depicted in red and black. In (a) the mean energy is fixed,
&p =9, and the purities are plotted in terms of the transmission coefficient T with r = 2 (thick-solid for
Equation (24) and solid for Equation (35)) and r = 4 (shot-dashed for Equation (24) and long-dashed
for Equation (35)). In (b) the transmission coefficient is fixed, T = /0.5, and the purities are shown
in terms of z with r = 4 (shot-dashed for Equation (24) and long-dashed for Equation (35)) and r = 6
(thick-solid for Equation (24) and solid for Equation (35)). For comparison, in both figures the disk and
triangle mark the purity evaluated at the same parameters.

4.2. Nonclassical Natural Coherent States

By construction, the natural coherent states {|typ),|z)} minimize the uncertainty relation of
Equation (A9) of Appendix A to investigate their properties in the oscillator limit of Equation (6),
we first calculate the purity S; using Equation (A23) of Appendix B with r = 1, ¢, = CIEN), and
N — +ooin the Fock basis |¢y). The result is depicted in Figure 13a. As we can see, this function is
always different from zero and decreases as |z| — oo for any value of the transmission coefficient T.
That is, the states |z°°°) are nonclassical. The latter is confirmed by noticing that the Mandel parameter

Q is always negative, as it is shown in Figure 13b.

-0.75

0 25 5 0 5 10
(@) 5.(]z)) () Q(lz))
Figure 13. (Color online) (a) purity of the natural coherent state |2°°°) in terms of |z| for different

values of the transmission coefficient: T = /0.1 (dashed-red), T = /0.3 (solid-blue) and T = /0.5
(dotted-black). (b) The corresponding Mandel parameter in terms of z.

On the other hand, the variances of the physical quadratures £ and p can be expressed in the form
of Equation (A17) of Appendix B, with A = £, B = p, and

Uy =1+ [Re(2)* f(z), Uz =1+ [Im(z)]*f(2),
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In Figure 14, we show the regions of the complex z-plane where the squeezing of either % (grey
zones) or p (mesh, dashed blue zones) occurs. Notice that the squeezing is maximum at the phase
values ¢ = 0,77, and ¢ = F, 3, respectively. The white zones are the regions of no-squeezing, they
overrun four distinguishable areas defined along the phase values ¢ = %", k=1,3,5,7, and a circle of
radius |z| & 5 that is centered at the origin. Comparing the Figures 13 and 14, we see that the purity
and the Mandel parameter give information that is complementary to that obtained from the variances
of the quadratures. Namely, S; and Q indicate strong nonclassicality for the states |z°°) that satisfy
the condition |z| < 5, where no squeezing is expected for neither £ nor p.
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Figure 14. (Color online) regions of the complex plane where squeezing occurs. The grey (mesh,

dashed blue) zones correspond to the values of z € C for which £ (p) is squeezed. In turn, the grey and

blue zones are centered at ¢ = 0, 7 and ¢ = 5, 3T, respectively.

In Figure 15 we show the density plots of the Wigner function of |z°°°) for different values of z.
In particular, for z = 0 the natural coherent state |z°°°) is nonclassical because it coincides with the
first excited state of the oscillator |¢1), as shown in Figure 15a. If |z| > 5 and ¢ = 0 the quadrature % is
squeezed; this is illustrated in Figure 15b with z = 30. In turn, for z = i30 one has the opposite result,
p is squeezed; see Figure 15c.

(@)z=0 (b)z =30 (c)z =130

Figure 15. Wigner distribution of the natural coherent sates |z°°) for the indicated values of z.
4.2.1. Even and Odd Natural Coherent States

We can use the natural coherent states of Equation (26) to construct additional nonclassical states.
Following [5] we introduce the vectors

_ B(1L,2,-z)17 (12 £]-2)
‘Zi>‘[lioo§z(1,z,\z\2>} ( V2 ) (38)

and call them “even” and “odd” natural cat states, respectively. The related Mandel parameter Q is
always negative, see Figure 16a, so that |z ) are nonclassical. The variances of the natural quadratures of
Equation (A8) can be expressed in the form of Equation (A17) of Appendix B, with A = X/, B = Py, and

[Re(2)]* 0F2(1,2;]z?) F [Im(2)]* oFa (1, 2; —|z])
0F2(1,2;|2]?) £ 0F2(1,2; —|z[?)

ud — o [Im(2)]? 0F2(1, 2 |2%) F [Re(2)]* 0 Fa(1,2; —|2[?)
2 0F2(1,2;12?) £ 0F2(1,2; —[z[?) '

ut =2

7

(39)

In this case the quadratures are squeezed in very localized regions that are distributed along
the real and imaginary axes of the complex z-plane. This is illustrated in Figure 16b, where we
can appreciate a ‘discretization” of the eigenvalue z as follows. The quadrature X, is maximally
squeezed along the real axis, in intervals |z,(<j ) |+ Zl(j ) that are defined by the points \z,((j ) L k=1,2,..,

with E;{j ) > 0, and j denoting either even (e) or odd (0). For odd natural cats we make j = o, with
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|z§0) | defining the green zones that are closest to the origin in Figure 16b. For the even natural cats
we write j = e, with \zle)| defining the blue zones that are closest to the origin in the same figure.
The intersection of the above intervals is empty, and they are such that the points |zl(cj ) | interlace. That
is |z,((o)| < |z,(f)\ < |z,((0+)1| < |z,(21| < ---. The phases constraining the green and blue zones are defined
in intervals (p,((j )+ d]((j ), with d,(cj S 0, that are shorter as k increases. A similar description holds for the
squeezing of Py along the imaginary axis.
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Figure 16. (Color online) (a) the Mandel parameter Q of the even (solid-red) and odd (dahsed-blue)
natural cat states of Equation (38) as a function of |z|. (b) Regions of the complex z-plane for which
squeezing occurs. The red (even) and black (odd) regions correspond to the values of z € C for which
Py is squeezed. Blue (even) and green (odd) regions correspond to the squeezing of X .

In the oscillator limit of Equation (6), the natural cat states [z%) preserve their nonclassicality.

In Figure 17 the Wigner function becomes negative in diverse zones of the complex z-plane. Such
regions are less evident for |z| — oco.

(dzl=0 (e)|z| =10 () |z =30

Figure 17. Wigner distributions of the even (upper row) and odd (lower row) natural cat states |z%°)
for z = |z[e, with § = 0 and the indicated values of |z|.
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4.3. Nonclassical Distorted Coherent States

By construction, the distorted coherent states {|¢y), |z, w)} are minimal uncertainty states with
respect to the uncertainty relation of Equation (A16). In the oscillator limit, the Mandel parameter Q
depends on the parameter of distortion. In Figure 18a, we see that the states |z°°, w) are sub-Poissonian
for any value of |z| whenever w = 1. For arbitrary values of w > 1, they are nonclassical only in the
interval (0, |zw|). Here the value of |z, | is defined by w: it is larger if the value of w is increased.

9‘4 t
1.3 /N 4 I i
/N = [
/ N N E 0
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0 5 9 Re[z]
(@) Q(lz) (b) z-plane

Figure 18. (Color online) the Mandel parameter Q of the distorted coherent state |z°°¢, w) is shown in

(a) as a function of |z| for w = 1 (solid-red), w = 5 (dotted-blue), and w = 20 (dashed-black). In (b) we
show the regions of squeezing in the complex z-plane for w = 20. The code of colors is the same as
in Figure 14b.

The variances of the physical quadratures £ and p can be expressed in the form given by
Equation (A17) of Appendix B, with A = £, B = p, and

Ui — Re(2%) fo(|z]*, w) +1F (2w, |2*) ’ {Re(z)fl(zzw)r
! 1F1 (1, w; [z]?) 1F1 (1, w; [z]?) @)

Re(22)fo(|2%, @) — 1F (2@, 1212) | - [Im(2) fi(z w) ]2
B (1w 27 +2Laummm}’

Z 22 n+2 _nt2 R Z 22 n+2 n+3 1)
n=0 n+l n=0

For w ~ 1, the quadratures £ and p are squeezed along the real and imaginary axes, respectively.
However, for larger values of w, they are squeezed along the imaginary and real axes. Thus, for w >> 1
the squeezing is rotated by 5, as shown in Figure 18b.

where

4.3.1. Even and Odd Distorted Coherent States

For the even and odd distorted cats

_ 1F1<1,w,—|z\2>]*”2<|z,w>i|—z,w>)
) = [14 1 i) “

the variances of the distorted quadratures of Equation (A15) can be expressed in the form given by
Equation (A17) of Appendix B, with A = Xy, B = P, and

[Re(z)” 1F1(L,w; |z|?) F [Im(2)]* 1B (1, w; —|z)
1R (1, w; [2]?) £1F (1, w; —[z]?) ’
(43)

U — [Im(z))* 1 Fy (1, w; |z[?) F [Re(2)*1Fy (1, w; —2[)
2 1R (1, w; |2]?) £ 1Fy (1, w; —|2[?) .
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In Figure 19, we show the regions of the complex z-plane where X, and Py, are squeezed for the
even distorted cat |z, w) with the indicated value of w. Depending on the phase ¢, the squeezing is
present in zones defined by the interval 0 < |z| < 7 and aligned with either the real or the imaginary
axes. Such zones are of maximum width at |z| ~ 3.5 and are slenderer as either |z| — 0 or |z| — co.

Im(z]
=

7 L
-7 -3 0 3 7
Re[z]
Figure 19. (Color online) regions of squeezing in the complex z-plane for the even distorted cat |z, w)
with w = 20. The grey (mesh, dashed blue) zones correspond to the values of z € C for which Xy, (Py)
is squeezed. The white zones indicate the values of z for which both variances are bigger than the
average uncertainty.

In the oscillator limit of Equation (6), the variances of £ and p are calculated using Equation (A17)
of Appendix B, with

u® _ Re@) [A(lzw) & h(—|zP,w)] + [1F (2 w;lz) £1F (2@, —2)]
L 1511, w; |z|2) £1F (1, w; —|z]?) ’

(44)

’

u® Re(2%) [fa(|z[> w) £ fo(—|z%, w)] = [1F (2 w; |2*) £1F1 (2, w; —[z*)]
2 1FL(Lw; |2]2) & 1R (1, w; —|z]2)

and f,(|z|?, w) given in Equation (41). The quadratures £ and p are squeezed in narrow zones of the
complex z-plane that are defined along the real and imaginary axis, respectively. As in the previous
cases, there is no squeezing for small values of |z|. Moreover, the squeezing regions are slenderer as
|z| = oo. To illustrate the phenomenon, in Figure 20 we show the behavior of the U-functions that
define the variances (A%)? and (Ap)? of the even distorted cat [z, w). As U{H is positive definite
along the real axis, see Figure 20c, the quadrature p is squeezed in the intervals of the real axis where

the function Uéﬂ is non-negative. The latter can be identified in Figure 20a. Similarly, from Figure 20c

(+)

we see that U, ’ is negative along the imaginary axis. Then, £ is squeezed in the intervals of the
imaginary axis for which LIIH) is negative, see Figure 20b.

In Figures 21 and 22 we show the density plot of the Wigner distribution of the even and odd cat
states of Equation (42), respectively. In both cases we have used |29, w) for w = 1, w = 5, and different
values of z. The Wigner distribution is negative in different regions of the complex z-plane, and it
exhibits oscillations as |z| increases. The distortion parameter w is used to control such oscillations by
reducing their number as w increases.
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Re[z], U,

U2(+)

U1(+)

Re[z]
@z=0

Im([z], U,
(c)z=0

Figure 20. (Color online) the parameters UF) and Uéﬂ defining the variances of the physical

quadratures £ and p for the even distorted cat state [z%°°, w). In (a) we show the behavior of l,léﬂ along

the real axis of the complex z-plane. In (b) it is shown U§+) along the imaginary axis. The graphic (c)

shows U{H and Uéﬂ along the imaginary and the real axis, respectively. In all the graphics w = 1 is in
solid-red, w = 5 in dotted-blue, and w = 20 in dashed-black curves.

(dz[=0

Figure 21. Wigner distribution of the distorted even cat states |29, w) for w = 1 (upper row), w = 5

(lower row). Here z = |z|e/?, with ¢ = 0, and the indicated values of |z|.

@1z =0 (b) 2] =12 © 2 =2

Figure 22. Cont.

47



Quantum Rep. 2020, 2

(d) ]zl =0 (e) |zl =12 ®) [z =2

0sC

Figure 22. Wigner distribution of the distorted odd cat states |z, w) for w = 1 (upper row), w =5
(lower row). Here z = |z|e/?, with ¢ = 0, and the indicated values of |z|.

On the other hand, the straightforward calculation shows that neither Xy, nor Py, are squeezed for
the odd distorted cats |z_, w). The same holds for the physical quadratures £ and p, evaluated in the
oscillator limit state |29, w).

4.4. Nonclassical Displaced Coherent States

Let us analyze the properties of the displaced coherent states |yg) and |z, w); introduced in
Equation (29). In the oscillator limit, the variances of the physical quadratures £ and p are derived
from Equation (A17) of Appendix B, with

U — Re(zz)h2(|z|2,w) +,F (2,0.); 1,1; |Z|2) B {Re(z)hl(zlw):lz
! 1R (1 w; 1z]?) 1A wlz?) ] )
Uy — Re(2)hy(|z[* w) — 2P (2,w;1,1; |2?) ) {Im(z)hl(z,w)r
z 1R (1, w;z]?) 1AL w;lz2) ] 7
e 2 2 @@ (172
2 2P @@t (11 D)
h1(z,w):ng6 Zn! (n+I)1! ,
(46)
+oo 2n M n +2 +3
h2(|z|2,w) — ng‘b |Zr‘l! \/(w) (W)(;j_(;y )(11 )

The squeezing of £ and p for |z°°¢, w), is quite similar to that obtained for the distorted coherent
states of the previous section.
On the other hand, for the even and odd displaced coherent states

F(w1,-22)] /2
2, w)a = 14 D] (17, w)g £ | - 2,0)a), 47)

where the variances of the distorted quadratures of Equation (A15) are calculated from Equation (A17)
of Appendix B, with

u® — Re(22) [ha(|22, w) £ ha(— |22, )] + [2F (2,01, 1; [22) £2B (2,031, 1; —[z[?)]
1 1 (1, w;|z?) £1F (1, w; —2]?) ’

’

u® — Re(2?) [ha(|2%, w) £ (=22, w)] = 2F2 (2,01, 1; [22) +2F (2,w0;1,1;—[27) ]
z 1AL w;z?) £1F (1, w; —[2[?)

and hy(|z|?, w) given in Equation (46). From Figure 23 we see that, along the real axis, the function U1(+)

is positive definite for any w while U2(+) is non-negative for w = 1 only. Similarly, along the imaginary

)

axis, U§+) is always negative but only for w = 1 the function Ul(+ is negative. The conclusion is that
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only for w = 1 we obtain the squeezing of either Xy, or P,. Remarkably, for this value of the parameter
of distortion, the distorted and the displaced coherent states coincide.

4 Re[z], U,
= PTTL = N 3 [%/ '
~ T T [ v
z SN 3 i Sl et
S RE S VAR L I
S Vi = AFEREN y
Vi P NS < | -1 P BN
4 Ly . ra— i vl S RS 1 R
T -6 0 6 -6 0 6 T 3
Re[z] Im[z] Im[z], U,
@z=0 (b)z=0 (c)z=0

Figure 23. (Color online) the parameters l,l](+> and Uéﬂ defining the variances of the distorted
quadratures Xy, and Py according to Equation (A17) of Appendix B for the even displaced cat state
|z4+, w) 4. In (a) we show the behavior of Uéﬂ along the real axis of the complex z-plane. In (b) it is
shown LI]H) along the imaginary axis. The graphic (c) shows U]H) and LI£+) along the imaginary and
the real axis, respectively. In all the graphics w = 1 is in solid-red, w = 5 in dotted-blue, and w = 20 in

dashed-black curves.
5. Conclusions

We have studied the nonclassical properties of some pure states of the non-Hermitian
Hamiltonians with real spectrum that are generated by Darboux (supersymmetric) transformations.
Our interest has been focused on non-Hermitian oscillators since their eigenfunctions form
bi-orthogonal bases of states in a straightforward form [24]. Depending on the parameters
that define the Darboux transformation, these oscillators may be either parity-time-symmetric or
non-parity-time-symmetric [13]. The pure states studied in this work are constructed as superpositions
of the related bi-orthogonal basis, they include the so-called optimized Binomial and optimized Poisson
states [26,30], together with the even and odd versions of the generalized coherent states that are
associated with the dynamical algebras of the non-Hermitian oscillators [24,30].

One of the main results reported in this paper is to show that the techniques used to study
classical-like properties for Hermitian systems can be adjusted to investigate the classicality of the
states of non-Hermitian systems. The latter is relevant considering that, although the non-Hermitian
systems are widely used in contemporary physics [16-22], the classicality of the related quantum
states is rarely studied. The main difficulty is that non-Hermiticity of a given operator implies that
the orthonormal properties of the related eigenfunctions are not granted a priori. Since most of the
approaches implemented to analyze classicality assume orthonormality of states, it is not clear how
to translate such methods to the non-Hermitian case in general. Such a difficulty can be overpassed
by considering a bi-orthogonal basis for the space of states of the non-Hermitian system, just as we
have shown throughout this work. It is expected that our approach can be applied in the study of
resonances [16] (where the non-Hermiticity of the Hamiltonian defining the interaction of a scatterer
with a projectile leads to the temporal trapping of the later by the former) and in the propagation of
light in materials with complex refractive index [17] (where the imaginary part of the refractive index
may model absorption or amplification of electromagnetic signals).

Concerning the non-Hermitian oscillators we have shown that the corresponding bi-orthogonal
bases converge to the Fock basis in the appropriate limit (i.e., after canceling the imaginary part of
the potential and properly selecting the parameters), so that the bi-orthogonal superpositions of such
states are reduced to pure states of the conventional harmonic oscillator. In particular, we have found
that the generalized coherent states of the non-Hermitian oscillators are not minimum uncertainty
states for the physical position and momentum quadratures in the oscillator limit. Nevertheless,
they exhibit some interesting nonclassical behavior. For instance, depending on the module and
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complex-phase of the coherence parameter «, the physical quadratures can be squeezed for the class of
generalized coherent states that we have called “natural” (see Section 3.2). The squeezing is clearly
exhibited in the corresponding Wigner distribution and revealed by the Mandel parameter for which
it is shown that the photon number distribution is sub-Poissonian. The other class of generalized
coherent states, called “distorted”, have similar quadrature squeezing properties. However, the
Mandel parameter reveals a different behavior since the photon distribution becomes sub-Poissonian
for some values of |«|, but it converges to a Poissonian distribution at the limit |¢| — co. The latter
implies a nonclassical-to-classical transition for the distorted coherent states (see [8] for the results
on the matter for photon-added coherent states). Such a transition can be also manipulated with the
parameter w that defines the related dynamical algebra.

Our method can be extended to construct and study intelligent states associated with the
dynamical algebras of the non-Hermitian oscillators. The model involves finite difference equations,
which deserve special treatment. Work in this direction is in progress.
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Appendix A. Operator Algebras

The properties of the algebras used throughout this work are summarized below. For the sake of
simplicity, hereafter we use the Dirac’s notation to represent the states of the system.

e Quadratic polynomial Heisenberg algebra. The first pair of ladder operators, A and AT,
together with the Hamiltonian H), satisfy the quadratic polynomial (Heisenberg) algebra introduced
in Equation (13):

[A AT =2(BH,+1) (Hy+1), [HyAl=-24, [H, AT]=24" (A1)
The action of A and A" on the eigenvectors of H), is as follows

Alpuir) = 20/200 D)), AT [Pnir) = 200+ 1)v/2(n ) lns2),
Algo) = At lho) =0, n>0.

(A2)

Thus, A annihilates the vectors |¢1) and |¢p), and A" annihilates the vector [¢g). In the Hermitian
case (A = 0), the above operators coincide with the generators of the natural SUSY algebra reported
in [43]

Alrg = ay, A+|A:o = ay,. (A3)

In the harmonic oscillator limit (6), they are reduced to the following f-oscillator [44] ladder
operators:
A—iap=2Na, A" — a} =2i'N, (A4)

where N, 4, and a4 are, respectively, the number, annihilation and creation operators of the
(mathematical) harmonic oscillator
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2=1@"+a), p=1L@at-a), He=p+22=dfa+1=2N+1, (A5)

with
[£p] =i,  AxAp>1, (A6)

and
a,8"=2, [Na=-a [Na']=a", N=1la%a (A7)

Note that, df and ﬁ} operate on the set {|@y)},>0 quite similar to the form in which A and A"
operate on {|py) }.>0. That is, 4¢ annihilates the vectors |¢;) and |¢o), and ﬁ} annihilates | @o).

One may introduce the quadrature operators corresponding to A and .A™:

i

XN:%(A++A), PN:E(A+—A), (A8)

which we call the ‘natural quadratures’. They satisfy
[Xn Pyl = 5[A, AY] = i(3Hy +1) (Hy +1),
(A9)
AXyAPy > 1 {(BH, + 1)(H, +1))].

¢ Distorted Heisenberg algebra. The second pair of ladder operators, denoted by Cy, and C;},
together with the Hamiltonian H,, and an additional operator I, satisfy the distorted (Heisenberg)
algebra introduced in Equation (14):

[Cw/ C;t} = Ly, [H/\/ Cw} = —2Cy, [H/\, Cut] = ZC;.

The action of Cy, Cj and I, on the eigenvectors of H, is as follows

Can) = (1_5n,0_(5n,1)v n_2+w|¢n71)r (Alo)
Caln) = (1= 0u0)Vn =1+ wlpyi1), (A1)
Lolpn) = [1 = 0no + dn1(w = 1)][n), (A12)

where n > 0 and w is a non-negative parameter that defines the ‘distortion” of the oscillator
algebra (A7). In the Hermitian case, these operators coincide with the generators of the distorted
SUSY algebra reported in [45,46],

Colr—g=Cu, Cal|,_o=Ch. (A13)

In the harmonic oscillator limit one has the f-oscillator ladder operators

. _L N+w-—1, i 4 1 N+w—-2
CW%CZU_ZN1/7N+1 an, Cw%Cw_Z(N*l)‘/ N Apr. (A14)

As in the previous case, ¢, annihilates the vectors |¢;) and |@p) while ¢, annihilates |¢p).
The corresponding quadrature operators are given by

) .
Xo =5 (CE+Cu), Po=13(C5—Cu), (A15)
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which will be called ‘distorted quadratures’ and they satisfy

[Xw, Po] = 5[Co, C] = 11w, AXwAPyw > 1|(1u)]. (A16)

Appendix B. Nonclassicality Criteria

The criteria used to analyze the nonclassicality of the superpositions throughout this work are the

following.

Squeezing. For any two operators A and B with commutator [A, B] = iC, the variances can be
expressed as

(AA)? = (A%) = (A)? = 3[(O)| + Uy, (AB)* = (B?) — (B)* = 5|(C)| — Lz (A17)

If Uy and U, are both equal to zero then the root-mean-square deviations become equal AA =

AB = /1[(C)|, and the uncertainty relationship between A and B is minimized, AAAB = 1|(C)|.
If Uy # Uy # 0 we have two different cases (i) U; and U, are both positive, then AA > AB and
we say that B is squeezed (ii) U; and U, are both negative, then AA < AB and we say that A is
squeezed. This criterion is used along the paper to analyze the inequalities (A9) and (A16) in their
respective state spaces.

On the other hand, it is well known that the Mandel parameter [47]

(AN)*

Q="

1, (A18)

dictates a sub-Poissonian, Poissonian and super-Poissonian photon number distribution for
-1<0<0,Q=0and Q > 0, respectively. Nonclassicality corresponds to the sub-Poissonian
distributions, which is associated with the squeezing of the photon number 0 < (AN)? < (N).
Beam-splitter technique. The action of a beam splitter on a given state |in) = |®;) @ |Py) is
that it produces non-separable outputs |out) in general [11]. If |out) is entangled, then the signal
|®1) is nonclassical, even if the ancilla |®,) is a classical state. The latter criterion is used with
|®@2) = |¢@o), which is classical, and |®;) being any of the bi-orthogonal superpositions at the
oscillator limit (6). Thus, we may write

K
|in”) =} cklgicsr) @ o), (A19)
k=0
where the super-label “0sc” means that the oscillator limit (6) has been applied. The action of the
beam-splitter is represented by the unitary operator [11]

BS = exp {g (a;r Qe —ay ® anre’@)} , (A20)

where a; and af are the ladder operators acting on the input states |®¢°°), with k = 1,2. Up to
a phase, the reflection and transmission coefficients of the beam-splitter are, respectively, given
by R = sin % and T = cos %, with 6 € [0, 7). Using |in®*¢), the straightforward calculation shows
that the output state is of the form

K+4r K+r—k r=1 r—1-k
lout?) = (Z Y -2 ) Tiplon) @ |op), (A21)
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where

—i(p— k+p)!
Tpp=e i(g—mpRrTk, %CHP#, (A22)
The purity (linear entropy) Sy (p1) = 1 — Tr(p?) of the signal state p; = Trp(|out®°) (out®*|) is
given by

K r—1
S(p) =1-Tr(p}) = Y} |Fatrmerel® + Y [Fum + Gum — Hum — Hyp 2
n,m=0 n,m=0 (A23)

r—1

K
Z Z |F” m+r = m+r,n|2/

n=0

with
K+r—Max{n,m} r—1—Max{n,m}
Fn,m = 2 rn,pr:;’/pr Gn,m = 2 rn,pr:n,pr
=0 =0
r p (A24)
Max{K+r—n,r—1—m}
Hym = X Tuplinp
p=

Classical states satisfy the separability condition S; = 0 while the maximal entanglement is
obtained for S; = 1. Then, the nonclassicality is associated with 0 < S < 1.

The results for |¢(7)) are obtained by making r = 0, at the limit K — +oco. In such case, the last
two additive terms in (A23) are equal to zero, so that Sy (p1) acquires the form of the linear entropy
studied in, e.g., [37,39].

Wigner function. In the basis of the Glauber states [2]:

lag) = e lal*/2 Z \F\gok x€C, (A25)

the Wigner function [1] of the state py = |¢) (¢], with |$) given either by (17) or (25), is expressed
as

W(a,g) = 268" [ 26 (~logl )PP, pec. (A26)

If the Wigner function W («, ¢) is negative in at least a definite region of the phase-space, then the
state p, is nonclassical.
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Abstract: In these brief notes we want to render homage to the memory of E.C.G. Sudarshan, adding it
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1. Sudarshan and the Foundations of Quantum Mechanics

E.C.G. Sudarshan has been one of the most innovative theoretical physicists of Indian origin in the
second part of the 20th century. He has made epoch-making contributions to many areas of theoretical
physics. We may quote, for instance, the V-A theory of weak interactions (formulated with his advisor
R. Marshak [1]), which was the key for the formulation of electro-weak interactions. Indeed, as stressed
by S. Weinberg [2], Sudarshan’s formulation was essential for the development of a unified model of
electromagnetic and weak interactions.

Following A. Einstein’s famous quote: Physical concepts are free creations of the human mind, and are
not, however it may seem, uniquely determined by the external world (A. Einstein, The Evolution of Physics
(1938) (co-written with Leopold Infeld)) we may agree that the intrinsic freedom of the researcher to
provide interpretations of physical reality drinks heavily from the social, cultural and economical
background of the individual. In this sense, Sudarshan’s scientific work is a rare combination of
western logic and precision with eastern imagination; Greek-type philosophy with an ancient Indian
way of thought. Who else could have thought of what nowadays we call tachyons? [3,4].

We may characterize him as iconoclast, with marked absence of all-pervading cultural prejudices.
These unique features of him, also make that his seminal work is often quoted but likely unread,
often not really understood until considerable time has passed.

The deep common thread of his contribution has been an attempt to resolve the fundamental
conflict between being and becoming, that is, between objects and processes: All Natural Philosophy is
characterized by one central problem: that is, to understand and describe the meaning of existence and the nature
of change.

An example of this was provided by the important contribution of Sudarshan to the formulation
of quantum Zeno effect [5], by now experimentally verified, that finds applications in quantum
information processing. It is difficult to find a better example of a physical situation where the tension
between being and becoming is more apparent. But this peculiar way of thinking by Geoge has had an
enormous impact in other areas of physics. For instance, modern quantum optics has build on the
concept of coherent states, again a counter-intuitive quantum mechanical notions whose discovery
constituted a leap forward in the understanding of Quantum Mechanics. In a few years, it is clearly
realized the connection between coherent states and group theory. It is remarkable that George’s
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ideas are constantly followed up by experimentalists thanks to the developments in experimental
techniques.

2. Contributions to Physics

Apart from the already mentioned contributions, many other contributions where discussed by
leading scientists in the IOP open-access Journal Conferences in occasion of his 75th birthday:

e Sudarshan: Seven Science Quest, Austin, Texas, US 6-7 November 2006. Journal of Physics:
Conference Series, Volume 196, Number 1.

e Particle and Fields: Classical and Quantum, Jaca, Huesca, Spain 18-21 September 2006. Journal of
Physics: Conference Series, Volume 87.

The Seven Quest that were referred to in the first paper are:

V-A Symmetry.

Spin and Statistics.
Quantum Coherence.
Quantum Zeno Effect.
Tachyons.

Open systems.

In the ten years elapsed since other topics were investigated, we would add: Entanglement and
Tomography (see, for instance, [6-9] and referencers therein).

All of the Seven Quest are commented by Sudarshan himself in the two quoted open-access journal
for conferences, therefore we would refer to these issues for additional information. As for Open
Systems, we refer the reader to the article: A brief History of the GKLS Equation, by Darek Chruscinski
and Saverio Pascazio [10].

George wrote over 500 papers, alone or with his students and collaborators all over the world.
We list here the books written by ECG Sudarshan in collaboration with a number of collaborators:

Introduction to Elementary Particle Physics with R. Marshak. Wiley Interscience, 1962.

Introduction to Quantum Optics with John Klauder, W.A. Benjamin 1968.

Classical Dynamics: A Modern Perspective with N. Mukunda, J. Wiley 1974.

100 Years of Planck Quantum with Ian M. Duck. World Scientific, 1996.

W. Pauli and the Spin-Statistic Theorem with Tan M. Duck. World Scientific, 1997.

Doubt and Certainty, conversations with Tony Rothman. Perseus Book, 2000.

From Classical to Quantum Mechanics with G. Esposito, G. Marmo. Cambridge UP, 2004.
Advanced Concepts in Quantum Mechanics with G. Esposito, G. Marmo, G. Miele. Cambridge
UP, 2015.

3. Some Biographical Traits

Ennackal Chandy George Sudarshan was born in Pallam, Kottayam District in the State of Kerala,
India, on 16 September 1931, from Achamma, his mother Achamma, a school teacher, and his father,
E.I Chandy, who was revenue supervisor for the Kerala Government Service. He had two brothers
and three sons. George attended the CMS College of Kottayam (1946-48), graduated B.Sc. at Madras,
Christian College (1948-51) and got the Master of Arts Degree from Madras University (1952).

George Sudarshan joined the Tata Institute of Fundamental Research (TIFR) in Bombay in the
spring of 1952 as a research student. He started collaborating with B. Peters in cosmic rays research,
the greatest discovery he made by that time was that he could be a theoretician inspired by experimental
research rather than being an experimentalist himself. The presence of a strong group in Mathematics
at the Tata Institute allowed George Sudarshan to become acquainted with topology, modern algebra,
theory of spinors and functional analysis.
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Two years later, in 1954, Paul A.M. Dirac, a teacher of Bhabha at Cambridge in the 1930s,
visited TIFR and gave a course of lectures on quantum mechanics. George collaborated with K.K.
Gupta, a student of Bhabha, in the preparation of the lecture notes. This work gave him the occasion
to be in close contact with Dirac, a formidable and unimaginably fortunate opportunity to learn the
subject from the master himself. This experience shaped George’s attitude to quantum mechanics all
along his life, giving him the daring and courage to push and test the principles of the subject in many
directions. ECG greatly admired Dirac, and the two remained lifelong friends.

Later George, in September 1955, went to Rochester for his Ph.D. Thesis with Bob Marshak
(a former student of Hans A. Bethe). Here he started a life-long friendship with Susumo Okubo.
Immediately after he went to Harvard University for two years as a post-doc with J. Schwinger.

With hindsight, one can say that some inspiration by Schwinger on George’s later work may
be found in the action principle (as enunciated by P. Weiss, is a variational principle which includes
variations of the boundaries for the action integral); his presentation of classical mechanics with group
theory, and, more generally, his pervasive use of group theory in many important papers. In his own
words, in the opening of his book Classical Dynamics: A Modern Perspective, he says: This book is the
public declaration of an “affair of the heart”.

We owe much inspiration to three masters: Edmund Whittaker Paul Dirac, whose writings and
words are an inspiration in all other endeavours in physics as well as in this; and Julian Schwinger,
mentor to the senior author and the most extraordinary teacher of the spirit of dynamics.

In Harvard, George was in very good terms with Sheldon Glashow, another lifelong friend.
From Boston, he went regularly back to Rochester, to continue the collaboration with Marshak and
Okubo. Later, the group was joined by Steven Weinberg.

From Harvard, George moved back to Rochester (1959) as Assistant Professor, to become Full
Professor in 1961. In 1963 he conceived a way to describe quantum states close to classical beams of
light, the already mentioned coherent states, when he pointed out the importance of using the coherent
states of the photon field [11].

After a one-year leave in Bern, he went to Syracuse as full professor in 1964. Here he gave birth
to a group of particle physics (Syracuse, with the presence of Peter Bergmann, was mainly general
relativity). In 1969, George moved again to join the University of Texas at Austin where he taught and
continued his research until he passed away in 2017.

4. Sudarshan and Classical Dynamics

There is yet a seminal contribution by George related to relativistic invariance and hamiltonian
theories of interacting particles. George always had a deep love for the structure of classical mechanics,
continuing with his own words in the preface of his book on classical mechanics together with N.
Mukunda [12]:

This book is the public declaration of an “affair of the heart” that we have had with classical dynamics
for most of our adult lives. Indian tradition recognizes ten stages for love, beginning with the beauty of form,
through stages of closeness and of agony, to ultimate bliss. It is our belief that the beauty of form of classical
dynamics is only her calling card and recognition of this beauty but the first step. We see classical dynamics not
as part of physics, but as physics itself. We see her form pervading all of physics...

Consider things in context. From 1960, and for almost thirty years, George kept returning to
the canonical description of relativistic particles. In the eighties there was a renewed interest in the
canonical description of relativistic interacting particles (many specialists in relativity contributed to
the field, among others Arthur Komar, Joshua N. Goldberg, Fritz Rohrlich). The activity was aimed
at “evading” the no-interaction theorem which George, with his collaborators, had established much
earlier. We shall try to sketch the meaning and results of the theorem.

When addressing the description of the dynamics of interacting particles together with the
requirements of special relativity, there are new features with respect to the Newtonian description.
The traditional specification of the instantaneous state of a system of N interacting particles is to give

59



Quantum Rep. 2019, 1

N triplets of Cartesian coordinates q and their conjugate momenta p. The time evolution would be
described by a Hamiltonian function of the 3N classical pairs qq, pa-

In the Hamiltonian formalism, the irrelevance of time origin implies that 0H /dt = 0. Moreover,
irrelevance of orientation of the coordinate frame in 3-space implies the immutability of the angular
momentum ), g, A ps; Which, in turn, implies the rotation invariance of the Hamiltonian function
H. The irrelevance of the space origin implies the invariance of the Hamiltonian under common
transformation of the Cartesian coordinates and the corresponding invariance of the total momentum
Zu Pa-

Thus, we have a seven parameter set of canonical transformations implementing time translations,
space translations and space rotations:

{H/P} = 0, {H/J} =0,
{P-a,P-b} 0, {P-a,]-(—)}:(ﬂAa)-P,
{J-6J-9} = (pn6)-].

Poisson brackets are defined at a single time. For any dynamical variable F,

dF
i {F,H}.

All previous expressions look very non-relativistic. They employ a clock time t and dynamical
variables determined simultaneously at the same time . But special relativity tells us that distant
simultaneity is not independent of the frame of reference.

Dirac showed that the invariance under changes of the relativistic frames may be implemented
by adding boosts transformations to moving inertial frames. Thus, in any Hamiltonian relativistic
theory there are ten generators which are canonically realized. The dynamical evolution is described
by a Hamiltonian which is one of the ten generators in Dirac’s generator formalism. To previous
commutation relations we add:

{K-u,H} = -P-u,
{K-wP-a} = —(u-a)-H,
{K-uK-v} = (uAv)-J.

This gives Dirac’s “instant form” of the relativistic dynamics for any canonical system (see [13]
for a discussion of Dirac’s forms of relativistic dynamics in this issue). From these relations, we learn
that if the Hamiltonian changes (because of interactions) also the boosts are obliged to change.

Interacting systems may be constructed by choosing H = Hy + V, where Hy is appropriate for a
collection of free particles, and V is a rotationally and translationally invariant momentum-dependent
“potential”. Existence of invariant world lines for each particle can be encoded in the following relations:

{K-u, (qa)j} =(qa- “)(Va)j = {(qa)er}(qa ‘u).

If we try to find out the interactions which are compatible with the world line condition (WLC)
expressed above, we find that there are none, all accelerations must vanish if we have canonical
realizations of the relativistic transformation group satisfying the WLC.

In the early eighties, the collaboration of Giuseppe Marmo with George Sudarshan started. Marmo
joined Sudarshan, Mukunda, Balachandran, Nilsson and Zaccaria in the analysis of this problem and
they provided a new proof of the no-interaction theorem based on a Lagrangian approach [14].
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The Lagrangian proof of the no-interaction theorem. When going from the Hamiltonian to the
Lagrangian formalism we face some novel problems. Hamiltonian equations, which are explicit

differential equations:

dga _ 0H ~ dp. _ _oH

dt — dp.’ dt — 9qa
where g, denote now a generic set of configuration coordinates and p, the corresponding conjugate
momenta, are replaced by Euler-Lagrange equations:

440 _ 4oL oL
a — " dtov, — 9q,’

which are implicit differential equations. Spelling them out we get:

%L dvs 2L % _ ai
0v,0vs dt ~ dv.dqs dt  dq,’

To put them into normal form we need:

L
det <BU,BUS> #0

Whenever we have to deal with implicit differential equations, we will face difficulties with
the notion of symmetries and constants of the motion (a convenient presentation of these issues will
be done in [15]). However to implement the action of space translations and rotations we have no
problems because they are implemented by point transformations. We encounter problems with the
implementation of boosts because they cannot be realized as “point transformation”. They do not
respect the tangent bundle structure of the carrier space. Moreover, when the Lagrangian function
is degenerate, there are no Poisson brackets directly available. By handling these various problems,
it was found that the no-interaction theorem applies also for degenerate Lagrangians, as long as there
are no second-class constraints.

From a better understanding of the proof it was possible to see how to evade the no-interaction
theorem. However, by requiring a notion of separability for far apart particles, a novel and more
profound no-interaction theorem was found [16]. The curious result was reminiscent of the EPR
“paradox” in quantum theory [17,18] but the indicated circle of ideas seemed to point out that
correlations between distant objects need not always involve transport of material influences. It might
rather depend upon the indecomposable nature of the dynamical system itself. This was brought
about by the imposition of the apparently innocent WLC. We have the feeling that a deeper analysis
of the conditions and the reasons for the theorem to work would enlighten substantially the current
problem of causality in quantum mechanics.

As a conclusion from the results of the new version of the no-interaction theorem we may take
alternative points of view at this juncture. One can accept the result and proceed to a field formalism as
the sole vehicle for particle interactions (this is the road taken in [15]). One could abandon differential
equations of motion and replace them by integro-differential equations instead (perhaps these two
methods are not essentially different).

A third way is to seek a more geometrical and explicitly invariant formalism from the start. In these
descriptions one uses an explicitly invariant set of configuration variables to describe the system and
guarantee that the system does describe particles interacting by imposing suitable constraints. In this
geometrical constraint approach, one has an enlargement of Dirac’s original framework: It is necessary
to consider dynamical choices of temporal evolution variables rather than the kinematical choices
offered by Dirac in his various forms of relativistic dynamics (see [13] for further discussion on
these issues).
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Abstract: In this paper we introduce a new method for constructing coherent states for 2D harmonic
oscillators. In particular, we focus on both the isotropic and commensurate anisotropic instances of
the 2D harmonic oscillator. We define a new set of ladder operators for the 2D system as a linear
combination of the x and y ladder operators and construct the SU(2) coherent states, where these
are then used as the basis of expansion for Schrodinger-type coherent states of the 2D oscillators.
We discuss the uncertainty relations for the new states and study the behaviour of their probability
density functions in configuration space.

Keywords: coherent states; harmonic oscillator; SU(2) coherent states; 2D coherent states; resolution
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1. Introduction

Degeneracy in the spectrum of the Hamiltonian is one of the first problems we encounter when
trying to define a new type of coherent state for the 2D oscillator. Klauder described coherent states
of the hydrogen atom [1] which preserved many of the usual properties required by coherent state
analysis [2]. Fox and Choi proposed the Gaussian Klauder states [3], an alternative method for
producing coherent states for more general systems with degenerate spectra. An analysis of the
connection between the two definitions was studied in [4].

When labeling energy eigenstates of a 2D system, |n, m), there exist several representations of
the state space. In this paper, we present a motivation for an SU(2) representation of the state space.
Discussions of alternate state-space representations, as well as its application to 2D magnetism, may
be found in [5,6]. When generalising beyond 2D, there exist many more state-space representations,
leading to many definitions of coherent states in higher dimensions.

In this work, we aim to develop an approach for constructing coherent states for 2D oscillators
in both isotropic and commensurate anisotropic settings. We aim to minimally extend the standard
definitions of coherent states in the 1D setting, and we determine new properties of the constructed
coherent states for the 2D system.

In the first part of the paper, we address the degeneracy in the energy spectrum by constructing
non-degenerate states, the SU(2) coherent states. We define a generalised ladder operator formed
from a linear combination of the 1D ladder operators with complex coefficients. The SU(2) coherent
states are then used as a basis of expansion to describe the Schrodinger-type coherent states for
the 2D system.

Quantum Rep. 2019, 1, 23; d0i:10.3390/ quantum1020023 63 www.mdpi.com/journal /quantumrep
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In the second part of the paper, we modify the SU(2) coherent states according to Chen [7] to
produce coherent states for the commensurate anisotropic oscillator, and we discuss the emergent
properties and their correspondence to Lissajous figures in configuration space. Finally, we suggest
some future directions the work can take, as well as problems that may arise in more complicated
systems than the oscillator.

2. Coherent States of the 1D Harmonic Oscillator

The very well-known coherent states of the 1D harmonic oscillator, labelled by z € C, satisfy

a”|z) =z|z); 1)

|z) =" =) |0) = D(2) |0) ; )
&z

|z) =e 2 ;O — 1) ®3)

AJ?Aﬁ:%,Wz) with A£=Ap. @)

Equations (1)—(4) describe some of the basic definitions of coherent states. These definitions
were formalised by Glauber and Sudarshan [8,9], but these minimal uncertainty wave-packets
were first studied by Schrodinger [10], and so we will refer to them as Schrodinger-type coherent
states throughout.

Furthermore, these properties can be used to show that the states |z) form an over-complete basis,
and they resolve the identity in the following way:

'dZZ [
[E212) @l = X ) (nl = Toe ©)

7T

Here, d?z = dRzdSz. The basis is over-complete because the states |z) are not orthogonal,
(Z'|z) # 0. In the theory of coherent states, the resolution of the identity is often taken as a basic
requirement. This allows one to use the coherent states as a basis for describing other states in the
space.

3. The 2D Oscillator

For a 2D isotropic oscillator, we have the quantum Hamiltonian

. 142 14> 1, 1,

Y Y A L ©
where we have set 71 = 1, the mass m = 1, and the frequency w = 1. We solve the time-independent
Schrodinger equation H [¥) = E |¥) and obtain the usual energy eigenstates (or Fock states) labelled
by [¥) = |n, m) with eigenvalue E,,,, = n+m + 1 and n,m € Z=°. These states may all be generated
by the action of raising and lowering the operators in the following way [11]:

ay |n,m) =/nln—1m), al |n,m) =vVn+1|n+1,m);

@)

ay |n,m) = /mln,m—1), af [n,m) = Vm+1|n,m+1).

In configuration space, the states |11, m) have the following wave-function:
= = ! ! *%*gH H 8
(x,yln,m) = pn(x)Pu(y) = VoV 7° n (X) Hin (y), ®)
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I
where 9, (x) = \/ﬁ (%) " e="T H, (x) is the wave-function of the 1D oscillator,A and Hj(x) are the
Hermite polynomials. For the physical position and momentum operators, X; = %(uf +a;),
b= ﬁ(”i_ — a;"), respectively, and in the i direction, the states |1, m) satisfy the following
N2 Ap2 L

(A X)jmy = (APx)jy y = 5t )

AYR,, = (AR, = & 1

( )\n,m> - ( y)\n,m) - E +m, ( O)
where (A O)‘ZW = (9| O2 [p) — (| O |)? is the variance of the operator O in the state |¢). They satisfy
the Heisenberg uncertainty relation (A )A()‘n’m(Ast)‘n’m) = 1 +n, which grows linearly in n,

and similarly for the Y quadratures.

In what follows, we will construct two new ladder operators as linear combinations of the
operators in (7) and proceed to define a single indexed Fock state for the 2D system which yields
the SU(2) coherent states, as well as extend the definitions in Section 2 to obtain Schrodinger-type
coherent states for the 2D system.

4. SU(2) Coherent States

We extend the definitions of the ladder operators presented in Section 3 to apply to the 2D
oscillator. Introducing a set of states {|v) }, and defining a new set of ladder operators through their
action on the set,

A" ) =Vvjv-1), ATy =Vv+1lv+1), (vjvy =1,  v=0,12,.... (11)

These states have a linear increasing spectrum, E, = v + 1. We may build the states by hand,
starting with the only non-degenerate state, the ground state, |0) = |0,0), and we take simple linear
combinations of the 1D ladder operators:

A;r,ﬁ = (xa,f ®]Iy+llx®ﬁa;r;

App=ia; @1, + I ® Ba; (12)
- 2 2 —

[A,x,/grAI,ﬁ] = (la]" +[pI) L ®L, =1,

fora,p € Cand I ® Iy = Iy @ Iy = I. Equation (12) defines the normalisation condition, |0c|2 + \ﬁ\z =
1. Constructing the states {|v)} starting with the ground state gives us the following table:

Table 1. Construction of the states |v) using the relation A" |[v) = Vv +1|v+1).

[v) |, m)
10) 10,0)
\1; « [1,0)+B [0,1)

02 (2,0) + V2B [1,1) + 2[0,2)

v) w @B/ G) |y m)

The states, |v), in Table 1 depend on «, B and may be expressed as

[V)p = éa"ﬁ“",/ () imv=n. (13)
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The states |v), p are precisely the SU(2) coherent states in the Schwinger boson representation [2].
This makes sense from our construction, where the degeneracy present in the spectrum E, ; is an
SU(2) degeneracy, and so we created states which averaged out the degenerate contributions to a given
v.

These states have the following orthogonality relations

<H .6 V)aﬁ = ('?’X + g,B)V‘Sy,V/ (14)

’

which reduces to a more familiar relation when vy =« and 6 = B,

<l’l w,p |V>zx,‘5 = 5141V' (15)

using the normalization condition |a|* 4 |8|* = 1. The states |v) «, have the configuration space wave
function expressed in terms of (8)

v

(ybep = X o8 () ooty (16)

n=0

In Figure 1, there are two plots of the probability density functions ‘ (x,ylv) wp ‘2. In the picture on
the left, there is an imaginary component to the relative phase between a« and §, and this causes the
emergence of an elliptical shape to the density. Conversely, on the right, when « and 8 are exactly in
phase (or out of phase), the probability density is concentrated on a line, and the angle of the line to the
x axis is determined by tanf = % The probability densities of the quantum SU(2) coherent states
mimic the spatial distribution of a classical 2D isotropic oscillator—that is, ellipses in the (x,y) plane.

0012 10F
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Figure 1. Density plots of |<x,y\1/),xﬁ fora = @e’?,ﬁ =1 (lefyand o = é, B = 1 (right), both at

v = 40.

The SU(2) coherent states have the following variances for the physical position and momentum

operators )A{i = % (alT" +a; ), 13,- = ﬁ(a i a1-+), respectively, in the i direction:

- o 1

(BR)},, = APy, =5+ lalv; a7
. o 1

(& Y)|2V>w = (Apy)\zmﬁ =5+ 1Bl (18)
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The results are essentially the same as those in (9) and (10), but they are tuned by the continuous
parameters «, § introduced in (12).

5. Schrodinger-Type 2D Coherent States

Using the SU(2) coherent states [v), 5 as a Fock basis for defining 2D coherent states in the same
vein as Section 2, we write down the following:

(o)
mz

lIJV

oo =% X5 Mg (19)
=0
These states have the following inner product relation:
’ —L/‘zﬂ‘ﬂZ T (v +3P)
(¥, [Phap=e""7 e : (20)

Because these states are constructed so as to be analogous with the 1D definitions, we also find
that they are eigenstates of the generalised lowering operator A~

AplP)ap =T [V)up- (21)
The expansion in (19) also implies the existence of a displacement operator, as in the 1D case:

\Iﬂ/

MS
é

¥ 2
2

|Y>4x,ﬁ =e ‘V>:x,5

0
) 14+L

,\f\f

AL 0), 5= DY) 10), 4

<
Il

¥

|0> (22)

Il
wm

A Baker-Campbell-Haussdorf identity, along with the annihilation of the 2D vacuum,
Aup [0),5 = 0 allows us to rewrite D(¥) in the following way:

‘{’Afr -YA~

DY) = wp wp
_ e(u‘i’a, —a¥a; )+ (p¥a, —p¥a,) (23)
= Dy (a«¥)Dy(BY),

where we have split D(¥) into operators acting on x and y independently. The Schrédinger-type
coherent states then factorise into two uncoupled 1D coherent states, |a ¥), ® [ YY), .

The Schrodinger-type coherent states represent an infinite sum of the elliptical, or SU(2) coherent
states established previously, with a Poissonian probability of being in a state | ) «,p given by

2u
ki
u!

2
(Mo [F)ap| = (24)

analogous to the 1D coherent states, | (n|z)[* = el ‘Znﬁ

It is clear from the factorisation of the displacement operator (23) that the wave-function of
the Schrodinger-type coherent states must also factorise into the product of two 1D coherent state
wave-functions. Using the general form of the 1D coherent state wave-function [2], we get the position
representation of the 2D Schrodinger-type coherent states:

(xy[¥)p = %exp (—%[(x ~ V2Re(a¥))” + (y - V2 Re(ﬁ‘i’))z}> (VA Im@)ryIm(FD) - (35
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2
are Gaussian in the (x, y) plane. The peak

In Figure 2, we see the probability densities ’ (xy[¥),p
of the probability density is located at the coordinates (x,y) = (v/2Re(a¥), vV2Re(BY)).

2 o o
for ¥ 8,n = ?e’i,ﬁ = % (left) and ¥ = 8¢'%,a =

Figure 2. Density plots of ‘(x,y\‘f’}a/ﬁ
W't p = ] (right).

The Schrodinger-type 2D isotropic coherent states are minimal uncertainty states in both x and y,
and this follows from the factorisation of the displacement operator,

. . 1 . R
AX) ), (B Py, =5 (BX)w),, = (B P, (26)
. . 1 . R
AV, (AP, =5 B, =B P, 27)

6. Resolution of the Identity

The SU(2) coherent states resolve the identity in the following way:

v+1 2 2
o [, 0 B 6(la + 1B = 1) V) (vl = (8)
where I, is the identity operator for the states {|v) wp }—in other words, the sum of the projectors
onto states with a total occupation number of n 4+ m = v—for example, I, = |2,0) (2,0| + |1,1) (1,1]| +
10,2) (0,2].
We retrieved the identity operator for the entire Hilbert space by summing over v

i (v+1/ 2o 2P (5(‘,,4 + B —1) |V)0t/5 V""ﬁ) 2 i;o\n,m) (n,m| = Ty. (29)

v=0

The resolution of the identity allowed us to express any other state in the Hilbert space in terms
of the states {|v), s} The energy eigenstates were then given by

v=0

mm) = 3 {";1 [ 26 P+ 162~ 1)y (a7 W}. 0)
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The Schrodinger-type 2D coherent states resolve the identity with a slightly modified measure.
It is insufficient to combine the measures used for the 1D coherent states and SU(2) coherent states in
Equations (5) and (28), where doing so, we would obtain

) 1,

1 dZ\I/ © oo
o [ o B 0P+ 1B =) [ ), (Fg =L, =LY I} Gl oy @1y

n+m+1

However, the identity operator for the full Hilbert space can be retrieved by the inclusion of \‘f’|2
into the measure as follows:

1/ n » 2 2 Cd*Y e _
5 [ o B 0al+ 1B 1) [P [¥) 0 (¥l = T (32)

thus, the Schrodinger-type coherent states for the 2D oscillator represent an over-complete basis for
the full Hilbert space of the 2D oscillator. The resolution of the identity means the states could have
some application in 2D coherent state quantization [2].

7. Commensurate Anisotropic SU(2) Coherent States

In order to generalise coherent states to the commensurate anisotropic oscillator, we introduce
two integers, p, g, in the Hamiltonian as

. 1d2 14 1 ,,
H:_EW Ed—yz-ﬁ- Swyx” + wyy

1 d? 1 d2 p222 qz

R PR T

(33)

where the frequencies are related by wy = pw and wy, = qw, and the ratio, g, represents the ratio of
the two frequencies, Z—; Without loss of generality, we will set the common frequency w = 1 in what
follows and choose p, g such that they are relative prime integers. A hypothesis made by Chen [12]
says that the integers p, g enter the quantum SU(2) coherent states in the following way:

V)i = ”5” ”\/ Irm q(v—n) (34)

where the states are normalised in the usual way: (v \ )p ‘T =1and |a* 4 |B)* =

Chen’s hypothesis (34) suitably addresses the extensmn of our construction to the commensurate
anisotropic oscillator. Energy eigenstates of (33) have eigenvalues E;; ;, = p (n + %) +q <m + %),
which do not have the same degenerate structure as in the isotropic case where p = g = 1, and instead
we are considering a superposition of states \pn gm) such that n 4+ m = v for given p, g.

The energy eigenvalues of the states |v) wp Mmay be calculated from

Y n v—n v
Wivhata; +afa; + 1| = (p— q)<2|a|2 1B )<n)n>+qv+l

n=0
=(p—qlalv+qv+1 (35)
= pla[*v+q|pv+1
= Ef/q,
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which was computed by observing that

d = 2n 2(v7n)(v) d 2 2\v
« = —(lal>+ )", 36
s X B () = S+ 18P )
yielding
- n— v—n) [V v—
3 o216 () =l 16 = . @)
n=0

The states |1/)Z”g correspond to Lissajous-type probability densities in configuration space,
a feature present in the classical spatial distribution of an anisotropic oscillator with commensurate
frequencies [7,13].

In Figure 3, we have two types of Lissajous figures, where on the left is a closed figure and on
the right, an open figure. The frequency ratio £ determines the type of Lissajous figure, and the
relative phase between a and B deforms the figures such that when they are completely in (or out
of) phase, the figure is open, and when there is an imaginary component to the relative phase, the
figure is closed. Tables of Lissajous figures corresponding to different choices of p and g can be found
in [14]. The correspondence of the quantum probability densities to the classical spatial distribution
of a 2D commensurate anisotropic oscillator confirms Chen’s definition as a suitable description of
coherent states.
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Figure 3. Density plots of )(x,y|v)5:’g

p=2,q=1atv=40.

2 .
fora = Y3ei3,p = 1 (leftyand w = 2,8 = 1 (right) for

The commensurate anisotropic SU(2) coherent states have slightly modified variances compared
with the isotropic case

X R 1

(» X)fvy,g = (APx)\ZN’Z o . 38)
. R 1

(A Y)|2V>§/g = (APy)\zwg;g =5+ B*qv. (39)
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8. Commensurate Anisotropic 2D Schrodinger-Type Coherent States
As with the isotropic case, we can build 2D Schrodinger-type coherent states using the

commensurate anisotropic SU(2) coherent states as a basis, defining the states |‘F>£Z

y2 v
p’qu_% ¥

“Ij>p¢,ﬁ - 1,;0 \/17

V)g- (40)

These Schrédinger-type coherent states are normalised (¥ ﬁg \F>§7s = 1 with inner product
, , PR gy
‘4 ZZ ‘F)ZZ =e 2 VY, (A1)

Similarly to the isotropic case, (40) may be interpreted as the infinite sum of commensurate
anisotropic SU(2) coherent states, determined by p, g, with a probability of being in a given coherent
state, [)” ’g, given by

@,

pAa
ap

Sl

Figures 4 and 5 show four density plots for the probability density of the commensurate
anisotropic 2D Schrodinger-type coherent states. We have finitely used many terms in the expansion
of |‘I’>ng, and so we can see the emergence of localisation, but the pictured graphs are not properly
normalised as a result. An interesting difference between the isotropic and commensurate anisotropic
Schrodinger-type coherent states is that for certain values of (&, B,'¥, p, q), the probability density can
localise onto two or more separate points. This can be seen clearly in the left-most image in Figure 5,
unlike the isotropic Schrodinger states which were seen to have Gaussian probability distributions in
configuration space with a single maximum.

2 ¥ 2u
_ el

(ulg 19)es : (42)

2 7 i
Figure 4. Density plots of |<x,y\‘l’)§g for¥ = 8,a = @e’?,ﬁ = 1 (lefty and ¥ = 82,0 =

‘/Tgei 7,8 = % (right), with p = 2,4 = 1 in both instances. Thirty terms are kept in the expansion

of \‘F)zg We see the emergence of localisation onto parts of the SU(2) coherent state used in the
expansion.
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2 . .
Figure 5. Density plots of |<x,y\‘F)Z/Z for ¥ = 4,a = ?e’f,ﬁ = % (left) and ¥ = 4e'2, 0 =

@ei I,B= % (right), with p = 2,4 = 1 in both instances. Thirty terms are kept in the expansion of

pAa
‘T>a,ﬁ'

In the right-most density plot in Figure 5 there is good localisation, but the probability distribution
is fringed around the origin, and this behaviour differs from the isotropic counterparts. The graphs in
Figure 4 are clearly far from normalisation (because larger ¥ was used), but they demonstrate how the
first few terms in the expansion of \‘Y)zg begin to localise onto the Lissajous figure. The parameters
(«, B, p, q) determine the topology of the Lissajous figure, as described in Section 7, while arg ¥ controls
the points on the Lissajous figure where the probability density will concentrate.

9. Conclusions

In this paper we have described a method for constructing coherent states for the 2D oscillator,
which relies on using the minimal set of definitions used to describe the coherent states of the 1D
oscillator. We found that most of the properties of the 1D coherent states were also present in their
2D isotropic Schrodinger-type counterparts: minimisation of the uncertainty principle, existence of
a displacement operator, eigenstates of an annihilation operator, and correspondence to classical
dynamics. A suitable measure was also found for the resolution of the identity.

Using the hypothesis of Chen, we generalised these results to the commensurate anisotropic 2D
harmonic oscillator and found that their probability densities corresponded to Lissajous orbits. It is not
clear at present how these results can be extended to the non-commensurate case. The relative prime
integers p, g enter the SU(2) coherent states in a very natural way, but it seems that a different formalism
altogether would be required when dealing with non-commensurable wy, wy, where classically this
would correspond to quasi-periodicity [15].

As an outlook, it would be interesting to obtain detailed results on the variances of the physical
quadratures in the commensurate anisotropic Schrodinger-type coherent states. We were able to assess
the localisation of the probability densities, but they lacked accurate numerical values as a result
of using a finite number of terms in the expansion of \‘I’)Zg A further consideration would be to
define a squeezing operator with the generalised ladder operators A~ and A", analogously to the 1D
squeezing operator, S(&) = e3(AT=3(A7)" When acting on the ground state with this operator to
produce a 2D squeezed vacuum S(&) |0), we obtained non-trivial interactions between the x and y
oscillators due to the bilinear terms appearing in the exponent. A two-mode-like squeezing between
x and y modes was found to arise.

Finally, this method could perhaps be used to describe coherent states for degenerate systems
other than the harmonic oscillator, where the 2D oscillator is the simplest example of a degenerate
2D spectrum, and the next simplest example would be the particle in a 2D box. Work has been
done on defining coherent states with degenerate spectra by Fox and Choi [3], and the example
of the particle in a 2D box was looked at in [4]. The extension of our framework is not extremely
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straightforward; however, the spectrum of the particle in a box goes as n? + m?, which contains
non-algebraic degeneracies (such as 12 + 72 = 52 + 52) and would require more careful thought when
counting states in a given degenerate subgroup |v).
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Abstract: Heisenberg’s uncertainty relation can be written in terms of the step-up and step-down
operators in the harmonic oscillator representation. It is noted that the single-variable Heisenberg
commutation relation contains the symmetry of the Sp(2) group which is isomorphic to the Lorentz
group applicable to one time-like dimension and two space-like dimensions, known as the O(2,1)
group. This group has three independent generators. The one-dimensional step-up and step-down
operators can be combined into one two-by-two Hermitian matrix which contains three independent
operators. If we use a two-variable Heisenberg commutation relation, the two pairs of independent
step-up, step-down operators can be combined into a four-by-four block-diagonal Hermitian matrix
with six independent parameters. It is then possible to add one off-diagonal two-by-two matrix
and its Hermitian conjugate to complete the four-by-four Hermitian matrix. This off-diagonal
matrix has four independent generators. There are thus ten independent generators. It is then
shown that these ten generators can be linearly combined to the ten generators for Dirac’s two
oscillator system leading to the group isomorphic to the de Sitter group O(3,2), which can then be
contracted to the inhomogeneous Lorentz group with four translation generators corresponding
to the four-momentum in the Lorentz-covariant world. This Lorentz-covariant four-momentum is

known as Einstein’s E = mc2.

Keywords: E = mc? from Heisenberg’s uncertainty relations; one symmetry for quantum mechanics
and special relativity

1. Introduction

Let us start with Heisenberg’s commutation relations

[x;, Pj] =i, @]
with 3
P = i )

where i = 1,2,3, corresponds to the x, y, z coordinates respectively.
With these x; and P;, we can construct the following three operators,

Ji = €ijxx; Py 3
These three operators satisfy the closed set of commutation relations:

Ui Ji] = ieiji- “)
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These ]; operators generate rotations in the three-dimensional space. In mathematics, this
set is called the Lie algebra of the rotation group. This is a direct consequence of Heisenberg’s
commutation relations.

In quantum mechanics, each J; corresponds to the angular momentum along the i direction.
A remarkable fact is that it is also possible to construct the same Lie algebra with two-by-two matrices.
These matrices are of course the Pauli spin matrices, leading to the observable angular momentum not
seen in classical mechanics.

As the expression shows in Equation (2), each P; generates a translation along the it" direction.
Thus, the three translation generators, together with the three rotation generators constitute the Lie
algebra of the Galilei group, with the additional commutation relations:

Ui Pj] = i€jjkPr. ®)

This set of commutation relations together with those of Equation (4) constitute a closed set for
both P; and J;. This set is called the Lie algebra of the Galilei group. This group is the basic symmetry
group for the Schrodinger or non-relativistic quantum mechanics.

In the Schrodinger picture, the generator P; corresponds to the particle momentum along the i
direction. In addition, the time translation operator is

9
Py=i=. 6
0 =15 (6)

This corresponds to the energy variable.

Let us go to the Lorentzian world. Here we have to take into account the generators of the boosts.
The generators thus include the time variable, and the generator of boosts along the i direction is

(9 9
Ki=i (xig + tTX,) . 7)
These generators satisfy the commutation relations
[Ki, Kj] = —ieijicJi- (8)

Thus, these three boost generators alone cannot constitute a closed set of commutation relations
(Lie algebra).
With J;, these boost generators satisfy

Ui K] = i €Ky )

With P;, they satisfy the relation
[Py, Ki] = idoi Po. (10)

Thus, the commutation relations of Equations (4),(5),(8-10) constitute a closed set of the ten
generators. This closed set is commonly called the Lie algebra of the Poincaré symmetry.

The three rotation and three translation generators are contained in, or are derivable from,
Heisenberg’s commutation relations, and the time translation operator is seen in the Schrodinger
equation. They are all Hermitian operators corresponding to dynamical variables. On the other hand,
the three boost generators of Equation (7) are not derivable from the Heisenberg relations. Furthermore,
they do not appear to correspond to observable quantities [1].

The purpose of this paper is to show that the Lie algebra of the Poincaré symmetry is derivable
from the Heisenberg commutation relations. For this purpose, we first examine the symmetry of the
Heisenberg commutation relation using the Wigner function in the phase space. It is noted that the
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single-variable relation contains the symmetry of the Lorentz group applicable to two space-like and
one time-like dimensions.

As Dirac noted in 1963 [2], two coupled oscillators lead to the symmetry of the O(3,2) or
the Lorentz group applicable to the three space-like directions and two time-like directions. As is
illustrated in Figure 1, it is possible to contract one of those two time variables of this O(3,2) group
into the inhomogeneous Lorentz group, consisting of the Lorentz group applicable to the three
space-like dimensions and one time-like direction, plus four translation generators corresponding to
the energy-momentum four-vector. This of course leads to Einstein’s energy—momentum relation of

E = mc?.

(a) (b)

i

X X o jump

Area-preserving =) = B &
transformations

S,
%
k"@( A’g s¥
7
e =
I 1o f jump

| X _———f—
= = 2 T

Figure 1. The In6nii-Wigner contraction procedure interpreted as squeeze transformations. In (a), the
square becomes a narrow rectangle during the squeeze process. When the rectangle becomes narrow
enough, the point A can be moved to the horizontal axis. Then, the inverse squeeze brings back the
rectangle to the original shape. The point A remains on the horizontal axis. In (b), both the hyperbola
and the circle become flattened to the horizontal axis, during the initial squeeze. The point on the curve
moves to the horizontal axis. This point moves back to its finite position during the inverse squeeze.

In Section 2, it is noted that the best way to study the symmetry of the Heisenberg commutation
relation is to use the Wigner function for the Gaussian function for the oscillator state. In the Wigner
phase space, this function contains the symmetry for the Lorentz group applicable to two space-like
dimensions and one time-like dimension. This group has three generators. This operation is equivalent
to constructing a two-by-two block-diagonal Hermitian matrix with quadratic forms of the step-up
and step-down operators.

In Section 3, we consider two oscillators. If these oscillators are independent, it is possible to
construct a four-by-four block diagonal matrix, where each block consists of the two-by-two matrix for
each operator defined in Section 2. Since the oscillators are uncoupled, this four-by-four block-diagonal
Hermitian matrix contains six independent generators.

If the oscillators are coupled, then to keep the overall four-by-four block-diagonal matrix
Hermitian, we need one off-diagonal block matrix, with four independent quadratic forms. Thus,
the overall four-by-four matrix contains ten independent quadratic forms of the creation and
annihilation operators.

It is shown that these ten independent generators can be linearly combined into the ten generators
constructed by Dirac for the the Lorentz group applicable to three space-like dimensions and two
time-like dimensions, commonly called the O(3,2) group.

In Section 4, using the boosts belonging to one of its time-like dimensions, we contract O(3, 2)
to produce the Lorentz group applicable to one time dimension and four translations leading to the

four-momentum. This Lorentz-covariant four-momentum is commonly known as Einstein’s E = mc?.
y
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This paper is essentially based on Dirac’s paper published in 1949 and 1963 [1,2]. As is illustrated
in Figure 2, we show here that the space-time symmetry of quantum mechanics mentioned in his 1949
paper is derivable from his two-oscillator system discussed in 1963. The route is the group contraction
procedure of Inonii and Wigner [3].

Impossible?
Dirac 1949 € Dirac 1963

We can make this detour.

Group contraction J

Figure 2. According to Dirac’s 1949 paper, the task of constructing quantum mechanics is essentially
constructing a representation of the inhomogeneous Lorentz group. In his 1963 paper, Dirac constructed
the Lie algebra of the O(3,2) de Sitter group from the algebra of two harmonic oscillators, which is
a direct consequence of Heisenberg’s uncertainty commutation relations. It is possible to derive the
Lie algebra of the inhomogeneous Lorentz group from that of O(3,2) using the group-contraction
procedure of Inénii and Wigner [3].

Indeed, from 1927 Dirac made lifelong efforts to synthesize quantum mechanics and special
relativity [4]. In 1949 and before, he treated quantum mechanics and special relativity as two separate
scientific disciplines, and then in 1949 he attempted to synthesize them. Thus, it is of interest to see
how Dirac’s ideas evolved during the period 1929-1949. We shall give a brief review of Dirac’s efforts
during the period in Appendix A.

2. Symmetries of the Single-Mode States

Heisenberg’s uncertainty relation for a single Cartesian variable takes the form
[ pl =i 11

with
_ ;9
P="15

Very often, it is more convenient to use the operators

t

a= (x+ip), a’ =

(x—ip) (12)

-

1
V2
with
{a, a*] =1. (13)

This aspect is well known.

The representation based on a and a' is known as the harmonic oscillator representation of
the uncertainty relation and is the basic language for the Fock space for particle numbers. This
representation is therefore the basic language for quantum optics.

Let us next consider the quadratic forms: aa, ata®,aa®, and a*a. Then the linear combination

aat —ata =1, (14)
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according to the uncertainty relation. Thus, there are three independent quadratic forms, and we are
led to the following two-by-two matrix:

t gt
(aa®™ +a'a) /2 aa
. 15
< atat (ﬂtf + a*a) /2> (15)
This matrix leads to the following three independent operators:
_Lov s _1hy _ iyt
]z—z(au +ua), Kl_z(au +aa), K3—2<aa aa). (16)

They produce the following set of closed commutation relations:

[J2, K] = —iK3, [J2, K3] = iKy, [K1, K3] = i]>. 17)

This set is commonly called the Lie algebra of the Sp(2) group, locally isomorphic to the Lorentz
group applicable to one time and two space coordinates.

The best way to study the symmetry property of these operators is to use the Wigner function for
the ground-state oscillator which takes the form [5-8]

_1 2, .2
W(x,p) = —eXp [— (x +p )] . (18)
This distribution is concentrated in the circular region around the origin. Let us define the circle as
4 p?=1. (19)

We can use the area of this circle in the phase space of x and p as the minimum uncertainty.
This uncertainty is preserved under rotations in the phase space and also under squeezing. These
transformations can be written as

cosf —sinf)\ [x e 0 X
<s'm9 cosB) <p) ’ <0 e’7> <p) ’ (20)

respectively. The rotation and the squeeze are generated by

[ 9 e e)
Jo=—i (xa — pa) , Ky =—i (xg — p%> . (21)

If we take the commutation relation with these two operators, the result is
(2, Ki] = —iKs, (22)

with 5 5
Kz = —i (xﬁ + p£> . (23)
Indeed, as before, these three generators form the closed set of commutation which form the Lie

algebra of the Sp(2) group, isomorphic to the Lorentz group applicable to two space and one time
dimensions. This isomorphic correspondence is illustrated in Figure 3.
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l\p

7

— boost along x

3>

>
él/\* boost along z

Figure 3. Rotations and squeezes in the phase space produced by the Sp(2) transformations. The
squeeze along the x direction corresponds to the Lorentz boost along the z direction, while the squeeze

along the 45° angle corresponds to the boost along the x direction. The rotation by 45° corresponds to

the rotation by 90° around the y axis.

Let us consider the Minkowski space of (x,y,z,t). It is possible to write three four-by-four
matrices satisfying the Lie algebra of Equation (17). The three four-by-four matrices satisfying this set

of commutation relations are:

00 i 0 00
0000 00
= Ky =
J2 i 000l "'Tloo
0000 io0

o o

, Kz= (24)

o O O O
o o O =~
o O O O
o o oo
O O O
o ~.

1

However, these matrices have null second rows and null second columns. Thus, they can
generate Lorentz transformations applicable only to the three-dimensional space of (x, z, t), while the
y variable remains invariant. Thus, this single-oscillator system cannot describe what happens in the

full four-dimensional Minkowski space.

Yet, it is interesting that the oscillator system can produce three different representations sharing
the same Lie algebra with the (2 + 1)-dimensional Lorentz group, as shown in Table 1.

Table 1. Transformation for the Gaussian function, in terms of harmonic oscillators, two-dimensional

phase space, and the four-dimensional Minkowski space.

Generators Oscillator Phase Space Lorentz
00 i 0
00 0 O
1 + + 1

> 3 (aa® +a'a) 300 i 0 0 0
00 0 O
0 0 0 i
i 00 0 O

1 (t,t
K4 5 (a'a® + aa) toy 00 0 0
i 00 0
00 0 O
i 00 0 O

1 (gt t
K3 3 (a'a® —aa), 503 00 0 i
00 i 0
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3. Symmetries from Two Oscillators

In order to generate Lorentz transformations applicable to the full Minkowskian space, we may
need two Heisenberg commutation relations. Indeed, Paul A. M. Dirac started this program in 1963 [2].
It is possible to write the two uncertainty relations using two harmonic oscillators as

fel] = (25)
with 1 1

a; = V2 (xi +ip;), af = V2 (xi —ipi), @6)
and 1 i

wi= s (wal), pi= s (o), @)

where i and j could be 1 or 2.
As in the case of the two-by-two matrix given in Equation (15), we can consider the following
four-by-four block-diagonal matrix if the oscillators are not coupled:

(mad +alay) /2 a1aq 0 0
atal (m1ad +alay) /2 0 0 28)
0 0 (azal +alay) /2 ara,
0 0 alal (a2a) +alay) /2

There are six generators in this matrix.
We are now interested in coupling them by filling in the off-diagonal blocks. The most general
forms for this block are the following two-by-two matrix and its Hermitian conjugate:

IZ{IIIZ ajay

(29)
t.t +
a1a, aja,

with four independent generators. This leads to the following four-by-four matrix with
ten (6 + 4) generators:

(maf +alay) /2 ajaq atay aiay
afal (a1ad +alay) /2 alal ayal (30)
ma} aiap (a2a} +alay) /2 aran
afal afay alal (aza} +alay) /2
With these ten elements, we can now construct the following four rotation-like generators:
1 1
h=5 (ﬂ}‘ﬂz + aial) , 2=+ (”I”Z - “eral) ’
2 2i
1y So= Lyt ¥ 31
Js=5(mm —am), 0 =7 (a1 +a2a;), (31)
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and six squeeze-like generators:

1
K = 1 (a{a{ +a1a1 — u;ra; . a2a2> ,
i
Ky = +Z (a{u{ —a1aq + a;ra; — a2a2> ,
144
K3 = +§ (alaz + a1a2> , (32)
and
i
Q1= ~1 (ﬂ{ﬂI — ayay — aah + 112112> ,
Lt t ot
Q= 1 (a]al +may + aya; + azaz) ,
i
Q3 = +§ <a;ra§ — a1a2> . (33)

There are now ten operators from Equations (31)-(33), and they satisfy the following Lie algebra
as was noted by Dirac in 1963 [2]:

Ui ) = e, i Kj] = ieipKy,
Ui Qi) = ieinQr,  [Ki Kj] = [Qi, Q)] = —ieii]k,
[Ki, Qj] = —i6;iSo,  [JiSo] =0, [Ki, So] = —iQi, [Qi, So] = iKi. (34
Dirac noted that this set is the same as the Lie algebra for the O(3,2) de Sitter group, with ten
generators. This is the Lorentz group applicable to the three-dimensional space with two time variables.
This group plays a very important role in space-time symmetries.
In the same paper, Dirac pointed out that this set of commutation relations serves as the Lie
algebra for the four-dimensional symplectic group commonly called Sp(4). For a dynamical system

consisting of two pairs of canonical variables x1, p; and x,, p2, we can use the four-dimensional phase
space with the coordinate variables defined as [9]

(x1, p1, X2, p2) - (35)

Then the four-by-four transformation matrix M applicable to this four-component vector is

canonical if [10,11]
MJM =], (36)

where M is the transpose of the M matrix, with

01 0 0
-1.0 0 0
I= 00 o0 1)’ 57)
0 0 -1 0
which we can write in the block-diagonal form as
(I 0
J=i (O 1) o, (38)
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where I is the unit two-by-two matrix.

According to this form of the | matrix, the area of the phase space for the x; and p; variables
remains invariant, and the story is the same for the phase space of x, and p».

We can then write the generators of the Sp(4) group as [12]

1/(0 I i (0 —I 1(-1 0 1(1 0
]1—2<I 0)¢Tz, ]2—2<I 0)1, ]3—2<0 I>(72, 50—2(0 I)Uz, (39)
i (I 0 i (0 I
(0 I> 73, Ks=—3 (I 0) o1,

R S PR P

Among these ten matrices, six of them are in block-diagonal form. They are Sy, [3,K;, K2, Q1,
and Q. In the language of two harmonic oscillators, these generators do not mix up the first and
second oscillators. There are six of them because each operator has three generators for its own Sp(2)
symmetry. These generators, together with those in the oscillator representation, are tabulated in

Table 2.

and

KA
|
N~
VS
S~
=)
—
~_
S
3
|
N~

Table 2. Transformation generators for the two-oscillator system.

Generators Two Oscillators Phase Space
0 I
h IYET— (7 g)e
i (0 —I
J2 % (afaz — abay) 2 <1 0 > [
-1 0
s 3 (ol — ofe), 15 9)e
I 0
So 1 (alay + apal), 3 (0 I> %)
1 (gt + ot il 0
Ky —1 (a}ad 4 ayaq — alal — aya;) 1lg 7)o
it + ot i(I 0
K> +% (afal —ayay + alal — ayay) 2lo 1)
i (01
e } (et + i) -1} g)a
i (gtat + ot i(l 0
A —4 (a¥ad — ayay — alal + aza;) “3{o _)o
1 (gt it i(I0
Q> —1 (alaf + a1aq + alal + aza) 2lo 1)
. I 0
o b (e~ ) o 1)e
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The off-diagonal matrix ], couples the first and second oscillators without changing the overall
volume of the four-dimensional phase space. However, in order to construct the closed set of
commutation relations, we need the three additional generators: J;, K3, and Q3. The commutation
relations given in Equations (34) are clearly consequences of Heisenberg’s uncertainty relations.

As for the O(3,2) group, the generators are five-by-five matrices, applicable to (x,y, z,t,s), where
t and s are time-like variables. These matrices can be written as

00 0 00O 0 0 i 00 0 —i 0 0O
00 —i 00 0 0000 i 0 000
=0 i 0 0 0|, Jo=|—- 0 0 O Of, J3=]0 0 0 0 Of,
00 0 00O 0 0000 0 0 00O
00 0 00O 0 0000 0 0 00O
000 i 0 00000 00000
00000 000 i O 00 00O
Kiy=10 0 0 0 0, Ky=1]0 0 0 0 Of, Kz 000 17 0],
i 00 00 0 i 000 00 i 00
00000 00000 00000
00 0 0 i 00000 00000
0 00O00O0 00 0 0 i 00000
Q=10 0 0 0 0], Q=000 00|, Q=0 0 0 0 {,
00000 00000 00000
i 00 0O 0 i 00O 00 i 00O
0000 O
0000 O
So=10 0 0 0 O (41)
0000 —i
000 11 O

Next, we are interested in eliminating all the elements in the fifth row. The six generators J; and
K; are not affected by this operation, but Q1, Q2, Q3, and Sy become

0000 i 00 0©O00O0 00000
00 00O 0000 i 00000

PhP=1]10 00 0 0|, Pb=]0 0 0 O0 0|, P=|0 0 0 0 i},
00 00O 00 00O 00000
00000 0 00O00O0 00000
0000 O
0000 O

Pp=|0 0 0 0 0 [, (42)
0000 —i
0000 O

respectively. While J; and K; generate Lorentz transformations on the four dimensional Minkowski
space, these Q; and S in the form of the P;, Py matrices generate translations along the x,y,z, and t
directions respectively. We shall study this aspect in detail in Section 4.
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4. Contraction of O(3,2) to the Inhomogeneous Lorentz Group

We can contract O(3,2) according to the procedure introduced by Inénii and Wigner [3].
They introduced the procedure for transforming the four-dimensional Lorentz group into the
three-dimensional Galilei group. Here, we shall contract the boost generators belonging to the time-like
s variable, Q; , along with the rotation generator between the two time-like variables, Sy.

Here, we illustrate the Inonii-Wigner procedure using the concept of squeeze transformations.
For this purpose, let us introduce the squeeze matrix

1/e 0 0 0 0
0 1/e 0 0 0
Cle)y=1 0 0 1/e 0 0 (43)
0 0 0 1/e 0
0 0 0 0 e
This matrix commutes with J; and K;. The story is different for Q; and So.
For Q,
0 00 0 i/e
0 000 O
coict=|0o oo0oo0 o [, (44)
0 000 O
ie® 000 0
which, in the limit of small €, becomes
000 0 i/e
00 00 O
Q=000 0 o0 (45)
0000 O
0000 O
We then make the inverse squeeze transformation:
0000 i
00000
cl'Qic=|o 0000 (46)
00000
00000
Thus, we can write this contraction procedure as
P; = lim (e2 CcoQ C’l) , 47)
e—0
where the explicit five-by-five matrix is given in Equation (42). Likewise
T 2 -1 T 2 -1 _ 1 2 -1
Pz—llg%(G CQ,C ) Pg_ggs(e COsC ) Po_lg%(e CSyC ) 48)

These four contracted generators lead to the five-by-five transformation matrix, as can be seen from

exp {—i (aP; + bP, +cPs +dPy)} (49)
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performing translations in the four-dimensional Minkowski space:

1 00 0 a x xX+a

0100 b y y+b

0010 ¢ z|=|z+c|. (50)
00 01 —d t t—d

0000 1 1 1

In this way, the space-like directions are translated and the time-like t component is shortened
by an amount d. This means the group O(3,2) derivable from the Heisenberg’s uncertainty relations
becomes the inhomogeneous Lorentz group governing the Poincaré symmetry for quantum mechanics
and quantum field theory. These matrices correspond to the differential operators

) 2] )

.0 . .
Py = —i— @, P, = —zg, Py = la,

ox’ 4D

Py = —i

respectively. These translation generators correspond to the Lorentz-covariant four-momentum
variable with

p% +p3+ p% - p% = constant. (52)

This energy-momentum relation is widely known as Einstein’s E = mc?.

5. Concluding Remarks

According to Dirac [1], the problem of finding a Lorentz-covariant quantum mechanics reduces to
the problem of finding a representation of the inhomogeneous Lorentz group. Again, according to
Dirac [2], it is possible to construct the Lie algebra of the group O(3,2) starting from two oscillators.
We have shown in our earlier paper [12] that this O(3, 2) group can be contracted to the inhomogeneous
Lorentz group according to the group contraction procedure introduced by Inénii and Wigner [3].

In this paper, we noted first that the symmetry of a single oscillator is generated by three
generators. Two independent oscillators thus have six generators. We have shown that there are four
additional generators needed for the coupling of the two oscillators. Thus there are ten generators.
These ten generators can then be linearly combined to produce ten generators which were spelled out
in Dirac’s 1963 paper.

For the two-oscillator system, there are four step-up and step-down operators. There are therefore
sixteen quadratic forms [9]. Among those, only ten of them are in Dirac’s 1963 paper [2]. Why ten?
Dirac needed those ten to construct the Lie algebra for the O(3,2) group. At the end of the same paper,
he stated that this Lie algebra is the same as that for the Sp(4) group, which preserves the minimum
uncertainty for each oscillator.

In this paper, we started with the block-diagonal matrix given in Equation (28) for two totally
independent oscillators with six independent generators. We then added one two-by-two Hermitian
matrix of Equation (29) with four generators for the off-diagonal blocks. The result is the four-by-four
Hermitian matrix given in Equation (30). This four-by-four Hermitian matrix has ten independent
operators which can be linearly combined to the ten operators chosen by Dirac. Thus, in this paper,
we have shown how the two-oscillators are coupled, and how this coupling introduces additional
symmetries.

Paul A. M. Dirac made life-long efforts to make quantum mechanics consistent with special
relativity, starting from 1927 [4]. While we exploited the contents of his paper published in 1963 [2],
it is of interest to review his earlier efforts. In his earlier papers, Dirac started with quantum mechanics
and special relativity as two different branches of science based on two different mathematical bases.

In this paper, based on Dirac’s two papers [1,2], we concluded that both quantum mechanics and
special relativity can be derived from the same mathematical base. A brief review of Dirac’s earlier
efforts is given in Appendix A.
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Appendix A

As we all know, quantum mechanics and special relativity were developed along two separate
routes. As early as 1927, Dirac was interested in understanding whether these two scientific disciplines
are compatible with each other. In his paper of 1927 [4], Dirac noted the the existence of the time-energy
uncertainty relation without excitations. He called this the “c-number” time—energy uncertainty
relation. Dirac pointed out that the space-time asymmetry makes it difficult to construct the uncertainty
relation in the Lorentz-covariant world.

In 1945, Dirac considered the four-dimensional harmonic oscillator wave functions applicable to
the four-dimensional space and time. In so doing, Dirac was considering localized bound states. The
space and time variables in his case are the separations between two constituents, like the proton and
electron in the hydrogen atom.

It was shown later that Dirac’s concern about the c-number time-energy uncertainty is not
necessary in view of the fact that a massive particle at rest has only three space-like dimensions [13].
According to Wigner [14], the little group for the massive particle is isomorphic to O(3) [14]. With
this understanding, we can use a circle in the z t plane as shown in Figure A1, where z and t are
longitudinal and time separations respectively.

In his 1949 paper [15], Dirac introduced the light-cone coordinate system which tells us that the
Lorentz boost is a squeeze transformation. This aspect is also illustrated in Figure A1. It is then not
difficult to see how the circle looks to a moving observer.

Dirac 1927,1945 Dirac 1949
Quantum Mechanics Lorentz Covariance
At t

c-number
Time-energy
Uncetainty

4 :
N

'/ Heisenberg' z
Uncertainty

Let us combine the
above two figures to
construct quantum
mechanics in the

z Lorentz-covariant
world.

Figure Al. Dirac’s three papers. His 1927 and 1945 papers can be described by a circle in the
longitudinal space-like and time-like coordinate. Dirac introduced the light-cone coordinate system
in 1949. In this system, the Lorentz boost is a squeeze transformation. It is then natural to synthesize
these two figures to a squeezed circle or an ellipse. Figure A2 will illustrate how this elliptic squeeze
manifests itself in the real world.
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The next question is whether this elliptic squeeze has anything to do with the real world. One
hundred years ago, Niels Bohr and Albert Einstein met occasionally to discuss physics. Their interests
were different. Bohr was worrying about the electron orbit in the hydrogen atom. Einstein was
interested in how things look to moving observers. Then the question arises: How would the hydrogen
atom look to a moving observer? This was a metaphysical issue during the period of Bohr and Einstein,
as there were no hydrogen atoms moving fast enough to exhibit this Einstein effect.

Fifty years later, the physics world was able to produce many protons from particle accelerators.
In 1964 [16], Gell-Mann observed that the proton is a bound state of the more fundamental particles
called “quarks” according to the quantum mechanics applicable also to the hydrogen atom.

However, according to Feynman [17,18], when the proton moves very fast, it appears as a
collection of a large number of free-moving light-like partons with a wide-spread momentum
distribution, as described in Figure A2. Feynman’s parton picture was entirely based on what we
observe in laboratories.

Lorentz-squeezed Hadron
Quarks —— Partons

t t
) Time Dilation in the Parton Picture
Space-time 05
—E Squeeze ER —> t
z SMMEER z|F2
- © Interaction
o~ | =
g = Weaker among quarks
b g spring constant
ge
E=2 p, Po
Momemtum-
energy = 5 External
—e Squeeze o 3 Signal
z w
—___| 5
Wider N
momentum distribution Interaction with external signal

Figure A2. In the harmonic-oscillator regime, the momentum—energy wave function takes the same
mathematical form as that of the space-time wave functions. This figure shows that the quark model
and the parton model are two different aspects of one Lorentz-covariant entity. In 1969 [17], Feynman
observed that the fast-moving proton appears as a collection of a large number of light-like partons
with a wide-spread momentum distribution, and short interaction time with the external signal. This
figure is a graphical illustration of the 1977 paper by Kim and Noz [19]. This figure is from a recent
book by the present authors [20].

Unlike the hydrogen atom, the proton can become accelerated, and its speed could be very close
to that of light. Thus the Bohr—Einstein issue became the Gell-Mann-Feynman issue, as illustrated
in Figure A3. The question is whether Gell-Mann’s quark model and Feynman'’s parton picture are
two different aspects of one Lorentz-covariant entity. This question was addressed by Kim and Noz
1977 [19] and was explained in detail by the present authors with a graphical illustration given in
Figure A2.
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100 years ago, Bohr was worrying about the orbit of
the hydrogen atom.

Einstein was interested in how things look to moving
observers. Then how the hydrogen atom would
look to moving observers? This was a metaphysical
question for them.

50 years ago, the proton became a bound state of
the quarks sharing the same quantum mechanics as
that for the hydrogen atom, according to Gell-Mann.
If it moves with a speed close to that of light, the
proton appears as a collection of partons, according
to Feynman.

Question. Does the proton appear like a collection
of Feynman’s partons to a moving observer?

Photo of Gell-Mann by Y.S.Kim (2010), all others photos are from the public domain.

Figure A3. The Bohr—Einstein issue is 100 years old. Fifty years later, it became the quark—parton
puzzle, based on observations made in high-energy laboratories.
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Abstract: We present and generalize the basic ideas underlying recent work aimed at the construction
of mutually unbiased bases in finite dimensional Hilbert spaces with the help of group and graph
theoretical concepts. In this approach finite groups are used to construct maximal sets of mutually
unbiased bases. Thus the prime number restrictions of previous approaches are circumvented and
this construction principle sheds new light onto the intricate relation between mutually unbiased
bases and characteristic geometrical structures of Hilbert spaces.

Keywords: mutually unbiased bases; group representations; graphs; quantum information

1. Introduction

Mutually unbiased bases of Hilbert spaces, as originally pioneered by Schwinger [1], are not
only of mathematical interest by exhibiting characteristic geometric properties of Hilbert spaces,
but they have also interesting practical applications in quantum technology. Current applications
range from quantum state discrimination [2] and quantum state reconstruction [3,4], to quantum error
correction [5,6] and quantum key distribution [7]. They also have been used as signature schemes for
CDMA systems in various radio communication technologies [8].

Since the early work of Schwinger [1] the influential work of Wootters and Fields [3] has exhibited
intriguing relations between mutually unbiased bases and discrete mathematics. A major result of
these authors established that in a Hilbert space of d dimensions the maximum possible number of
mutually unbiased bases is (d + 1) provided such bases exist. Mutually unbiased bases that saturate
this bound are called complete. Previously many investigations have constructed complete sets of
mutually unbiased bases (see e.g., [9-16]). Typically, these investigations exploit variants of the two
constructions proposed by Wootters and Fields [3] and rely on the properties of Galois fields in odd
and even characteristics. Within this framework it is possible to construct systematically maximal sets
of mutually unbiased bases in Hilbert spaces whose dimensions are prime powers. Although these
developments have exhibited numerous interesting structural properties of complete sets of mutually
unbiased bases in prime-power dimensional Hilbert spaces, many questions remain open. Especially
interesting is the question of the construction of complete sets of mutually unbiased bases in Hilbert
spaces whose dimensions are not prime powers. The lowest dimensional example is dimension d = 6
for which it is still unknown whether there are mutually unbiased bases saturating the upper bound of
d + 1 = 7 originally established by Wootters and Fields.

Here we discuss and generalize a recently developed group and graph theoretical method aimed
at the systematic construction of large sets of mutually unbiased bases. This approach stems from the
early ideas of Charnes and Beth [17] which were recently developed in [18,19]. The underlying idea
in this approach is the systematic use of groups as the setting for constructing large sets of mutually
unbiased bases. An important new feature of this framework is the formulation of the construction of
systems of mutually unbiased bases as a clique finding problem in Cayley graphs of groups which are
naturally associated with sets of mutually unbiased bases. Besides the possible practical advantages,
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Quantum Rep. 2019, 1

this method is independent of prime power restrictions of previous techniques and thus may offer
interesting novel conceptual advantages and links to other areas of mathematics.

The purpose of this manuscript is to present the central ideas of this group and graph theoretical
method in a self contained way, and to exhibit new connections between mutually unbiased bases
and the symmetries encoded in the related basis groups and basis graphs. Thus, we will explore the
theme for which Hilbert space dimensions the Cayley graphs of basis groups are the 1-skeletons of
polyhedra in Euclidean 3-space cf. polytopal graphs [20]. The examples of polytopal graphs presented
are restricted to low dimensional Hilbert spaces, i.e., d = 2,3,4, and thus do not address the still open
questions concerning dimension d = 6. However, these examples demonstrate interesting new links
between mutually unbiased bases and the symmetries of graphs which are not apparent with the more
orthodox constructions based on Galois fields in prime power dimensions.

2. Mutually Unbiased Bases and Their Construction by Finite Groups

Based on the early work of Charnes and Beth [17] we summarize in this section the basic definitions
encompassing the relations between mutually unbiases bases, their basis groups and associated Cayley
graphs which are capable of encoding characteristic features of mutually unbiased bases of Hilbert
spaces [18,19]. In particular, based on a recent theorem of Charnes [19], which establishes a structural
link between complete multipartite Cayley graphs of finite groups and complete sets of mutually
unbiased bases, all polytopal basis graphs in Euclidean 3-space are determined. The cliques of these
graphs yield complete sets of mutually unbiased bases.

2.1. Mutually Unbiased Bases—Basic Concepts

Two orthonormal bases, say B := {|B;);i = 1,---,d} and C := {|C;);i = 1,---,d} ,of a
d-dimensional Hilbert space ¢ with scalar product {.|.) are called mutually unbiased if and only if
the relation

[BICHE = 3 8
is independent of the chosen pair (B;, C;). Simple well known examples are the eigenstates of any pair
of Pauli spin operators in the case of d = 2 or the eigenstates of the quantum mechanical position and
momentuma operators for d = co. In the following, however, we shall restrict our considerations to
finite dimensional Hilbert spaces.

Subsequent non-selective quantum measurements of two observables associated with mutually
unbiased states completely erase any quantum information contained in an arbitrarily prepared

quantum state. This becomes apparent if for example we consider two such observables, namely

Op = bi|Bi)(Bil, b; € R,

Oc =

[ 1=

¢lCi)(Cil, ¢ €R, )
j=1

and an arbitrary quantum state with density operator 0. The subsequent non-selective
measurement [21] of observables Op and OC yields the chaotic quantum state I/d, ie.,

d
po= ZC]'>(C;‘|<
j=1 i

d (5) 4 ;
|Bf)<BiﬁBf><Bi> ICi)(Cj| = T;p) Y ICH (Gl = é @)
=1 =1

thus erasing all previous quantum information contained in the quantum state p. In Equation (3) we
have used the completeness relation [ = 2}1:1 IC;)(C;| in the Hilbert space H
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2.2. Mutually Unbiased Bases and Their Encoding by Unitary Matrices

It should be noted that within quantum theory the ordering of an orthonormal basis is physically
relevant. This is apparent from Equation (2), for example, because each basis vector |B;) can be
associated with a different physically measurable eigenvalue b; of the associated observable Op.
Therefore, the different elements of an orthonormal basis B are distinguishable physically.

Hence in our subsequent discussion we select an arbitrarily chosen orthonormal ordered basis
(la);a =1,---,d) of a finite dimensional Hilbert space H?. Based on this choice any other ordered
orthonormal basis, say B := (|B;);i =1,- - ,d), can be mapped onto a unitary matrix Mp € U(d) by

(Mp); := (Bila)” @)

with * denoting complex conjugation. In this mapping row i of the matrix Mp contains the components
of the basis vector |B;) in the canonical basis (Ja);a =1, -+ ,d). The group of d-dimensional unitary
matrices U(d) acts transitively on all ordered orthonormal bases of the Hilbert space H? by right
multiplication. So to each pair of ordered orthonormal bases, say B and C, there corresponds a unique
unitary matrix U satisfying the relation

MgU = Mc. )

Consequently the defining property (1) of mutually unbiases bases can be reformulated in terms
of the matrices associated with different ordered orthonormal bases. Thus, two ordered orthonormal
bases B and C are mutually unbiased if and only if for alli,j € {1,--- ,d}

1
[(BIGY P = | (McM}) P= ®

Note that the map O — B — Mp takes into account the distinguishability of the
orthonormal basis vectors associated with different eigenvalues of the observable Og, contrary to
previous approaches [12].

2.3. Mutually Unbiased Bases and Their Basis Groups

With a set of 1 + 1 pairwise mutually unbiased ordered orthonormal bases {B(O), B(l), e, B(")}

of a Hilbert space H¢ one can associate a basis group G, which is generated by the corresponding
unitary matrices, i.e.,

G = <MB(O)’MB(1)’ e /MB(;1)> C U(d) 7)

This subgroup of the unitary group in d dimensions U(d) has the following properties:

° One of the matrices, e.g., M (), is the unit matrix E;. So it can be removed from the generating
set, i.e.,

G = (Mg, Mpw). (®)

G is a subgroup of U(d) which has finite or infinite order.

Not all pairs of elements of G correspond to mutually unbiased bases.

The structure of the mutually unbiased bases contained in G can be captured by an associated
Cayley graph.

2.4. Basis Groups of Mutually Unbiased Bases and Their Cayley Graphs

To each (finite) basis group G there is an associated Cayley graph I'(G, S) defined by the following
properties:
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The vertices of T'(G, S) are the group elements of G.
A generating set S C G is defined as all the elements of G which are mutually unbiased to the
canonical basis, i.e., mutually unbiased to E; in the case of a d dimensional Hilbert space. (S does
not contain the identity matrix E;.) Therefore, z € S implies z1e§,ie,S=51

e Theedgesetof I'(G, S) is defined as follows. Two vertices, say x and y, of the graph I'(G, S) are
connected by an edge, if and only if yx~! € S, or equivalently if and only if there is an s € S with
y = sx. The totality of edges obtained in this way comprises the edge set of I'(G, S).

These Cayley graphs I'(G, S) have the following basic properties:

e AsS7! =S, the graphs T'(G, S) are simple undirected graphs, i.e., they do not have multiple
edges or vertex loops.

e  The graphs are represented by symmetric N x N adjacency matrices with N = |G|. Their rows
and columns are indexed by the group elements. These adjacency matrices have 0 on the diagonal
positions and 0 or 1 elsewhere. Their entries are calculated using Equation (6).

e  If two elements of the set S, say My, My(;) € S, are mutually unbiased not only with respect to
the canonical basis but also among themselves, the set S also contains the matrix M B0 M;( iy € S.

e  Right multiplication by group elements preserves the adjacency relation of T'(G,S), so G is a
subgroup of the automorphism group of I'(G, S).

e  Since Cayley graphs are connected, there is an edge connected path between every pair of vertices
of I'(G, S).

e As Cayley graphs are regular, each vertex of I'(G,S) is connected to the same number of
neighbouring vertices, i.e., it has constant valency. The valency k of a graph is the number
of non-zero entries in any row or column of its adjacency matrix.

It should now be apparent that the cliques of a Cayley graph I'(G, S), i.e., the complete subgraphs
in which any two vertices are joined by an edge, correspond to mutually unbiased bases. In view of
this correspondence, the clique number w(T(G,S)) of the Cayley graph I'(G, S), i.e., the size of its
largest clique, is not only a mathematically interesting characteristic property of I'(G, S) but it also
determines the maximal number of mutually unbiased bases characterized by this graph.

2.5. Maximal Sets of Mutually Unbiased Bases and the Structure of Their Associated Cayley Graphs

The physical relevance of the clique number w(I'(G, S)) raises the interesting question whether
there is a relationship between the maximal possible number of mutually unbiased bases in a
d-dimensional Hilbert space, i.e., d + 1, and the structure of the corresponding Cayley graphs
I'(G,S). The following recent theorem [19] demonstrates that for finite basis groups G there is such
a relationship.

Theorem 1. (Charnes Theorem 2 [19]) Let G be a finite basis group of order N with S a generating set of
mutually unbiased bases in a Hilbert space H. The corresponding Cayley graph T(G, S) of valency k has a
clique of maximum size d + 1 whenever the condition

N

N = “Gs)=d+1 )

is fulfilled. In such a case T'(G, S) is a k-regular and complete multipartite graph.
A detailed proof of this theorem is presented in [19]. Here we just outline its basic idea. For this
purpose let us consider a Cayley graph I'(G, S) with N vertices and with constant valency k. It is

known [22,23] that the clique number w(I'(G, S)) of such a Cayley graph, i.e., the largest clique size,
is lower bounded by the relation

—— < w((G,S)). (10)
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In addition, Yildirim [23] has shown that this inequality is saturated for complete multipartite
graphs, i.e.,

N

N5 = @l(Gs). 11)

Therefore, a sufficient condition that a Cayley graph I'(G, S) yields maximal sets of d + 1 mutually
unbiased bases in a d-dimensional Hilbert space is given by the nested inequalities

i1 = %gw(r(G,S))ngrl (12)

and the associated Cayley graphs I'(G, S) are complete multipartite, as stated in the theorem.

2.6. Maximal Sets of Mutually Unbiased Bases and Associated Polyhedra in Euclidean 3-Space

According to the previous section k-regular complete multipartite graphs satisfying Equation (9)
play an important role in the group theoretical construction of maximal sets of mutually unbiased
bases. We will now explore their relation to polyhedra in Euclidean 3-space [20].

Let us start our discussion with the definitions of k-regularity and complete multipartiteness of
graphs. A graph is k-regular if every vertex has exactly k edges. Furthermore, a graph is complete
multipartite if its vertices can be partitioned into independent sets, also called colour classes, in such a
way that

e  vertices within an independent set are not connected by any edge and
e there is an edge between every pair of vertices from different independent sets.

In Figure 1 the complete multipartite graph K;,, is an example of a k-regular complete
multipartite graph. Its valency is k = 4 and the vertices belong to three independent sets each
containing two vertices. However, this graph is not only complete multipartite with constant
valency, it is also the 1-skeleton of a regular polyhedron in Euclidean 3-space, namely an octahedron.
Therefore, the interesting question arises whether there are other polyhedra in Euclidean 3-space,
whose 1-skeletons are k-regular complete multipartite graphs and are relevant in determining maximal
sets of mutually unbiased bases. Interestingly, all such polyhedra can be determined by combining the
condition of Equation (9) with the Steinitz criterion [24] for polytopal graphs in Euclidean 3-space and
by making use of the four-color theorem [25].

Figure 1. The graph K3 > as an example of a k-regular complete multipartite graph which is also the
1-skeleton of an octahedron in Euclidean 3-space: Each vertex has exactly k = 4 edges. The vertices
can be partitioned into 3 independent sets (color classes) each containing 2 vertices. Vertices within
the same color class are not connected by an edge and there is an edge between every pair of vertices
within different color classes.

According to the Steinitz criterion a graph is polytopal in Euclidean 3-space iff the graph is planar
and 3-connected [24]. A graph is planar if it can be drawn in the plane so that its edges do not intersect,
and a graph is 3-connected if there is an at most 3-connected path between every two vertices of
the graph.
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According to the four-color theorem [25] all planar graphs can be colored using at most 4 colors.
Therefore, by Equation (9) and the four-color theorem a maximal set of d + 1 mutually unbiased bases
can be constructed in a d-dimensional Hilbert space using a finite group G of order N with a generating
set S and associated Cayley graph I'(G, S) of valency k, if the following relation

N
Nk~ d+1<4 (13)
is statisfied. Therefore, the necessary condition for the existence of complete multipartite polytopal
graphs I'(G, S) which saturate the bound d + 1 for complete sets of mutually unbiased bases is that the
Hilbert space has dimension d = 2 or 3.

In order to determine the possible orders N of the groups and the possible valencies k a further
relation is needed. The Descartes-Euler relation [26], involving the number of vertices fy, edges f; and
facets f, of a finite convex polyhedron, establishes the equation fo — f; + f, = 2. This relation gives
the additional constraint. It places an upper bound on the possible values of the valencies of the form

k < 5 (14)

because every 3-polytopal graph has a vertex of valency at most 5 [24]. Consequently the dimensions
d of the Hilbert spaces, the orders N and valencies k of all Cayley graphs I'(G, S) can be determined.
Such triples (N, k,d) are the feasibility parameters of polytopal graphs in Euclidean 3-space which
yield maximal sets of mutually unbiased bases. They are summarized in Table 1.

Table 1. Orders of basis groups | G |= N, valencies k of basis Cayley graphs I'(G, S), dimensions of the
Hilbert spaces d and polytopal Cayley graphs I'(G, S) in Euclidean 3-space for which maximal sets of
mutually unbiased bases can be constructed.

N k=Nd/(d+1) d Polyhedron in 3-Space
3 2 2 triangle (degenerate)
6 4 2 octahedron

4 3 3 tetrahedron

3. Examples of Maximal Sets of Mutually Unbiased Bases, Their Basis Groups and Cayley Graphs

In this section examples are presented which exemplify the theoretical developments of the
previous section in Hilbert spaces of low dimensions, i.e., d = 2,3 and 4. These examples include
complete multipartite polytopal Cayley graphs in Euclidean 3-space as well as more general scenarios.

3.1. A Cyclic Basis Group for d = 2 with an Octahedral Cayley Graph

In two dimensional Hilbert spaces a one-parameter family of cyclic basis groups G, =< M, >
of order N = 6, i.e, Mg, = E, yielding maximal sets of mutually unbiased bases is generated by
the matrix

1 efin/4 ei(p
My = \ﬁ ( el pint/4 > (15)
with ¢ € [0,27). The group generators defining the Cayley graph I'(G, Sy) = K2 are
2 gt g2t
Sp = {Mp M2, M}, M2}, (16)
This Cayley graph is the 1-skeleton of an octahedron. It is 4-regular, complete multipartite and its
vertices are partitioned into N/ (N — k) = 3 = d + 1 independent sets I; = { M), Mé,”} (i€{1,2,3})

each containing N — k = 2 elements. It is apparent that this Cayley graph satisfies the feasibility
constraints of Table 1. The number of maximal mutually unbiased bases, i.e., complete subgraphs K3,
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is (N — k)41 = 23 = 8. Since the basis group is cylic the defining representation of Gy splits into the
direct sum of 2 one dimensional representations [27].

3.2. A Non-Abelian Basis Group for d = 2 with an Octahedral Cayley Graph

In two dimensional Hilbert spaces a non-Abelian basis group G =< M;, M, > is generated by
the following matrices

1 -1 i 0 —en/t
My = ﬁ( i 1 >’ My = ( Q3in/4 0 > 17)

satisfying the defining relations M% = M% = (M1 M) = E,. This representation of the symmetric
group Ss is irreducible. A generating set of S3 used to define the Cayley graph I'(G, S) is

S = {MxMiMy, My, Mi My, MoM;}. (18)

Once again this Cayley graph is K, and it is the 1-skeleton of an octahedron thus satisfying the
feasibility parameters of Table 1. It is 4-regular and complete multipartite with N/(N —k) =3 =d +1
independent sets I; = {Mp, M3}, I, = {M1 My, MoMi My} and I3 = {M;, (M3 M>)?} each containing
N — k = 2 elements. Furthermore, the number of maximal mutually unbiased bases, i.e., of complete
subgraphs Kj, is (N — k)¥*1 = 23 = 8. Comparing this graph with the previous example demonstrates
that isomorphic Cayley graphs can be associated with different basis groups and generating sets, i.e.,
Kyp2 =2 T(Gy,Sy) =T(G,S).

3.3. A Non-Abelian Basis Group for d = 3 with a Non Polytopal Cayley Graph

In three dimensional Hilbert spaces the following matrices R; and Ry, where w := exp(ziT”), ie.,
1 w—w? 2w—w? —2w-—w? 1 w—w w— w? w — w?
R, = = w+20? 2w —w?  w+2w? , Ry = 3 w—w? “2w-w? w4 2w? , (19)
w + 2w? W+ 2w? —2w — w? w —w? w + 2w? —2w — w?

satisfy the defining relations R} = E3, R? = R3; R, IRiRy = Ry 1. Thus they generate the non-Abelian
basis group Qg =< Ry, R, >, which is isomorphic to the quaternion group of order | Qg |= N = 8.
The defining representation of Qg is reducible and splits into irreducible representations as 1 & 2.
The entries of the matrices 3R; and 3R; are the Eisenstein integers. The associated Cayley graph is
defined by the following set S of generators of Qg

S = {Ry, Ry, RoRy, R}, RS, R{RT}. (20)
The resulting Cayley graph I'(Qg, S) is k = 6-regular and complete multipartite. Each of its

N/(N —k) =4 = d + 1 independent sets has size N — k = 2 (compare with Figure 2). In contrast to
the two previous examples I'(Qg, S) is not a polytopal graph in Euclidean 3-space.
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Figure 2. The Cayley graph I'(Qs, S) = Ky as defined by the set S of Equation (20): This complete
multipartite Cayley graph is k = 6-regular with 4 independent sets each containing 2 vertices. It is not
a polytopal graph in Euclidean 3-space as it does not fulfill the conditions of Table 1.

The number of maximal mutually unbiased bases, i.e., complete subgraphs Ky of T'(Qs, S),
is (N — k)1 = 2% = 16. A sample of four representative mutually unbiased bases, corresponding
to the Ky subgraphs of I'(Qs,S), is: {R%,RoRi,R3,R3},{R%, Ry, Ry, R3R1}, {Es, RoRy, R3, R3},
{E3, Ry, Ry, R%Rl } For the complete set of 16 mutually unbiased bases see [19]. In order to determine
the number of physically distinguishable mutually unbiased bases one has to take into account the
projective structure of quantum theory implying that a pure quantum state is represented by a ray
in Hilbert space. Therefore, orthonormal bases which differ by a global phase have to be identified
because they are indistinguishable physically. As the basis group Qg has non trivial centers not all
24 cliques of the associated Cayley graph Ky, yield physically distinguishable complete sets of
mutually unbiased bases.

3.4. An Icosahedral Basis Group for d = 4 with a Non Polytopal Cayley Graph

In four dimensional Hilbert spaces the matrices Ty and Ty, i.e.,

1 i i -1 000 —i
1 - -1 1 —i 010 O
T, = _ T = 21
! 2| - 1 -1 i |77 i 00 0 | @D
-1 i i 1 001 0
satisfying the defining relations T? = T3 = (TyT»)° = E4 generate the non-Abelian basis

group Igo =< Ty, T, >, which is isomorphic to the icosahedral group of order | Iy |= N = 60.
This 4-dimensional representation of I4 is irreducible. This basis group is a simple group, i.e., it has
no proper normal subgroups [27].

The adjacency matrix of the associated Cayley graph graph I'(Is,S) is determined by this
representation of the group Igy and the defining relation of Equation (6) for mutually unbiased
bases. The generators S of the Cayley graph I'(Is, S) are defined by this adjacency matrix. This Cayley
graph is 48-regular so that the set S contains 48 elements. Furthermore, it is complete multipartite with
N/(N —k) =5 =d + 1 independent sets each containing N — k = 12 elements.

Although I is the group of proper three dimensional rotations of the icosahedron, the graph
I'(Igo,S) is not polytopal in Euclidean 3-space. But the basis group Ig is a subgroup of the
automorphism group of I'(Ig, S), as required by the general properties of basis groups and their
associated Cayley graphs. The number of maximal mutually unbiased bases, i.e., the number of
complete subgraphs Ks of ['(Ig, S), is (N — k)@+1 = 125 = 248,832. As the basis group Iy is a simple
group all these 12° cliques yield physically distinguishable complete sets of mutually unbiased bases.

4. Conclusions

We have discussed and generalized a recently developed group and graph theoretial approach
aiming at the construction of large sets of mutually unbiased bases in finite dimensional Hilbert spaces.
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In this approach the construction of mutually unbiased bases in a Hilbert space of given dimension
is reformulated as a clique finding problem of a Cayley graph associated with a finite basis group.
This approach offers the possibility to enlarge and possibly also to complete already known systems of
mutually unbiased basis systems. As this approach is independent of prime number restrictions of
previous formulations, such as the ones in [9-16], it sheds new light onto the connections between the
structure of mutually unbiased bases of Hilbert spaces and other areas of mathematics.

In this manuscript we have explored a connection to geometry by classifying all the polytopal
graphs in Euclidean 3-space which are the possible Cayley graphs of basis groups supporting maximal
sets of mutually unbiased bases. It has been shown that apart from the degenerate case of a two
dimensional triangle such polyhedral constructions can only occur in Hilbert space dimensions d = 2
and d = 3 either by octahedra in the case d = 2 or by tetrahedra in the case d = 3. The Cayley graphs of
the two dimensional examples presented in Sections 3.1 and 3.2 are isomorphic octahedra exemplifying
these polytopal constructions in Euclidean 3-space. In particular, these examples demonstrate that
different basis groups may lead to isomorphic Cayley graphs. The Cayley graphs of the three and
four dimensional examples discussed in Sections 3.3 and 3.4, however, are of a more general nature.
They do not belong to the set of polytopal constructions in Euclidean 3-space and introduce new
complete sets of mutually unbiased bases. In particular, these two latter examples demonstrate the
general property discussed in Section 2.4 that a basis group, such as Qg (Isp), is always a subgroup of
the automorphism group of the associated Cayley graph, such as K522 (Ki2,12,12,12,12)- This property
establishes an interesting general relation between the symmetry encoded in a basis group and the
symmetry encoded in its associated Cayley graph which is expected to be useful for the construction
of complete sets of mutually unbiased bases in higher dimensional Hilbert spaces.

Our investigations and the low dimensional examples presented here constitute the first steps
in a systematic exploration of this group and graph-theoretical approach. They hint at interesting
connections between structures of mutually unbiased bases of finite dimensional Hilbert spaces and
symmetries of Cayley graphs which will be explored in future work.
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Abstract: We consider a quantum charged particle moving in the xy plane under the action of
a time-dependent magnetic field described by means of the linear vector potential of the form
A =B(t)[-y(1+B),x(1 — B)] /2. Such potentials with B # 0 exist inside infinite solenoids with
non-circular cross sections. The systems with different values of B are not equivalent for nonstationary
magnetic fields or time-dependent parameters (), due to different structures of induced electric fields.
Using the approximation of the stepwise variations of parameters, we obtain explicit formulas describing
the change of the mean energy and magnetic moment. The generation of squeezing with respect to the
relative and guiding center coordinates is also studied. The change of magnetic moment can be twice
bigger for the Landau gauge than for the circular gauge, and this change can happen without any change
of the angular momentum. A strong amplification of the magnetic moment can happen even for rapidly
decreasing magnetic fields.

Keywords: circular gauge; Landau gauge; arbitrary linear gauge; stepwise variation; center-of-orbit
coordinates; relative coordinates; elliptic and hyperbolic solenoids; angular momentum; magnetic
moment; squeezing

1. Introduction

The motion of a quantum non-relativistic charged particle in a uniform stationary magnetic field,
B = (0,0, B) = rot A, has been studied since the dawn of quantum mechanics, beginning with the papers
by Kennard, Darwin, and Fock [1-3]. These authors used the “circular” gauge of the vector potential
Ac = [Bxr]/2 = B(—y,x,0) /2. Another gauge, A = B(—,0,0), was considered by Landau [4].
Although the form of solutions to the Schrodinger equation is rather different for these two gauges,
the physical results, such as the magnetization of the free electron gas, were identical.

The Schrodinger equation in the case of time-dependent uniform magnetic field was solved by Malkin,
Man’ko, and Trifonov [5] for the “circular” gauge of the vector potential and by Dodonov, Malkin, and
Man’ko for the Landau gauge [6]. However, in these two cases, the physical results turned out quite
different, e.g., comparing the transition probabilities between the energy levels. This can be explained by
different geometries of the induced electric field E(r, t) = —9dA(r,t)/d(ct) (we use the Gaussian system of
units). Other manifestations of the nonequivalence between the Landau and circular gauges in the case of
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time-dependent magnetic fields were observed in studies [7,8] devoted to the problem of generation of
squeezed states of charged particles in magnetic fields.

In this paper, we suppose that the homogeneous magnetic field B, directed along z-axis, is described
by means of a general linear vector potential,

A(t) = B(t) [-y(1+B),x(1-$),0] /2, 1)

with arbitrary values of real parameter . The circular gauge corresponds to f = 0, whereas the Landau
gauge corresponds to f = £1. Our main goal is to see how the mean values of energy, angular momentum,
and other quantities can change in the case of time-dependent magnetic field with arbitrary values of
parameter . In particular, interesting questions are whether it is possible to “cool” the particle by changing
the magnetic field or the shape of solenoid, or how strong is the change of the magnetic moment due to
the change of the magnetic field? Unfortunately, the general treatment of the time-dependent problem
with arbitrary functions B(t) and/or B(t) is very difficult. For this reason, we confine ourselves in this
paper with the simplified model of instantaneous changes of parameters. Although abrupt changes of
parameters are idealizations of real processes, they are frequently used for the analysis of various physical
processes [9-17].

Our plan is as follows. In Section 2, we show how the general linear vector potential can be created
inside solenoids with non-circular cross sections. In Section 3, we present the basic equations and explicit
expressions for the transformation matrix, relating the relative and guiding center coordinates before
and after the jump. Section 4 is devoted to concrete formulas describing the changes of the mean energy,
magnetic moment, and mean positions of the guiding center, as well as the squeezing with respect to
the relative and guiding center coordinates. Section 5 contains a discussion of the results, including a
justification of the sudden jump model.

2. Vector Potential Inside an Infinite Solenoid with an Arbitrary Cross Section

Our starting point is the well-known formula for the vector potential created by an arbitrary
distribution of the electrical current density j (in the Gauss system of units) [18]:

_ 1)
A(r) _Z./ oV @)

Consider the cylindrical solenoid of length 27 and an arbitrary cross section. Two examples are
shown in Figure 1.

Suppose that the current density differs from zero in a thin slab of thickness 7, being directed
perpendicular to the cylinder axis z and having the constant absolute value jy. The element of the
integration volume dV can be chosen as dV = tdldz, where dl is the infinitesimal length element along
the cylinder boundary in the horizontal plane xy. We are interested in the vector potential in the plane
z = 0 (assuming that —Z < z < Z for the points of the solenoid surface), keeping in mind to take the limit
Z — co. We can write jdV = Zdldz, where Z = jy is the surface current density and dl is the infinitesimal
vector along the contour of the cross-section. Then, (2) takes the form

_I ‘ dz 2 _ 2 2
A(x/y)—zfdl/izm/ pr=x=0 "+ -1, @)
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where (¢, 1) is the point on the cylinder surface in the plane z = 0, so that d1 = (d¢, d17). The integral over
dz can be easily calculated with the aid of the substitution z = p sinh(x):

Z dz B B . -
.Lzaiiéﬁﬁ”’hzfzm{<z+dz +p)/4.

For Z > p, the right-hand side can be written as 2In(2Z) + p?/(2Z%) —2Inp. As § d1In(2Z) = 0,
we obtain the following limit of (3) for Z — co:

Amwzf%fmm@ﬂ. @)

This general formula holds for any infinite cylindrical solenoid, with an arbitrary cross-section
(provided the surface current density does not depend on z). (One can be unhappy to see the dimensional
quantity p? in the argument of the logarithmic function. However, one can make this argument
dimensionless, adding to the right-hand side of (4) the expression 39 dlIn(S) = 0, where S can be an
arbitrary constant with the dimension of square of length. In any case, no error with the dimensionality
will appear in the final results).

bsinh(xm)

&n) (%)

gw

—bsinh(xm)

Figure 1. (Left) The cross section of the elliptic solenoid with the axes ratio a/b = 2, yielding the vector
potential (1) with f = 1/3. (Right) The cross section of the hyperbolic solenoid with  ~ —3/2.

For the elliptical solenoid with the axes 2a and 2b, one can use the parametrization { = a cos ¢ and
1 = bsin ¢. Then, the two components of the vector potential can be written as

A T o _asi .
( A, ) = _Z/o d(p( baczlsngo(p >ln [(x—aCOS(p)z-i-(y—bsmgo)z}. (5)

One can see that the change of the integration variable ¢ = ¢ — 71/2, together with the substitutions
x =Y,y — —xand a < b, transforms the integral for Ay into the integral for A,. Therefore, it is sufficient
to calculate Ay. However, the calculation of integral (5) for arbitrary four parameters, 4, b, x, y, is rather
complicated. Therefore, we assume that |x| < a2 and |y| < b. This means that we consider the motion in
some relatively small region inside the solenoid with big enough perpendicular sizes. One can see that
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integral (5) equals zero for x = y = 0, as the integrand is an odd function in this case. Taking into account
only linear terms with respect to x and y, we arrive at the formula

2abyZ (27 dgsin?
I / gme )
¢ Jo a2cos? g+ b?sin® ¢

The integral proportional to x equals zero, as the related integrand is an odd function of ¢. The
integral in (6) can be written as

27 dy(1 — cos ) B dz (z—1)2
/0 a2+ b2+ (a2 —b?)cosp _?\{z\:1 iz (B2 —12) (2 4+1)+2(a®+1?)z

where = 2¢ and z = exp(iyp). The integrand of the contour integral has two poles inside the circle
|z] =1:z; = 0and zo = (b —a)/ (b + a). Using the residue method, we arrive at the formula

/2” dg sin® ¢ 2 @)
0 a?cos? g+ b2sin®g  b(a+b)

Consequently, the vector potential components near the center of the elliptic solenoid have the form

_ Bay _ Bbx
a+b’ Y a+b

B=4nTZ/c, ()]

where B is the strength of the uniform magnetic field inside the solenoid. Comparing (1) with (8), we obtain
the relation between parameter B and the semi-axes of the elliptic solenoid:

p=(a—b)/(a+D). ©)

Actually, the linear vector potential of the form (1) exists for an arbitrary shape of the solenoid cross
section, possessing a symmetry with respect to reflections from the x and y axes, within a small (compared
with the transverse solenoid sizes) region near the center. For example, let us consider the rectangular
cross section —a < ¢ < aand —b <y < b. Then, Formula (4) yields

T b _1)\2 2
ay=" [ dyin [w] _ (10)
¢ /b 1=y +(x—
The corresponding indefinite integrals can be calculated exactly:

/dz In <22 +g2) =zln <22 +g2) — 2z +2gtan 1(z/g).

However, the resulting exact formula for A, is very cumbersome. On the other hand, expanding the
g Yy y P g
integrand in (10) with respect to x and y, we obtain in the linear approximation:

b daxdy
< /ha2+17 (2/7)Bxtan~(b/a). (11)
In this case,
B=1—(4/m)tan 1 (b/a). (12)

To show how the vector potential (1) with |f| > 1 can be created, let us consider the concave
solenoid with two hyperbolic boundaries, (¢/a)? — (17/b)?> = 1, parametrized as & = =+a cosh(x) and
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7 = bsinh()). As the current must flow along the closed circuit, we suppose that —x,; < x < Xm,
so that the circuit is closed by two straight lines 77 = £bsinh(x;). In this geometry, the component A, is
determined only by the current in the hyperbolic boundaries. It can be written as (if the current flows in
the counterclockwise direction)

= [ v S5 3]
In the linear approximation, with respect to variables x and y, we arrive at the integral
4abxZ [Xm dx cosh? X
v /_Xr" a2 cosh? x + b2sinh® x (14)
This integral can be calculated exactly [19]. The result is
Ay = % { m+ Ztan*1 <§ tanh)(mﬂ . (15)
Consequently,
ﬂ:1_ﬂ:(ﬂ4+—ibz) {Xm-i-%tan’l <Ztanhxm>} . (16)

If xn < 1, then B is close to the unity. But  can be less than —1 for sufficiently large values of
parameter x,,. In particular, if x,, > landa = b, then p ~ 1/2 — 2x,,/ .

The linear approximation for the vector potential can be justified if the transverse solenoid size is
much larger than the Larmor radius of the charged particle R;, = |v/w|. For the quantum particle with
the minimum energy fiwy/2, one has Ry = /fi/(mwy) = \/ch/(eBy). To have an idea on the orders
of magnitude of parameters, we consider an electron moving in a magnetic field of order of By = 10> G.
Then, wy ~ 2 x 10! s7* and Ryy ~ 107> cm. Therefore, the linear approximation is quite good for
solenoids whose transverse dimensions are much bigger than 1 mm and magnetic fields are stronger
than 1G.

3. Main Equations

We consider a quantum nonrelativistic spinless particle of mass m and charge e, whose motion in the
xy plane is governed by the Hamiltonian

A= 7"[2/(2111), T=p-—eA/c. (17)

If the magnetic field B = By does not depend on time, then Hamiltonian (17) admits two linear
integrals of motion,

X=%+ 7ty / (mwy), Y =9 — 7y /(mawy), wy = eBy/mc, (18)

which are merely the coordinates of the center of a circle, which the particle rotates around with the
cyclotron frequency wy. The importance of these integrals of motion was emphasized by many authors
during decades [4,17,20-25].

The second pair of physical observables consists of two relative coordinates:

f=%2-X i Y = 7ty / (mwy). (19)

Il
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Then Hamiltonian (17) with B = By = const can be written as
A =ma} (& +1%) /2 (20)
Due to the commutation relations,
[&7] = [V, X] =in/(mwo),  [5X]=[5Y]=[0X]=[}Y]=0, (1)

the eigenvalues of operator (20) assume discrete values ficwy (1 4 1/2). Moreover, these eigenvalues have
infinite degeneracy [4], because they do not depend on the mean values of operators X and Y (or their
functions). In addition to the energy, there exists another quadratic integral of motion, which can be
considered as the generalized angular momentum (the formulas below are identical for the classical
variables and quantum operators; therefore, we do not put here the symbol * over operators):

L = xmy — ymy + mawy (xz + y2> /2 = xpy — ypx + mwof (x2 — y2> /2. (22)

It coincides formally with the canonical angular momentum Leay = xpy — ypx in the case of “circular”
gauge of the vector potential. It follows from (22) that the “kinetic” angular momentum, defined as

Lyin = X1ty — y7ty, (23)

is not a conserved quantity, and it can vary with time in the generic case [20,26,27]. On the other hand,
the “intrinsic” angular momentum

] =&y — e = —mawo (&2 +9) = —2H/wp @

is obviously conserved for the constant magnetic field. Formulas (22) and (23) can be written in terms of
“geometric” variables (different from the phase plane coordinates) as

L = mwy <X2 FY -2 7]2) /2, Ly = —mawy (gz 2+ XE+ Y;y) . (25)

It is convenient to use the vector q = (&, 7, X, Y), whose components can be either classical variables,
quantum operators, or mean values of these operators. The initial values, before the variation of parameters,
are contained in vector qo. Vector qy contains the information about the geometrical coordinates after the
variations of parameters. Due to the linearity of the equations of motion, these two vectors are connected
by means of some transformation matrix A:

MM

2
As Ay (26)

q5 = Aqo, A=

Here, A; are four 2 x 2 blocks of the 4 x 4 matrix A.
The mean energy in the stationary magnetic field equals £ = mwé(fz +72) /2. It can be written as
the sum of two independent parts:

E=Et&y,  E=mf(@7+m)7) /2 & =maf (o +ou) /2 27)

where 0,5 = (&8 + Ba)/2 — (&)(B) with «,p = £,7,X,Y. The quantity £ coincides with the energy
of the classical particle moving along the mean trajectory ((¢), (7)), whereas the quantum correction
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&, in (27) arises due to quantum fluctuations, described by means of the variances ozz and oy of the
relative coordinates.

3.1. Change of the Classical Part of Energy

The change of the classical part of the mean energy can be written as some quadratic form with
respect to the initial quantum-mechanical mean values of the relative and guiding center coordinates:
A& = (mwi/2) ¥ Wag(a)o(B)o, where coefficients W, are certain bilinear combinations of the elements
of matrix A. Therefore, Af; depends on four initial parameters. In particular, these parameters can be
almost always chosen in such a way that the final classical part of energy will be equal to zero. For example,
it is sufficient to solve the equations (¢) ; = (i7) ; = 0 with respect to the initial values (X), and (Y), with
fixed values of ({), and (7). The answer in terms of elements of matrix A is as follows,

(X)o = [(A1aA21 — AoaAi1) (©)g + (A1afo — ApaAr2) (17)o] / [A13Aos — Aoz Avy], (28)
(Vo = [(AzA1n — A13An) (§)g + (A2sA12 — AizAx) (11)] / [A13A2s — AozAry]. (29)

However, this is an extremely peculiar situation.

Therefore, let us consider a rarefied gas of charges in the uniform magnetic field. Neglecting the
interaction between charges (i.e., assuming the magnetic field to be strong enough), we can write the total
energy as the sum of independent single-particle energies. However, the positions of guiding centers of the
gas particles can be quite arbitrary, as well as the concrete values of the relative coordinates of each particle
(obeying the restriction ((;‘)3 + (11}% =p} = 2600/ (mw?). In such a case, the most interesting quantity
is the average value of A&, where the averaging is performed over the whole ensemble of charges with
arbitrary initial quantum-mechanical mean values. Designating such an additional averaging by means of
the over-line (to distinguish from the primary quantum-mechanical averaging), it seems natural to assume
the absence of initial correlations and the isotropic distribution of non-zero mean values:

@o(Blo=0 if a#p (©3=(n3=E"/(ma})=p3/2, (X3=(V3=R}/2  (30)

Here, R2 is the average square of the distance between the classical guiding center position and the center
of solenoid, whereas p3 is the average square of the classical radius of orbit. Under these assumptions, the
average change of the classical part of energy can be written as

AL = mew? (Fppg + FRRg) /2, (31)

F, = @ (A{1 FAZ A2+ Agz) /2-1=0Tr (M) /21, (32)

Fr =02 (Ahy+ Ad + ALy + A3,) /2 = ©°Tr (Maho) /2, (33)

where ® = ws/wp and ;\j means the transposed matrix. Coefficient Fg is always non-negative.

However, coefficient F, can be negative, thus indicating a possibility to cool the gas by means of fast
variations of the magnetic field.

3.2. Change of the Quantum Part of Energy

It is convenient to combine all covariances in the single 4 x 4 symmetrical covariance matrix o = ||o,g]|.
Then , the linear transformation (26) implies the following relation between the final (¢ f) and initial ()
covariance matrices [28],

op = AcoA, (34)
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where A is the transposed matrix. The change of the quantum part of the mean energy,

Ay = (’”w}/z) (o5 + o) ¢ — ("’“’(21/2) (722 + o) (35)

depends on the evolution matrix A and the initial covariance matrix ¢p. In general, oy can have
10 independent elements (obeying some restrictions due to the uncertainty relations). Therefore, it is
difficult to analyze the problem for the most general initial states. We consider the simplest situation,
when the initial state possesses some rotational symmetry inside the pairs (¢,7) and (X, Y). Therefore,
we assume that non-zero initial elements of matrix o are 0zz = 0y, = G and oxx = oyy = ¥, i.e,

GL 0
0) = , 36
0=V (36)
where I is the 2 x 2 unity matrix. Then,
AE = (mwj%/2> Tr (G Ay + xA2da) — mw3G. 37)

In view of the commutation relations (21), two positive parameters in matrix (36) must obey the
restrictions G > h/|2mwy| and x > h/|2mwy|. In particular, the variance matrix (36) can describe the
thermal quantum state with different temperatures of the () and (XY) subsystems. However, this is
by no means the only possible state, because the covariance matrix describes uniquely only the Gaussian
states (unless G = x = h/|2mwy).

3.3. Change of the Average Guiding Center Position

Calculations similar to that of the preceding subsections give the following formulas for the “classical”
and “quantum” parts of the change of the average square of the radius of the guiding center position.

- 1 B -
ARZ = (X)3+ (¥)3 - R = 5 Tr (A3A3p§ + A4A4R5) —RZ, (38)
AR% = ((TXX + (Tyy)f — (UXX + (Tyy)o =Tr (G)L3/~\3 + )(/\4}\4) — 2)( (39)

One can see that, under conditions (30) and (36), the formulas for the “classical” and “quantum” parts
of the quantities A€ and AR? are, in fact, identical, if one makes the formal substitutions xy — 'R% /2 and
G — p3/2 (remembering that parameters x and G are limited from below, whereas R3 and p3 can be
arbitrary non-negative numbers). Therefore, in the subsequent sections, we give explicit formulas for the
“quantum” parts of the quantities under study only.

3.4. Change of the Angular Momentum

Due to the choice of the initial variance matrix in the form (36), the initial mean value of the quantum
part of the angular momentum operator (25) equals (L) g = mwo(x — G). Equations (25), (34) and (36)
yield the following formula for the change of this quantity,

ALy = mwy {2(G — x) + OTr [G (AsAs — AA1) + x (Aada — A2A2) ]}, 0O = wy/w. (40)
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3.5. Evolution of the Magnetic Moment

The operator of magnetic moment M can be introduced in several ways. One can start from the
thermodynamic relation (M) = —a(£)/9B and define M = —dH/dB. This definition was used, e.g.,
in [20] for the circular gauge (8 = 0). For the general linear gauge, such a definition results in the formula
(Liin — BA) . (41)

— [ty — 97 — B (27 + §7tx)] = e

However, one can use as the starting point the standard definition of the classical magnetic moment

M:%/dv[rxj} 42)
Then, using the expression for the quantum probability current density

. deh N . 2 .
I =5, (YVy* =y Vy) — %All’ ¥, (43)

one can write the right-hand side of (42) as the mean value of operator

[N
e Liin- (44)

My =

Therefore, the relation M = eL/(2mc) does not hold for the time independent angular
momentum (22).

Formulas (41) and (44) coincide only for B = 0 (note that namely this special gauge was used in
the overwhelming number of papers devoted to the motion of quantum particles in the magnetic field).
However, writing the operator A in (41) as A = mwy (/% — E+vnp— X(f), one can see that the average
value of A over the period 27t/wy equals zero (as X and ¥ do not depend on time, whereas ¢(t) and
71(t) oscillate with frequency wy in the Heisenberg picture; in addition, the difference 72 — & oscillates
with frequency 2wy). Using the symbol ((- - - )) for the double averaging (over the quantum state and
over the period of rotation in the magnetic field), we have ((M;)) = ((M,)). Moreover, in view of (24)
and (25), we have ((Ly;,)) = ((]J)). Therefore, ((M)) = —e€ / (mcwy), for any definition of the magnetic
moment operator. (Actually, some authors used this formula as the definition of the magnetic moment
of a charged particle moving in the magnetic field [29].) This relation explains why different choices of
the vector potential gauge do not influence the final results for the magnetization of the free electron gas
in the time-independent magnetic field. Designating AM = ((M)) F ({M))o, we obtain the following
expression for the quantum part of the change of the magnetic moment in the nonstationary case,

AMy = (ewp/c) [G — (©/2)Tr (GMA1 + xA2A2)] . (45)

3.6. The Transformation Matrix for the Sharp Jump of Parameters

For the constant magnetic field with the cyclotron frequency wy, the canonical coordinates (x, y, px, py)
are related to the “geometrical” coordinates (&, 7, X, Y) as follows,

2=¢+X,  p=n+Y, (46)
px = mewo [((1—B) = Y(1+PB)] /2, py=mwo [X(1—B) —E(1+B)] /2. (47)

The canonical coordinates (or mean values of the corresponding operators in the quantum case) do
not change during the instantaneous finite jump of the parameters (as the wave function cannot change
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instantaneously in the nonrelativistic quantum mechanics; the same result can be obtained by integrating
the equations of motion for the canonical variables during the infinitesimally short time of the jump).
However, the relations between the canonical and geometrical variables are different before and after the
jump. Therefore, one can easily find the elements of matrix A, solving the equations

& +Xo=E&+Xp, wo@dl—ﬁﬂ—&ﬂ+ﬂw]:wfpﬂl—ﬁd—@0+ﬁﬂ]
and similar equations for the pair (17,Y). If wf = @wp and AB = B¢ — By, then

L. 0 K. 0
1 0 Ly 0 Ki

A= 4
20| Ki 0 L, o0 |’ 48
0 K. 0 L.
where
Ki:K<1:tﬁf):tAﬁ, Li=2+K:, x=0O-1. (49)

Matrix (48) equals the unity matrix if x = AB = 0. For this reason, many formulas in the subsequent
section have the most compact form if they are written in terms of parameter «, instead of ©.

4. Results

4.1. Energy Evolution
Equations (37), (48) and (49) yield the following expression for the quantum part of the energy change,

gy = (mw}/4) {[(Kﬁf+A/5>2+K2] (G+x) +4KG}- (50)

The energy always increases after the jump of the gauge parameter p with the fixed value of the
magnetic field (x = 0): AE; = mw2(AB)*(G + x)/4. On the other hand, A€, can be negative for the fixed
B and negative values of parameter x = ® — 1 inside the interval

_ 46
(1482 (G+x)

The minimum is achieved in the middle of this interval:

<x<0. (51)

g§O)G (min) __ gq([)) [G,Bz +X (1 + .Bz)]
GG | o

1+ (G+x)
In the special case of G = x, we have

(min) _
qumm —

L ptmin) g0 1428
1+p 77 7T 2428

AE; = %8,;0) [ZK +«2 (l + ﬁz)} , Kmin = (53)

In this case, the quantum part of the energy can be reduced to the half of the initial value for g = 0
(the circular gauge) and ® = 0 (the total switch off the magnetic field), but it can be reduced by only 25%
for B =1 (the Landau gauge) and ® = 1/2. For x = —1 (or © = 0), we have

AS, = imw% [((1+8) G+x)-46],  Agle_, = %&;0) (-1). (54)
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Another interesting special case is kK = —2 (wWhen ® = —1: the instantaneous inversion of the magnetic
field). Then,

ag =ma[(1+8)x- (1-82) G|, a&lo, =268 (55)

For |B| = 1 (the Landau gauge), the energy always increases, and the increase depends on the initial
fluctuations of the guiding center position only. On the other hand, if B = 0, then A&, = mw3(x — G),
so that the final quantum part of energy is determined by the guiding center fluctuations: £ = mwzx.

4.2. Shift of the Guiding Center and Variation of the Angular Momentum

The “classical” and “quantum” parts of the guiding center mean position shift are described by
Equations (38) and (39). The explicit formula for the quantum part is as follows,
2 1 2,2
ARY = oo (Kﬁf+Aﬁ> +12| (G +x) — 4xOx (56)
For small changes of the magnetic field, when ® ~ 1 and || < 1, we have AR% ~ —2x)X. According
to (56), A’Rﬁ — oo for @ — 0. However, this is a consequence of Equation (18), because in the absence of
the field the particle moves along a straight line, whose curvature radius is obviously infinite.
If « = 0 but AB # 0, then AR% is always positive. A more interesting case is A = 0. For example,

if G = x, then
Gr? 0+1
2 _ 2
ARG = —5 (/5 _1>. (57)

In this case, if ® < —1, then AR% < 0 for B = 0, whereas AR% > 0 for /32 = 1, with the critical value
Bz = (18] = 1) / (|®] + 1), when AR changes its sign.

The angular momentum does not change its value for any values of parameters p and O, as
Equation (40) leads to the formula AL; = 0. Actually, this is the direct consequence of Equations (22), (36)
and the instant jump approximation, because the canonical coordinates do not change during the instant
jump, whereas (#? — §?) = 0, due to the diagonal form of the initial covariance matrix. Situations with

ALg # 0 can happen for asymmetric initial conditions.

4.3. Change of the Mean Magnetic Moment

Using Equations (45) and (48), we obtain the following formula for the relative change of quantum part
of the mean magnetic moment Ay = AM/ M (where Mgy = —(e/c)woG is the initial magnetic moment):

op=(0) (s + )" +2| (149), g =/C. (58)

We see that the sign of change is determined completely by the sign of ratio ® = wy/wy. If x = 0, then
any change of the solenoid shape increases the magnetization: Ay = (1+g) (AB)?/4.

If AB = 0, then Ap = 2 (1+ B2) (1+g) /(40), so that the Landau gauge yields a twice bigger
relative change of the magnetic moment than the circular gauge. Bigger changes can be achieved in
hyperbolic solenoids with || > 1. Note that function 2/ (40) = (® — 2 4+ 1/©) /4 is symmetrical with
respect to the transformation ® — 1/0. Consequently, the increase and decrease of the magnetic field
result in the same relative change of the magnetic moment (by the absolute value). If ® = —1 (the instant
inversion of the magnetic field), then Ay = — (1+ g2) (1 + g), so that <<1\7I))f = —((M))g for g = 1 and
B =0, but <<M))f = —2((M))j for the Landau gauge.
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4.4. Generation of Squeezing

The squeezed states of a free charged particle moving under the homogeneous magnetic field (with
the circular gauge of the vector potential) were considered by several authors [16,30,31], but they calculated
the squeezing coefficients with respect to the canonical pairs of variables, such as x, p, and y, Py, whose
physical meaning is not quite clear. Therefore, it was suggested in [32-34] to analyze the variances in the
pairs (X, Y) and (¢, 7). The states possessing variances of any element of the pairs (X, Y) or (&, 7) less than
i/2mwy were named “geometrical squeezed states” (GSS) in [7], to emphasize that all the observables
(X, Y, &, 1) have the meaning of coordinates in the usual (“geometrical”) space, and not in the phase space.
Only the circular gauge was considered in [32-34]. Two gauges—the circular and Landau ones—were
compared in [7].

An interesting problem raised in [7] is how one could create GSS, starting from coherent states (having
all variances equal to /1/2mwy). For the single-mode systems, such a problem can be solved effectively by
using quadratic Hamiltonians with suitably chosen time-dependent coefficients [28]. However, can this can
be done using time-dependent magnetic fields in two dimensions? It appeared that the answer depends
on the choice of time-dependent gauge. Namely, it was shown in [7] that no squeezing can be obtained for
any geometrical observable (X, Y, ¢, #) for an arbitrary time-dependent magnetic field described by means
of the circular gauge of the vector potential. On the other hand, some degree of squeezing can be obtained
in the case of Landau gauge. These observations explain our interest to the general vector potential (1).

Let us suppose, for the sake of simplicity, that the initial state was coherent with respect to all
geometrical observables, i.e., G = x = i/|2mwy|. Then, we have the following form of matrix oy = GAA

immediately after the jump, o'y = (h/ [2mw f|> o, where

L2 + K% 0 LiK_+L_ Ky 0
oo L 0 L2 + K% 0 LiK-+L-K; (59)
T 40| || LiK- +L_Ky 0 L2 +K% 0
0 LK +L Ky 0 L2 +K2

The relative squeezing with respect to the new ground state value 11/ |2mwy| immediately after the
jump is characterized by two coefficients:

2
g t+[a-sp+x(1-p)] .
0= = 0ue = 00 = e T 20| , (60)

2
o pgg k[a+apax(148)] o
7T =T Tgel T 20 '

If x = 0, then squeezing is possible provided |1 &+ AB| < 1. The maximum squeezing of 50% can be
achieved for A = £1. If AB = 0, then

1+ (©@+xp)?

el 62)

04 =

so that no squeezing is possible for the circular gauge (8 = 0), in accordance with the authors of [7]. On the
other hand, o~ = 1/|®| for § = 1. In any case, squeezing is possible only for 2|®@| > 1. The minimal value
Omin = (2|®])~! can be achieved for § = £@/(® — 1). If |x| < 1, then ¢ & 1 + B, so that squeezing is
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possible for any § # 0. Note the symmetry relations o, (®, f) = 0 (®, —B) and 04 (®, ) = 0+ (—O, —p).
Figure 2 shows typical plots of 0+ (®, B) for some fixed positive values of B.

a, ag,
[ 2 r
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1.4 f
r 1.2F 2
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Figure 2. The functions o (©) (left) and ¢—(®) (right) for some fixed positive values of the gauge
parameter 5 (shown near the respective curves).

5. Discussion

The results of the preceding section show that, indeed, the choice of the gauge parameter f (i.e., the
choice of the solenoid shape) can influence significantly on changes of many physical quantities after
the stepwise variation of the magnetic field. Moreover, it appears that the directions of these changes
can be quite different for different quantities. For example, the change of the mean value of the angular
momentum does not depend on f (for the chosen symmetric initial conditions). The energy change can
be stronger for the circular gauge (8 = 0) than for the Landau gauge with || = 1. On the contrary,
no squeezing can be created from the initial coherent state for g = 0, whereas it can be quite significant
for |B| = 1. However, the most interesting results, probably, are related to the change of the average
magnetic moment.

This change is twice bigger for the Landau gauge than for the circular one. The magnetic moment
increases with the increase of the magnetic field, and this behavior seems natural. An unexpected result is
the increase of the magnetic moment when the magnetic field decreases. An especially strange consequence
is the infinite magnetic moment after the instant switching off the magnetic field. Of course, the sharp
change of the magnetic field in time is an idealization, which can be justified if the magnetic field varies
rapidly during a small time interval 6t < 27r/wy. This means that the particle practically does not
change its position, and its wave function does not change its value, during the interval 6¢t. On the
other hand, the time-dependent magnetic field in the empty space inside the solenoid cannot be strictly
homogeneous, due to the time dependence of the induced electric field. However, this inhomogeneity can
be neglected if the Larmor radius is much smaller than the scale of spatial variations of the time-dependent
electromagnetic field, which is of the order of the characteristic wave length A ~ cét. Thus, we arrive at
the restrictions \/T1/ (mc?wy) < 6t < 27/ wy, which are self-consistent if the cyclotron frequency satisfies
the condition wy < (27r)?mc?/h, which is equivalent to By < (271)?m?c3/(eh). For the electron, one
obtains By < 10'5 G. Consequently, the model considered in the paper seems to be well justified for
typical magnetic fields used in laboratories, which do not exceed 10° G (see also [16]). For wy ~ 101051
(Bp ~ 500G), the restrictions on the parameter 6t takes the form 3 x 107105 <« 6t < 6 x 107105, These
restrictions are much softer for atomic ions, whose masses are five orders of magnitudes higher than the
electron mass.

Strictly speaking, we cannot exclude a possibility that the model of homogeneous and rapidly
changing in time magnetic field can be invalid for ® — 0, when the quantum Larmor radius
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Ry = y/hc/|eBs| becomes too large. This special case needs a separate detailed investigation. In this
connection, it would be interesting to find solutions to the problem (approximate analytical or numerical),
considering more realistic time dependencies of the magnetic field B(t) and the gauge parameter B(t).
Note, however, that R; ~ 2 um for B o~ 1G, which can be considered as practically zero field if By ~ 1T.

Among other results, it is worth mentioning a possibility of cooling the system of charged particles
by means of fast variations of the magnetic field. Actually, this is a subtle problem, because one has to take
into account many other effects, such as the interaction between the charged particles in the gas, to make
realistic estimations. On the other hand, the problem of interaction does not exist, e.g., for single ions
in traps. In any case, it would be interesting to verify our results experimentally, using solenoids with
different shapes of the cross sections.
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Abstract: In this paper, a generalized form of relativistic dynamics is presented. A realization of
the Poincaré algebra is provided in terms of vector fields on the tangent bundle of a simultaneity
surface in R*. The construction of this realization is explicitly shown to clarify the role of the
commutation relations of the Poincaré algebra versus their description in terms of Poisson brackets in
the no-interaction theorem. Moreover, a geometrical analysis of the “eleventh generator” formalism
introduced by Sudarshan and Mukunda is outlined, this formalism being at the basis of many
proposals which evaded the no-interaction theorem.
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In memory of E.C.G. Sudarshan, who was interested, for almost three decades, in problems of covariant
description of relativistic interacting particles.

1. Introduction

Seventy years ago, Dirac [1] argued that a covariant description of relativistic dynamics means to
find a realization of the Lie algebra of the Poincaré group in terms of observables and a Poisson bracket.
In the so-called instant form, Dirac argued that the role of the single Hamiltonian in non relativistic
dynamics should be replaced by four Hamiltonians, one of them being the total energy of the system,
the other three being the boosts. Quoting Dirac, “the equations of motion should be expressible in the
Hamiltonian form. This is necessary for a transition to the quantum theory to be possible.”

All subsequent papers, therefore, always assumed the realization of the Poincaré algebra to be
given in terms of Poisson Brackets on dynamical variables on a carrier space which would attribute
three positions and three momenta (or velocities) to each particle. The additional requirement that
every particle evolution would be associated with an invariant world-line on space-time, gave rise
to the world-line condition and, in the hands of Sudarshan and collaborators, ended up with the
no-interaction theorem [2]. For the sake of clarity, let us recall what are the assumptions at the base of
this theorem: The physical system is described in the canonical formalism by a phase space with an
associated Poisson bracket; the three-dimensional position coordinates of each particle at a common
physical time (instant form of dynamics) represent half of a system of canonical variables for this phase
space; under the Euclidean subgroup of the Poincaré group (characteristic of the instant form) the
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canonical and geometrical transformation laws for these coordinates coincide; if in any state of motion,
as seen from a given reference frame, the world-lines of the particles are drawn in space-time, then the
canonical transformations which relates this description with the one seen from a different frame
preserve the objective reality of these lines. These conditions express the two aspects of relativistic
invariance in the description of a physical system: From one point of view physical laws have to be
invariant under changes of reference frames (relativistic invariance); on the other hand some physical
quantities transform in a specific way under changes of reference frames due to the action of the
Lorentz group on space-time events (manifest invariance). Then the no-interaction theorem states that,
when considering a system of particles, the only dynamical evolution which is compatible with the
above assumptions is the free dynamical evolution. This conclusion is in agreement with the relativistic
principle of constancy of the speed of light, which forbids instantaneous interactions propagating
faster than the speed of light. These results have supported the development of field theories: Particles
locally exchange energy and momenta with fields which have their own degrees of freedom and their
own dynamics.

Later on, in the 1980s, many relativists and particle physicists took up the problem of providing a
covariant description of relativistic interacting particles without the intervention of fields, that is, a kind
of “action-at-a-distance” covariant under the Poincaré group (For a detailed discussion about the
meaning of an action-at-a-distance in the context of classical and quantum mechanics we refer to
Reference [3], where a comparison with local field theories is also presented). In these attempts (see,
for instance, References [4-6]) interactions were described via constraints, using Dirac description
of Hamiltonian constrained systems [7]. In the beginning these models were supposed to violate
the world line condition (WLC). However, Sudarshan and Mukunda proposed an interpretation in
terms of an “eleventh generator” formalism [8]. The set of constraints used to define the interaction
among particles depend on an additional variable, parameterising the curves which constitute a
state of the motion for the system. The generator of this “evolution” is independent of the other
ten generators of the Poincaré group, obtaining the so-called “eleventh generator” formalism. They
also noticed that the notion of WLC can be meaningfully implemented in this framework, providing
examples of interacting particles satisfying the WLC. The difference with the assumptions of the
no-interaction theorem, indeed, consists in the “dynamical” choice of the time parameter: In the
constrained formalism the time depends on the state of the motion of the system and there is not a
neat separation between kinematics and dynamics, as in Dirac’s form of relativistic dynamics. In other
words, the variables interpreted as the world line positions after implementing all the constraints
do not need to coincide with the canonical positions of the phase space initially associated with the
physical system. Later on [9], it was proven that all these constrained descriptions can be derived from
a common “covering phase space” via suitable reduction procedures.

However, the additional requirement of separability, that is, the requirement that in the instant
form clusters of particles very far apart should behave as non-interacting, gave rise to a novel version of
the no-interaction theorem [10]. All these results pointed out again that a suitable covariant description
of relativistic interacting particles cannot be formulated without the intervention of fields.

With the hope to clarify the role of the commutation relations of the Poincaré algebra versus their
description in terms of Poisson Brackets, in this paper we propose a solution of the problem posed by
Dirac in terms of vector fields, we call it a Newtonian realization, the dynamical vector field being a
second order one, and then we require this realization to be compatible with a Lagrangian description
(a covariant inverse problem for the full Poincaré algebra, not just the dynamcs). We also provide a
geometrical description of the “eleventh generator” formalism by means of Jacobi Brackets. We find
that in this approach “canonical positions” do not coincide with “geometrical positions”, that is,
positions in space-time. We shall present these various aspects in the particular case of one particle
relativistic systems with possible “external forces”, a situation which would arise after implementing
the “separability condition”.
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2. A Geometrical Formulation of Dirac’s Problem

In modern geometrical terms, the problem addressed by Dirac may be formulated as follows.
The Lie agebra of any Lie group G, say g, canonically defines a Poisson structure on the dual space
l(*3 = Lin(Ilg,R) by means of the following construction. With every element u € I, we associate a
linear function # € F(I%) and we define a Poisson Bracket on F(I{;) by setting

1,0} = [u,v], 1)

orifa € If
{i,0} (a) = a([u,]). 2

This bracket leads to a well defined tensor field even in infinite dimensions provided that I
may be identified with its double dual (I5)*, that is, whenever [ is reflexive. Thus, if P denotes the
Poincaré group, we introduce the following notations for the elements of /p:

Py, n=0123 ®)
form the Abelian part of the Poincaré algebra and
M‘MV/ ]/111/:0/1/2/3/ 4)

represent rotations and boosts. Then, the commutation relations read

[Py, P)] =0 ®)
(M, B = gupPu — yupP ©)
[M;u// Mpzr} = guoMyue — §upMue + gueMpy — §uoeMpy , 7)

where g, is the Minkowski metric on R* and they can be used to explicitly characterize also the
Poisson algebra on the dual space [}.

Now, the problem as stated by Dirac amounts to find a “symplectic realization” or a “Lagrangian
realization” [11,12] of the Poisson manifold (I}, {-, -}), associated with the Poincaré group. This means
we need to find a Poisson map:

Wi TQ I ®)

in the phase-space case or a Poisson map
e = TQ — Ip )

in the Lagrangian one. In the latter situation, we have to consider a Lagrangian-dependent Poisson
bracket, since the tangent bundle is not equipped with a canonical symplectic structure.

Remark 1. This formulation of the problem would be consistent with Wigner’s approach to the classification
of elementary particles as irreducible unitary representations of the Poincaré group. The classical counterpart
would correspond to the coadjoint orbits of the Poincaré group acting on the dual of the Lie algebra.

Our “Newtonian realization” would correspond, instead, to a map:
vilp — x(M) (10)
such that the Lie bracket in the Lie algebra of the Poincaré group is realized in terms of the commutator

between the vector fields on some carrier space M. Note that a similar idea has been developed in
Reference [13].
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3. Newtonian Realization in the Instant Form

Let us start with the vector space R* with globally defined coordinate functions x#, u =0,1,2,3
and equipped with the Minkowski metric tensor

EX )
g=—-d’@dx"+ Y dx @dx.
=1

In this space, a simultaneity surface for an inertial reference frame is diffeomorphic with R,
that is, it represents the space of positions at a given instant. The coordinate functions for this copy of
IR3 are given by the xj’s with j = 1,2, 3. Positions and velocities are points of the tangent bundle TR3,
which will be our carrier space M. Thus, we have to find a realization of the Poincaré algebra in terms
of vector fields on TR3.

It is clear that, since space rotations and space translations form the Euclidean group which
preseves every simultaneity leaf associated with a given inertial frame, we can exploit the tangent lift
of their standard realization on R3. On the other hand, in Dirac parlance, the complicated generators
will be those corresponding to the “Hamiltonians”, that is, the dynamics and the three boosts. It is
at this point that the world-line condition plays a preminent role. Let I' denote the second order
dynamical vector field and K, Ky, K3 the vector fields representing the boosts. Then, we require that
the following conditions hold:

LKf.xl = x]‘Ler = x]-xl (11)
LKjxl = .X']X] + .X'jL]"X] — 5]] . (12)

These vectors fields express the world-line condition as stated by Sudarshan and collaborators [14].
Moreover, we notice that Kj is a non-linear vector field, it does not respect the tangent bundle structure
of TR3 and it is the sum of a Newtonoid [15] vector field and a vertical lift of a translation for all
j=1,2,3. Indeed, we have

9 .. 0 .9 d _ 2\
K/ = ijlafx[ + ijlafxl + X]erlafxl - (5]187561 = x]l” + X]A - (5]1 (Tx’) ’ (13)
where A = xj% is the dilation vector field along the fibers of the tangent bundle TR? [15,16] and
i

v
(%) denotes the vertical lift of the vector field % [17]. In summary, the Newtonian realization of
j j

the Poincaré algebra is given by

— 9 —
Pi=-g, PR=T (14)
9 .9 . %4
][ = eljk (x]m + xjm) y K] = x]vl"+x]vA + (P]) . (15)

We eventually notice that this realization of the Poincaré algebra is a dynamical one, that is,
it depends on the second order dynamics I'.

By requiring these vector fields to satisfy the commutation relations of the Poincaré algebra,
we get a system of partial differential equations for the accelerations, that is, we derive a system of
PDE for the functions ay, a2, a3 which appear in the second order dynamical vector field

F—x-—+a'i
a ]aX/' ]Bx]
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In particular, the commutation relations with the spatial translations impose that the accelerations
cannot depend on the positions x;. The commutation relations with the rotations, instead, imply the
following expression:

CF(32
aj =% f(x%). (16)

Finally, let us consider the commutation relation [Kj, Kp| = J3. This relation is verified if and only
if the following set of PDE holds true:

21y — xp%1)%3 [(1-32) % + f] =0 (17)
—xof +2(x1% — X271 )1 {(1 ~2) 2 +f] =0 (18)
xlf + 2(le'C2 — xel)X'z {(1 — XZ)% +f] =0. (19)

The only solution to this system is f = 0, which means that the only dynamics, as intended
by Dirac, compatible with the world-line condition must admit a generator I' which has
vanishing accelerations.

An additional result can be obtained if one requires that the realization by means of vector fields
allows for a compatible non-trivial Lagrangian function [14,18], that is, for any of the vector fields in
the Newtonian realization the following condition must be satisfied:

Lyxwe =0, (20

or, equivalently,
Lx0; =dFyx, (21)
due to the contractability of TR3. By using Ly, 0, = dFy, L6y = dL, Lp, 6, = L 7m0c = 0 we find that

Ly, L =LrE,, m=1,23. (2)

Since T is the vector field describing the dynamics of a non-interacting particle, we can find a
solution for F;, having the form
= Xph(5?), (23)

where ¥% = Y %% and we can add to it any constant of the motion. Then Equation (22) becomes
. oL .
2 <x2 - 1) —m=h (x2> . (24)

The commutation relations of the Poincaré algebra, however, impose some additional conditions.
Indeed, since
[Kmr pn} = ‘5mnr ’ (25)

we have that
LPmLKneL = 75"1}1[41"9[: ’ (26)

which implies the following equation for F;,
LPm Fn = —L. (27)
This is an equation involving only the Lagrangian function

L

2(5(2—1)@ =L, (28)
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which integrates to
L=c -T2, (29)
j
withc € R.
This result is quite remarkable because, by requiring the Newtonian realization of the Poincaré
algebra to allow for a Lagrangian description, we obtain that the Lagrangian is unique. This uniqueness
property is very startling when we recall that, if we only require the dynamical vector field

=i (30)

to allow for a Lagrangian description, we find an infinite family of solutions provided not only by any
function £ = £(#?) butalso £ = L (1, %, 3). In other words, among the infinitely many Lagrangian
functions providing a description of the free dynamics, there is only one which admits the above
Newtonian realization of the Poincaré algebra as generalized Noether symmetries.

4. The Eleventh-Generator Formalism

In References [8], Mukunda and Sudarshan introduced an eleventh-generator formalism.
We would like to unveil the geometric content of their formalism because it forms the prototype for the
proposals made in the eighties to evade the no-interaction theorem by means of the Dirac-Bergmann
constraint formalism [4-6].

We start with what Dirac calls an elementary solution of the symplectic realization of the Poisson
manifold defined by I}, that is, the phase-space T*R* with coordinates (x;,, p,;) and with symplectic
structure given by the natural one,

w =dp, Ndx! = g'dp, Ndxy, (31)
which is the exterior differential of the one form
o = pudx? = g" pudx, . (32)
By setting Py, = py, Myy = xupy — xypu we obtain Dirac’s elementary solution of the problem in
terms of Poisson Brackets and generating functions.

Starting from this solution, we can construct another solution by adding an element to the Poincaré
algebra. Specifically, on T*R* we consider the submanifold

Yy = {(xy,P;l)‘PVPM = mz} . (33)
If we consider the natural immersion of ¥,, into T*R?, it is possible to write the pull-back
iz, 80 = O . (34)

On %y, the form 6,, defines a contact structure [19,20], since 6, A (d6y, )3 # 0 represents a volume
form. Then, it is possible to define a Lie algebra structure [21] on F(X,,) by setting

[f, 8l Om A (d0)° = (fdg — gdf) A (d0)° +2df Adg A By A (d6,)? . (35)

The given expression shows that the bracket, being defined only in terms of 6,, which is Poincaré
invariant, is indeed preserved by the action of the Poincaré group given above. As a matter of
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fact, this bracket can be described in the more common setting of a bivector field and a vector field,
say (Am,Im), defined by

irm (em A (d@m)3) = (dem)3 (36)
iny, (Om A (d60,1)3) = 36 A (d6)* . 37)

Then, the bracket in Equation (35) can be defined as follows:

f 8l = Am(df,dg) + fLr, 8 — §Lr,.f, (38)
and the Jacobi identity holds true because of the following properties:

[Am/ Am] =2I'm A Am (39)
[rmr Am} =0 ’ (40)

where the bracket between multivector fields is the Schouten bracket [17].
By using the pair (A, T'), it is possible to associate with any function f a first order differential
operator X f and a vector field X fs respectively given by

Ky = Auldf, ) + fT = Lr, f “n
X¢ = Am(df, )+ fTm. “2)

It should be noticed that constant functions are not mapped into the null vector field, but in both
cases we have X, = cI'y;, for any ¢ € R. Moreover, the Lie bracket does not satisfy the Leibniz rule but
we have

showing an important difference between [f, g],, and {f, g}, where the first is called Jacobi bracket
and the second Poisson Bracket. It is common to call X the Hamiltonian vector field associated with f.
However, on the subalgebra of functions which are constants of the motion for I'y,, thatis, Ly, f =0,
the Jacobi bracket reduces to a Poisson Bracket.

It turns out that the usual generating functions of the Poincaré algebra given in T*R*, when pulled
back to ¥, provide a solution of the Dirac problem because they are constants of the motion for I';,
and therefore generate a realization of the Poincaré algebra in terms of Poisson Brackets. To compare
the Jacobi algebra with the Poisson Bracket on T*R*, we consider the following bivector field

pV\ o ] ] 9
_ wvo_ prp v — ohv_ Y v
A (g PVPV) ap7 A FrTia a7 A pEye ANT, (44)

where 3 v o3
— 2 A
A=p i’ T Dy ¥ IF

(45)

All these contravariant tensor fields are actually tangent to the leaves of the foliation defined
by pup! = m? when m changes and we remove the manifold defined by p,p" = 0. Then, on each
mass-shell £, we have the following pair

Y

Ay = (gz«v — 2 ) o2 A o (46)
oa

Iy = ,}:TW ’ (47)
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and the associated Jacobi bracket is given by the following relations:

[x¢,x%],, = 20X (48)
[P, %7, = 8" (49)
[p*, p],, =0. (50)

By using the generating functions which are constants of the motion for I, that is, My, and Py,
we find the associated vector fields:
9 9 9 9
Xyv = Xugew — Xvger + Pugyr — Pogyr (1)
Y, =52 (52)

Therefore, in this realization, the Poincaré algebra, represented in terms of vector fields, contains
a central element given by I';, which plays the role of the eleventh generator.

5. A “Frozen Phase-Space” Realization

In the same spirit of the previous section, we start with the phase-space T*R*, we remove the
manifold defined by p, p# = 0 and we consider the one-form

g % (53)
V Pup¥
which, on a given mass-shell ¥, would be
- 0
em = % . (54)
oy pudp”

Then, the two-form df = A6y is a degenerate two-form whose kernel is

VPPt bt
generated by
Pt 9

= (55)

A= p"% and

Indeed, 0 is invariant under dilation because it is homogeneous of degree zero in the momenta.
The fact that I is in the kernel of df follows by direct computation.

As the infinitesimal generators which realize the Poincaré algebra commute with A and T,
they descend to the quotient manifold which is symplectic and six dimensional. We obtain in
this way another solution of Dirac’s problem in terms of Poisson brackets. However, there is no
evolution on points of this quotient manifold because we quotiented out the dynamics represented
by I and, therefore, this realization is on a “frozen phase-space” as it was called by P. Bergmann and
A. Komar [22].

6. A Lagrangian Solution to the Dirac Problem

In this last section, it is useful to show how it is possible to provide a realization of the Poincaré
algebra in the Lagrangian formalism on TR* [23]. By means of natural geometric coordinates in TR?,

we can consider the Lagrangian function
L=m,/guitx. (56)

For simplicity, in the following computations we set m = 1. The associate one-form 6, will be

gt dx?

- (57)
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Letv? = Suvx!'xY, then
1
40 = w = = (gw0? — %k ) di’ ndx, (58)

and we have to remove from TR* the submanifold defined by £ = 0. We notice that the vector fields

A :x”% and Fz)’("%,
are both in the kernel of w. By passing to the quotient with respect to A and I, we get a symplectic
six-dimensional manifold. To define a Poisson Bracket on functions on (the open submanifold of) TR?,
we need to define a lift from vector fields on the quotient manifold to vector fields on TR*. At this
purpose, it is possible to use a flat connection whose horizontal leaves are defined by the level sets of
the functions f; = g,y ¥#x" and f, = L. A connection one-form, a (1 — 1)-tensor field A which satisfies
A? = A and contains A and T in its null-space, is given by

it 1, (2t
A=1-Toron—d(~)er. (59)
We observe that

b dih Fxlt
BEA) =1, (%) @)=0 (60)
Wy —0, d(2) (1) =1 61
= () =0, zd(Z )@ =1, (61)

and that

[AT]=T. (62)

By using this connection, we define a bivector field

A=Lgh [A <%> ANA (aivﬂ , (63)

whose associated Poisson Brackets will be

(8,37} = L (g2 — 55" (64)
{4,357} =0 (65)
{xf, x0} = LI (66)

Note that these brackets are very similar to those derived on the phase space with the aid of the
Jacobi bracket. The bivector field A reads

A NCINE
0xP " 9x7’

Al <gw - A (67)

This tensor field and the associated brackets are Lorentz invariant. The canonical coordinates on
the symplectic quotient are given by the functions:

Q=cl (68)
pi=1, (69)
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where we have introduced a splitting in space and time so that we may write

Ji = penpixk (70)
K] = % (gtjxo — xoxj) . (71)
We notice that the functions )
i oK L
Q:L@:—x—f—xﬁ (72)

are the so called Newton-Wigner positions. Once more, canonical coordinates and geometrical positions
do not coincide.

Remark 2. [t is in order, at this point, to note that the (1 — 1)-tensor field

1, [ duxt

~d (= r 7

(M) e )
behaves like a “dynamical” reference frame [24]. On the tangent bundle, however, the analog of a simultaneity
submanifold would be the “horizontal foliation” defined by the level sets of the two functions fi and

f2. The dynamics takes from one simultaneity submanifold to another. If we restrict to the dynamically
invariant submanifold

gux!
o
we would get f; = kyx" and % would be a reference frame in space-time in the usual meaning when ky k¥ = 1.
It should be noticed that, in this dynamical approach, the function

ky = (74)

iy
=", (75)

behaves like a dynamical time function [25], whereas, the dynamical vector field % defines “dynamical clocks”
and S(T') would give a dilation vector field along the fibers. In conclusion, the submanifold defined by the level
set of the functions

fl = g;tvx#xv (76)
=L (77)
k=5 4=0,1,23, (78)

would give a “dynamical simultaneity surface” in space-time.

One could consider the foliation given by the level sets of the two functions f; and f, as a
“generalized instant form” where the instant is now given by the value of the function f; which is
the dynamical time associated with the vector field % We close this section providing a Newtonian
realization of the Poincaré algebra also in this different Lagrangian framework. Indeed, the vector
fields generating boosts and rotation in TR* are already tangent to the leaves of the foliation. On the
other hand the generators of translations are not. However, a direct computation shows that the
following vector fields solve the problem, since they are tangent to the leaves of the foliation and obey
the commutation relations of the Poincaré algebra:

_ 9 X
Py= 5= T (79)

The various solutions we have presented of the Dirac’s problem seem to imply that, if in

every description the canonical positions coincide with geometrical positions, an “action-at-distance”
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compatible with the world-line condition does not seem possible and the intervention of the fields in
the final description seems unavoidable.

7. Conclusions

The main idea developed in the eighties uses the constraint formalism to describe interacting
multiparticle systems. One starts with a N-particle system by using a redundant set of variables and
imposes a sufficient number of constraints (generalized mass-shell relations) in order to ensure 3N
degrees of freedom. Several proposals were made and a unified geometrical setting was proposed in
References [9].

In all these various models, the description of a true physical system of N particles with 3N
degrees of freedom requires the introduction of constraints, that is, the selection of a Poincaré invariant
submanifold in the redundant initial space one has selected. In summary, the motion is generated by
the constraints.

The requirement that, when a system breaks up into clusters, each of the clusters will have an
evolution parameter independent of the other clusters, implies that no action-at-distance may possibly
satisfy the requirement of covariance under the Poincaré group and the world-line condition [10].
Therefore, the conclusion that can be drawn from this presentation is that a relativistically covariant
description of interacting particles requires the introduction of fields. Their additional degrees of
freedom, indeed, allow for the implementation of interactions which satisfy all the principles of a
relativistic theory.

We close with a quotation from Sudarshan and Mukunda [26]: «This curious result is reminiscent
of the EPR “paradox” in quantum theory but the above indicated circle of ideas suggests that correlations
between distant objects need not always involve transport of material influences. It may rather depend upon the
indecomposable nature of the dynamical system itself. In the present context it is brought about by the imposition
of the apparently innocent WLC. As has often been shown by Dirac, there are surprising structural similarities
between classical mechanics and quantum mechanics; and often ideas that were identified in quantum mechanics
reappear from a deeper study of classical mechanics».
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Abstract: Ideal photon-number-resolving detectors form a class of important optical components
in quantum optics and quantum information theory. In this article, we theoretically investigate
the potential of multiport devices having reconstruction performances approaching that of the
Fock-state measurement. By recognizing that all multiport devices are minimally complete, we first
provide a general analytical framework to describe the tomographic accuracy (or quality) of these
devices. Next, we show that a perfect multiport device with an infinite number of output ports
functions as either the Fock-state measurement when photon losses are absent or binomial mixtures
of Fock-state measurements when photon losses are present and derive their respective expressions
for the tomographic transfer function. This function is the scaled asymptotic mean squared error
of the reconstructed photon-number distributions uniformly averaged over all distributions in the
probability simplex. We then supply more general analytical formulas for the transfer function
for finite numbers of output ports in both the absence and presence of photon losses. The effects
of photon losses on the photon-number resolving power of both infinite- and finite-size multiport
devices are also investigated.

Keywords: photon-number-resolving detectors; multiport devices; quantum optics; Fock states;
quantum tomography; photon losses

1. Introduction

Photon-number-resolving (PNR) detection schemes are measurements that play a vital role in
quantum information theory. The ability to perform direct photon counting has been shown to
fundamentally impact quantum protocols and technologies. These include quantum metrology [1-4],
quantum key distribution [5,6], Bell measurements [7] and quantum random number generator [8,9].
In practice, such PNR measurements either do not faithfully resolve photon numbers or do so up
to a limited (typically small) number of photons, especially in the emblematic presence of dark
counts and photon losses [10,11]. In recent years, there has been significant progress in the quality
and type of photon-counting detectors developed through new-generation quantum engineering
techniques [12-19].

An alternative class of setups that are widely used to indirectly perform photon counting are the
so-called multiport devices [20-22], which are schematically more sophisticated devices that involve
multiple beam splitters and several output ports that lead to “on—off” photodetectors for counting the
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number of split output signal pulses. Such alternative devices are later refashioned using optical-fiber
looping [23,24] or multiplexing [25-28] strategies that give exactly the same photon-number-resolving
characteristics but with much more efficient and cost-effective architectures.

In this article, we invoke the machinery of quantum tomography to evaluate the performance of
general multiport devices. After providing the general descriptions of multiport devices in Section 2
and introducing the concept of informational completeness for such commuting measurements
in Section 3, we establish a general framework in Section 4 to certify their tomographic performances
using an operational tomographic transfer function that measures the average asymptotic accuracies
of reconstructed photon-number distributions (Equation (33)). According to this formalism, we first
investigate the performances of multiport devices that have infinitely many output ports with and
without photon losses in Section 5. We shall show respectively that these infinitely large devices
behave either exactly like a set of Fock-state measurement outcomes or their binomial-noisy mixtures
and derive their tomographic transfer functions (Equations (40) and (49)). We will also demonstrate
in Section 5.3 that photon losses can severely limit the photon-number resolution of multiport devices
and systematically characterize such limitations in terms of informational completeness phase diagrams
and the dependence of the maximum photon-loss rate tolerable on the number of photons to be
resolved. Finally in Section 6, we shall derive general formulas for the transfer functions for the most
general multiport devices with finite output ports (Equations (58) and (60)) and evaluate the effects of
photon losses on their photon-number resolving power in Section 6.3.

2. General Physics of Multiport Devices

A multiport device is general laboratory equipment that houses an input port for receiving
photonic signals and a fixed number (say s) of output ports. After undergoing multiple splitting
of an input photonic pulse inside the device, each output port would then either idle (symbolically
labeled as “0”) or register a photonic “click” (“1”) that originates from the split pulse. As an example,
a three-port device would contain s = 3 output ports that give a total of 2> = 8 different detection
configurations, which are the “000”, “001”, “010”, “100”, “011”, “101”, “110” and “111” detection
events. For the purpose of photon-number-distribution reconstruction, we may as well consolidate all
the “0-click”, “1-click”, “2-click” and “3-click” events respectively and describe this multiport device
as a measurement of M = 4 outcomes. More generally, an s-port device is one that gives 2° detection
configurations that may be organized to yield a total of M = s 4 1 measurement events.

Any measurement can be described by a positive operator-valued measure (POVM), a set of
probability operators (outcomes) that is given by

M-1
I1; > 0 such that Z(;) I =1. (1)
=

A multiport device is no exception, and is therefore mathematically equivalent to a POVM of
M = s + 1 outcomes, where a “j-click” outcome is some unnormalized mixture IT; = Y, 1) B, (1]
of Fock states. For a sufficiently large number of data sampling events N, the data obtained from
a measurement of such a POVM give probabilities that are linear combinations of the expectation
values (|n) (n]). The photon-number distribution can subsequently be reconstructed. The amplitudes
Bjn are, in general, complicated functions of all the port efficiencies {7;} (Zj 7 < 1) , each of which
depends on the physical parameters of the actual device implementation such as beam-splitter ratio,
photodetector efficiency, and so on.

In particular, for arbitrary port efficiencies };7; = 1 — €, the “0-click” outcome IIj possesses
amplitudes By, = €" that are independent of any other detail of the multiport specifications. In other
words, the probability of a “0-click” event for an n-photon input signal is the n-fold product of the
loss probability €, which is consistent with the physical fact that photoabsorption and detector losses
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are the main mechanisms behind all “0-click” events when n > 0 in the absence of other kinds of
experimental imperfections.

If the light source is effectively described by a quantum state p in a Hilbert space of dimension d,
so that the probability of detecting #n > d — 1 photons is practically zero, then all “(j > d — 1)-click”
outcomes are correspondingly zero by construction. The outcomes I1; are hence represented by d x d
positive matrices that sum to the identity matrix. We can define the measurement matrix that concisely
and uniquely determine the multiport POVM. To do this, we first emphasize that in this effective
Hilbert space, the conditional photon-number probabilities p, = (n|p|n) = (|n) (n|) are properly
normalized (tr{p} = 1), so that the total number of independent parameters to be estimated is d — 1.
From Born’s rule, we may express the multiport probabilities in terms of d — 1 independent state
parameters inasmuch as

d-2

pj = tr{pll;} = Zo(ﬁfn —Bja-1)en +Bja-1- @

Following the reasonings in quantum-state tomography [29,30], we may define the
measurement matrix

d—1d-2
C=3 Y eenlBin—Pja1), (3)
j=0n=0

with the help of the standard computational basis e; - ey = J;, to be the d x (d — 1) rectangular
matrix that fully characterizes the multiport POVM for the d — 1 independent p,, parameters. It is
clear that this matrix has a zero eigenvalue corresponding to the eigenvector 1; that is represented as a
d-dimensional column of ones—1; - C = 0;71.

We shall look into an interesting special case where the port efficiencies are all equal to a constant
(17j = 1), so that the POVM amplitudes can be shown to take the simple form [20,23,25]

(s J i
b= (-0 (5) & (1)1t - ns w0 @
=i
The self-consistent consequence 27:0 Bjn = 1 can be verified straightforwardly. This type of
multiport device is commonly used in practice. We mention in passing that the outcomes I1; may be
equivalently expressed as the normal-ordered form

I = <j> : <e*'7”+“)57j <1 — 67”“+”>j : 5)

from which Equation (4) is quickly obtained through the application of the formula

:F(afa): = F(%) X7

for any operator function F(ata) of the number operator ata.

Dark counts may be incorporated in a simplistic way by introducing the parameter v > 0
that defines the average dark-count rate as the transformation yata — yata + v to Equation (5).
Physically, this transformation increases the partially-depleted number operator 7a*a due to losses by
an additional v photons on average. In what follows, dark-count rates are assumed to be negligible in
the feasible bandwidth of the photodetectors.

, ©)

x=1

3. Informational Completeness of Photon-Number Distribution Measurements

To analyze photon-number-distribution reconstruction with multiport devices, we shall review
the tools that are employed in understanding quantum measurements in this context. We recall that
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an informationally complete (IC) measurement is one that uniquely characterizes a particular set
of physically relevant parameters describing a given quantum source of interest. In quantum-state
tomography, such a measurement unambiguously reconstructs the quantum state p for the source. For
our purpose, the set of parameters constitutes the photon-number distribution {p, } of a quantum light
source, which are the diagonal entries of p in the Fock basis as mentioned in Section 2. With respect to
the p;s, a POVM is IC when it contains at least d outcomes with a degree of linear independence of d.
The entire machinery for IC quantum-state tomography can be translated for photon-number
distribution tomography. The concept of the operator ket is particularly helpful here for notational
simplification. For any d-dimensional operator O in the Fock basis, its operator ket |O) is defined as
the d-dimensional column vector of its diagonal entries. The photon-number distribution of p that is of
interest to us is thus summarized by its operator ket |p) such that tr{p} = (1] p) = 1. With this, we can
define the frame operator
! I (1]
7= Z Tw{T} 7
for any POVM {I1;} comprising M commuting Fock-state mixtures. Hence, an equivalent definition
for an IC POVM is the operator invertibility of F. In addition, using the operator-ket notation, the
degree of linear independence of the POVM can be checked by inspecting the eigenvalues of the
standard Gram matrix

M=1M=1 (]
=Y Y oega(l)=vvt, v=1| : |, ®)
e (Ty|

for vectorial objects.

For multiport devices, Equation (7) is applicable for M = s 4 1. Consequently, it is necessary for
the corresponding multiport POVM to have s > d — 1 output ports for it to be IC in a d-dimensional
Hilbert space. Moreover, there exists another important feature for these devices. As discussed
in Section 2, that the probability of detecting more photons than the number available in the input
signal is zero implies that any multiport POVM is necessarily minimally complete when it is IC on
the d-dimensional Hilbert space. This means that for such minimal POVMs, there are effectively only
M = d nonzero outcomes (each having amplitudes that depend on s) and we can uniquely express the
photon-number distribution as

d—1
=L 195 ©)

j=0

with the help of the d canonical dual operators
N o1 !Hj >
@) = F (] (10)
It can be shown that

(I ©) = 9 an

for any minimal POVM. For this, we use the general property

(0]
whv=1=vlw, w= : , (12)
(©m|

for any set of (canonical) dual operators, so that sandwiching the left equation in (12) with V from the
left and V* from the right gives
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VW'G =G =GwWV'. (13)

Next, we realize that for any minimal POVM, G is always invertible and we have
VWt =1=wv"h

4. General Framework for the Reconstruction Accuracy of Multiport Devices

4.1. Mean Squared-Error and Its Cramér—Rao Bound

We shall take the mean squared-error (MSE) Dysr: as the measure of the reconstruction accuracy of
the photon-number distribution |p). For a given estimator |p) of |p), since only pn| , are independent,
this measure is defined as

Dust = Eaaal(lp) = 10))]] (14
supp
where the average is taken over all plausible data. The label “supp” means that the inner product
is evaluated in the (d — 1)-dimensional support of the linearly independent parameters of |p). The
parameter space of |p) is the entire d-dimensional probability simplex, since one can always find a
quantum state p that gives any particular |p) (a statistical mixture of Fock states weighted with the pys,
for instance). The boundary of this space is therefore the edges of this simplex.

When |p) is off the boundary (p, # 0), which is the real experimental situation, it is
well-known that the scaled MSE with N is bounded from below by the Cramér—Rao bound (CRB) per
sampling event,

NDyse > tr{F(p)~}, (15)

where F(p) is the (d — 1)-dimensional Fisher information operator (defined per sampling event) for a
given |p) and POVM. In particular, the unbiased maximum-likelihood (ML) estimator saturates this
bound asymptotically in the limit of large N. Boundary |p)s may be included in the picture by taking
appropriate limits. The CRB directly evaluates the reconstruction accuracy of |p) where the constraint
tr{p} = (1|p) = 1is obeyed, and supplies the limit of photon-number reconstruction for any |p).

For any minimal POVM, the MSE has a simple compact form for single-shot experiments that yield
multinomial data statistics, just as for any multiport device. First, we can define the linear estimator of
), in terms of the canonical dual operators and the measured multiport relative frequencies v;, as

d—1
P =2 19))v, (16)
=0

where (T1j| p) = v; for any minimal POVM. The fact that Eq,a[|6)] = |p) is evident. Second, we recall
that this linear estimator is in fact the ML estimator whenever |p) > 0 for sufficiently large N, so that
the linear estimator in Equation (16) saturates the CRB. So, using the identity

1.
Edatalvjvi] = 57 1036p; + (N = 1)pjpel, 17)

for multinomial distributions, we have

Duse = Egaal(010)] — (0l 0)

supp

Z @ |®k> IEcla'ta V]Vk] Pij)
0 k=0

Il
HM\

supp

(18)

zl=

(i (©;|©))p <pp>>

supp
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On the other hand for multinomial data statistics, it is known that the Fisher operator takes
the form

E(lp))

i (115) = 1) Bra— 1) ({IL| = Bra—1 (1))
=0 2

supp
= c'plc, (19)

where P; = p;. In view of this, we arrive at the identity
w{F(jp)"} = e{(C"P7IO)7"}
= <Z<®|®]>P/ P|P>

(20)

supp

for any minimal POVM with respect to the photon-number distribution.

4.2. A Measure of Tomographic Performance

The CRB in Equation (20) is a function of |p). To obtain an operational performance certifier, one
may choose to average over |p), which can be carried out in many different ways. We shall follow a
similar direction reported in ref. [30] and perform an average over all distributions over the probability
simplex. The resulting average CRB

TTF = By [tr{E(|o)) '} @y

is the tomographic transfer function (TTF) for photon-number distributions, which generalizes
previous analytical scopes, such as those in [11,22], that focus on the class of Poissonian distributions
to other more exotic yet classically allowed probability distributions {p;} in the (d — 1)-dimensional
simplex. Following through the calculations, using the simplex identities (see Appendix B)

E,lp] = % and E,[p7] = ﬁ, (22)
we have
2(d —
Ep) (el p)] = Z Ejp lo7] = % (23)

o 20d-1)
supp d(d + 1) ’
Finally it turns out that Equation (24) may also be obtained from an average of F(|p)) uniformly

(under the Haar measure) over all pure states p), after a reference to Equation (10).
One can proceed to express the first term on the rightmost side of Equation (24) by recognizing that

T tipont = B [te{F(0) )] = {7 ()

tr{F 1} =tr{F Y} —@d-1Fld-1), (25)
supp
and that the Fock state M)
d—1) = 4= 26
4-1 = gt 26)

for any multiport device since in the absence of dark counts, the “j-click” event occurs when there are
j photons or more. Then the orthonormality property in Equation (11) dictates that

1 1

d—1Fd-1) = 5 I 4| F L) = ——,
< | | > tr{Hd,1}2< d l‘ ‘ d l> tr{Hd,1}

27)
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which brings us to the slightly more explicit expression

1 2(d—1)
dte{Il; ) dd+1)"

TT o (5, (7}) = J{F 1} - (9)

The result in Equation (33) assigns a number to the average performance of a multiport device
of arbitrary number of output ports s, port efficiencies {7} and loss probability € based on statistical
estimation theory.

For any multiport POVM of amplitudes B;,, by defining Bs to be the square matrix of these
amplitudes (Bse)ju = Bju, the operator kets |T1;) and the Fock kets |11) are then related by the simple
linear system

0]
V=Bsv, v= : , (29)
(-1

where the column V of operator bras is as defined in Equation (8). The Fock bras can then be expressed
in terms of the operator bras {H]-> asv = By, 4V. This compact form proves useful when evaluating the
operator trace of the inverted frame operator 7 ~1:

t{F 1} = u{F oo} = {F VBl "B lV}. (30)

At this stage, we emphasize the distinction between the operators (such as F and |I1 j> (11 j|) and
the columns of (operator) kets (such as v and V) to avoid confusion regarding the role of the operator
trace tr{ - }. With that, using the basic fact

(T F~H Iy = te{TT;}0)4 (31)
for any minimal POVM, the answer
-1 .
te{F 1} = ) r{IL} (BoeBic) 32)
j=0
is immediate and

1 2d-)
ji tr{de1} d+1

1 d—1
TTqultiport(sr {77]}) = i |:Z tr{Hj} (BS,EB;F,e) (33)
=0

5. Multiport Device of Equal Port Efficiencies and s — oo Output Ports

To gain some physical insights from the structure of multiport devices, we begin with a systematic
study of the special case where 77; = 7. With this, Equation (4) immediately applies. Upon an
introduction of the simple relation

[1—n(s—K)]" = (%)ne’“*”“*"” , (34)

t=0

subsequent analysis may be facilitated after rewriting the POVM amplitudes as

e () 2 )

This formula, which is valid for any s and #, shall serve as a good starting point for deriving our
main results.

(35)

t=0
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5.1. Perfect Multiport Devices Without Losses

If the loss probability is zero (e = 0), the port efficiencies are then all equal to 77 = 1/s. It follows

from Equation (35), that
s\ (N e NI () n
o= () (3) @ L= EO4) c

after an invocation of the moment-generating formula
1 O\" / j n
o (o) (] )

for the Stirling number of the second kind {7} The combinatorial sum rule

1 s! n
- .o =14", 38
]-Z(:)(S])!{]} ’ ©9)

guarantees the proper normalization of B;, as it should.
For infinitely many ports (s — o), the ratio s!/ (s — j)! — s/ and the amplitudes

1 n
o )

become those of the Fock states. Put differently, as the multiport device grows in size, its functionality
approaches that of the pure Fock-state measurement—indirect photon counting approaches direct
photon counting in the large-s limit. As the matrix B = Bs_, ¢—q is simply the d x d identity matrix,

the TTF takes the value
1 d—1)?
TTqultiport (S — 09, {'7] = g}) = ﬁ . (40)

=i, (39)

S—00

As d increases, the TTF approaches unity. It can be shown that the performance
TTFmuttiport (S, {77j}) of any arbitrary lossless multiport device is bounded from below by this
Fock-state limit (see Appendix A).

5.2. Imperfect Multiport Devices with Losses

When photon losses are present [¢ > 0,77 = (1 — €)/s], Equation (35) gives

_ (s 2\" te [E(1—€) i
o= () @) @l “
In the limit s — oo, the approximation e¥ ~ 1+ y for small y and s!/ (s — j)! — s/ render
| (L=0) (3N (o) _ (L=e) §nel (Y iy
bin = i & (ve) L oala) ",
=n! (Sl,n,]
= (’;) (1=e)e"™) = (Be)ju- (42)
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The expression for B. was defined earlier in [26] as a separate consequence of multiport photon
losses, the argument of which is independent of taking the limit s — co. These amplitudes correspond
to those of a POVM comprising binomial mixtures of Fock-state outcomes

H_i’zljm < )176) i ] (43)

which tends to the set of Fock states in the limits € — 0 and d — co. Thus for large multiport devices,
the probabilities are primarily influenced by the number of detection and absorption events.
To calculate the TTF, we need the inverse of Be = Bs_,0,¢, Which can be deduced to be

B!l = Zldzlee < > 1—e) " (—e)"/ (44)
€ ~ j&n
j=0n=

by a reverse engineering of the binomial theorem. One can effortlessly verify the following obvious
necessary property BZ'B. = 1. The remaining task is to simply calculate the matrix elements
of (B.B!)™!

n
€ ]+]d7]]' ]'/ 1
- (%) 50)0)=
n=0
e Vi -1
(*176:) 2F1< 1 ,:2), (45)

where we have considered a definition

j< s " s
)N (i) (L)y” :2Fl( ]1 ];y), j< =min{j,j'}, (46)

n=0

(BeBg)i;’l = g( > (1—e) (=€) <j/>(1—e)7j,(—e)j,7"

for the special case of the Gaussian hypergeometric function » F; (ﬂlb 2 ; y> .
1

Furthermore, in terms of the regularized incomplete beta function I (a, b), the operator traces for
this multiport POVM

(I} = i 1-L(d—jj+1)]. 47)

Notably, we have tr{TT;_;} = (1 — €)*~!, which can be obtained either by

1d+1 \ 1] 1
2Fl< 2 ’y)_dy {(1—y)d 1} “8)

or the simple physical reasoning that the registration of j clicks must at least originate from the presence
of j photons (j < n). A substitution of this final piece of information as well as Equation (45) into
Equation (33) leads to

1-¢
TTqultiport (S — 09, {77] = s })

1 d-1 e \¥ —j—j1 1 2(d—1)
= d{xtr{nj}<le> 2F1< 1 /?>_(1—e)d*1_ |- (49)

j=0
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It is clear that € = 0 brings us back to the optimal result stated in Equation (40) by noting that

) i
62]21:1< ]1 ];g>

that arises from the definition in Equation (46).

Figure 1 demonstrates the fit between the theoretically predicted TTF values with Equation (49)
and the numerically calculated ones after performing Monte—Carlo averaging of the inverse of the
Fisher operator F(p)~! (see Equation (19)) over the Haar measure of pure states. To this average
numerically, it is sufficient to generate a sufficiently large number of random pure states {p; =
A;Aj/ tr{A;.rAj}} parametrized by the random complex auxiliary rank-one operators A; that follow

=1 (50)
e=0

the standard Gaussian distribution and use them to compute the average of F(p)~!.
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Figure 1. Numerical (colored markers) and theoretical (colored dashed curves) values of TTF
(logarithmically scaled) for infinitely large multiport devices of various € and Hilbert-space
dimensions d. A total of 1000 random pure states were used to evaluate each numerical plot point.
The convergence to the optimal TTF in Equation (40) at € = 1 is as expected. It therefore comes as no
surprise that losses monotonically lowers reconstruction accuracy.

5.3. Noisy Photon-Number Resolution of Multiport Devices with s — oo and € > 0

In the hypothetical situation where the photon-loss rate € = 0, the multiport device is capable of
resolving photon numbers in an optical signal described by p of any arbitrary dimension d (recall that
d — 1 is then the maximum number of photons in the signal. We say that the d-dimensional Hilbert
space is resolvable. Therefore any subspace of dimension d;es < d is by definition also resolvable. In
real experiments however, a nonzero photon-loss rate directly limits the number of photons resolvable.
The key relation that governs this restriction for s — co is Equation (47). For a fixed d, tr{I1;} (or IT;)
becomes essentially zero above certain threshold j = jies. This threshold value defines the dimension
of the maximally resolvable subspace—dres < jihres+1-

More specifically, we may define jy,s as the largest integer for which

1- Ie(d - jthresrjthres + 1) > Pihres ~ 0, (51)

where Jiyes is a very small positive number close to zero. While this equation has no general analytical
solution for finite d, we note that for large d, I (d — j,j+ 1) ~ 1 + L tanh(j — d(1 — €)) is a remarkably

138



Quantum Rep. 2019, 1

good approximation. We may then use this to derive the simplified and approximate photon-number
resolvability restriction
dres < d(1—€) + tanh (1 — 2pthres) - (52)

This observation impacts how we should perform asymptotic TTF analyses for multiport devices
in the large d-limit. Unlike the ideal case where one simply takes d — co with Equation (40) to arrive
at the finite value 1, this naive limit results in the divergence of TTFyjtiport for any finite €. A careful
thought reveals that indeed, for the tomography of photon-number distributions for dimension d to be
IC, we require the necessary condition that € be no greater than some critical value beyond which the
inequality 1 —Ic(1,d) > piyhres becomes in valid. This condition may be approximately written as

€< tanh71(1 — 2lthres)/d (53)

for sufficiently large d following Equation (52). Figures 2 and 3 show the important plots that
characterize the informational completeness of any given (infinitely large) multiport device of nonzero
photon-loss rate €.
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Figure 2. Informational completeness phase diagrams for various d in the dres-€ plane with
Hihres = 1073, Subspaces of dimensions below the boundary are resolvable, and hence render the
multiport device of s — oo and 7; = (1 —€)/s IC. Those of dimensions above the boundary are
unresolvable with such a multiport device. The thick dashed curves represent the analytically calculated
boundaries using the approximation in (52), which provide conservative underestimates for the
maximum dres compared to the numerically computed boundaries. Clearly, the range of € for which
the entire d-dimensional Hilbert space is completely resolvable reduces as d increases.

139



Quantum Rep. 2019, 1

‘, = numerical
08" - - ~analytical approximation
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Figure 3. A plot of the critical € value (e.it) against d that shows the maximum amount of photon
losses a multiport device can tolerate before losing its informational completeness property. Here,
Hihres = 1073, The simple eit ~ 1/d behavior serves as a back-of-the-envelope solution for designing
such devices.

6. Multiport Device of Equal Port Efficiencies and s Output Ports

6.1. Perfect Multiport Devices without Losses

The consideration of a finite-size multiport device with s output ports more closely resembles
the real physical situation in the laboratory in which the resources that go into its implementation
are limited. Even in this case, one can still easily compute the TTF for the € = 0 case where losses are
absent in the device. Starting with the POVM amplitudes B, in Equation (36), we find that the inverse
of their corresponding Bs = B; ¢~ amplitude matrix is simply given by

Z Z% S;")' s/(=1)" H (54)

j=0n= ]
and we owe this simple inversion formula to the existence of the (unsigned) Stirling number of the

first kind L:| that is orthogonal to the Stirling number of the second kind j in the sense that

k k )
2‘(_l)n7k {7} {:} _ Zl(_l)nfj {:} {ﬂ =djk- (55)
n=j n=j

This means that

— (_1)j+j' (S_]).(S_]).ZF](SU <_] _];52>, (56)

512 1

where we have defined the Stirling—Gaussian hypergeometric function of the first kind
PV = s (=1 =T
-1t
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that is of analogous form to the usual Gaussian hypergeometric function in Equation (46). Accordingly,
i 4
the Stirling-Gaussian hypergeometric function of the second kind ZFI(SZ) ( J 1 ] ; y) would then

simply involve the Stirling numbers of the second kind.
The resulting performance certifier

1
TTqulﬁport (S/ {17] = s })

1A =t sy /=] —j o\ 1 [n| s '(s—d+1)! 2(d—1)
- d{z g 2h ( 1 ’s>2.s7 i st S (58)

j=0 n'=j 4

allows us to evaluate the reconstruction accuracy for a finite-size multiport device of equal port
efficiencies. As a verification of the validity of Equation (58), we compare it with numerically computed
TTF for a sufficiently large set of random pure states distributed to the Haar measure (see Figure 4).
Specifically, we note that for d = 2, the TTF is a constant value of 1/6, which tells us that for effective
single-photon sources a two-port device functions exactly like a Fock-state measurement. This can
be easily understood in hindsight by realizing that the only POVM outcomes that matter in this
subspace are the vacuum and n = 1 Fock states in the absence of losses. All other s — 1 outcomes are
not measured.
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Figure 4. Numerical (colored markers) and theoretical (colored dashed curves) values of the
TTF (logarithmically scaled) for finite-size multiport devices of various s values and Hilbert-space
dimensions d. A total of 2000 random pure states were used to evaluate each numerical plot point. The
s > d regime illustrates the TTF for IC multiport POVMs only, which is the regime an observer would
be interested in for the purpose of photon-number-distribution tomography.

6.2. Imperfect Multiport Devices with Losses

The rather specialized physical and mathematical structures of multiport devices permit us to
obtain an analytical expression for the TTF even in the most general case where s < oo and € > 0.
The corresponding Bse for such multiport POVMs can again be inverted by the observation that
B; . = B;B.. In other words, a finite-size photoabsorptive multiport device is a device convolution of
a perfect finite-size multiport device and photoabsorption losses. This is because
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This decomposition implies that B;! = B7!B;!, so that utilizing the results from

Equations (44) and (54) for the two respective components, we can summarize the expressions for the
performance measure:

1-e 1| 1 2(d -1
TTqultiport <Sr {17] = s }) = E |: Z(:)tr{l_[]} (WSTGWS/e)]'/‘ - tr{Hd l} - (d+1) ’
j= -
i i(s=n & es \' (1\ [n
. — 1\ e
Wee jn (-1)"7e s! lg] 1—¢ AR (60)

Once more, we notice the constant TTF for d = 2 with a value of (1 + 2¢)/(6 — 6€) due to the
s-independent multiport POVM consisting of the outcomes

Mo = [0)(0]+[1)e1],
o= 1(1-ea. (61)

Figure 5 gives the comparison between theory and numerical computations for a sample €.

6.3. Noisy Photon-Number Resolution of Multiport Devices with s < co and € > 0

As with the case of s — o0 in Section 5.3, a nonzero photon-loss rate € for a finite-size multiport
device also reduces the number of photons that can be resolved. Therefore, € should again be smaller
than some critical value in order for the multiport device to characterize the complete d-dimensional
photon-number distribution. This critical value may be computed, for every given value of s, according
to the constraint Zz;})(Bs,e) d—1n > Hthres ~ 0 that is to be satisfied by the largest value of €.

In general, the critical value of € has no easy analytical form. It is however numerically efficient
to plot graphs of the critical values with respect to d for any physically reasonable s. Figure 6 shows
some sample plots.
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Figure 5. Numerical (colored markers) and theoretical (colored dashed curves) values of the TTF
(logarithmically scaled) for finite-size multiport devices of various s values, a fixed ¢ = 0.3, and
Hilbert-space dimensions d. A total of 2000 random pure states were used to evaluate each numerical
plot point. As in the case of ¢ = 0, the TTF for d = 2 takes a constant value of 0.3809 for this
particular € value. The worsening of the tomographic performance with a finite loss probability is
clearly manifested as an overall increase in the TTF values.
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Figure 6. A plot of the critical € value (e.it) against d for various number of outputs s of the multiport
device. The threshold iy es = 1073 is chosen. For a given d-dimensional Hilbert subspace, increasing
s also raises €jt, although for reasonable values of s such an increase is not dramatic even when d < s.

7. Discussion

We present a short series of studies related to the performance of multiport devices on
photon-number distribution tomography. The central measure of performance is the quantum
tomographic transfer function—the uniform average of the inverse Fisher information over all
photon-number distributions in the probability simplex.

The mathematical framework for calculating the transfer function introduced in this article allows
us to conclude that sufficiently-large multiport devices of equal transmissivity for each output port
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function either like a Fock-state measurement or binomial mixtures of Fock-state measurements
respectively in the absence and presence of photon losses. These are followed by analytical treatments
for finite-size multiport devices. In the presence of photon losses, we have studied and mapped out
conditions concerning the photon-number resolving power of noisy multiport devices of both infinite
and finite sizes. We show that devices of high photon losses possess weak photon-number resolving
power and increasing the number of output ports may help only to a certain limited extent. The
optimization of photodetectors and other optical components, especially for the purpose of curbing
photon losses, is therefore crucial for building realistic multiport devices for indirect photon counting.
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Appendix A. Optimality of the Fock-State Measurement for Noiseless Multiport Devices

We expect the commuting Fock-state measurement to be the optimal noiseless measurement for
photon-number-distribution reconstruction. This expectation can be confirmed by showing that the
value of the TTF in Equation (40) is indeed the optimal limit for all multiport devices. To this end,
we exploit the inequalities

tr{AB} < tr{A}tr{B} for A>0and B>0, (A1)
tr{A}r{A"!} > dim{A}> for any invertible A, (A2)

and remind ourselves that the TTF expression in Equation (33) holds for any s, {77;} and €. As the
operator trace

d-1 tr{H/Z} d-1

= < = =

tr{F} =) (i) = Jg tr{IT;} = tr{1} = d (A3)

j=0

of the general frame operator is bounded from above according to (A1), the inequality in (A2)
implies that
tr{F 1} >d. (A4)

Together with the obvious fact that the probability of detecting all available photons from the
input signal never exceeds one (tr{I1;_1} < 1), we have the general inequality

1
TTqultiport (s, {'7/}) 2 TTqultiport (s — %, {’1/ = B }) (A5)

to confirm that the Fock-state measurement condition {s — oo, {57; = 1/s}} is indeed optimal.
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Appendix B. Averages over the Probability Simplex

We shall give simple derivations of the identities in (24). The general m-moment integral of
interest in our context takes the form

1 1 d—1
1m=/0 01100---/0 dpd15<12m> pj (A6)
N v 1=0

in which the simplex constraint Zl —o P1 = 1is obeyed. Using the integral representation

8(x) = ;’T‘ ik (A7)
for the delta function,
dk . 1 1 .
Iy = ﬂelk/o dpo--~/ dpg_qe ik(po + +pd4)p}"
d-1
dk i (1 7e_1k e~ ikp
= )¢ (ik)d— 1 / dpje ™ pf
_ik\d—1
dk ik (1_e lk) 1 —ik
~ ) o (kAT dk ﬁ (1 - ¢ ) ’ (A8)
where if y = ik
d " 1 —ik m d " -1 —
— — =(— — —e Y
<‘dk> Lk (1-e )] (=1) (dy) yia—e)]
—m—1 - ! —m+n—1 ,—
=mly (1—e y)fzﬁy eV, (A9)
n=1 """
so that ; i
1— —ik m ' 1— —ik\4—
hmmt [ GE k(L= gomt pdk (1-e )" (A10)
21 (ik)m+d = nl ) 2 (ik)m-n+d
The first term can be evaluated using the identity
1 1 e o
T = e (A11)
This gives
1— —ik\d | 0
dk 1k( € ) _ m: Z d (71);1/ dttn1+d—1/dk ik(1—n—t)
o © (ik)m-+d (m+d—1)! = \n Jo 2
= [y —
=6(1—-n—t)
m! 4 /d
= —1)"
(m+d71)!,§) <n>( )" ono
m!
S mrd-D (A12)

Next, it is possible to argue that the second term of (A10) is zero, since upon repeating the same
exercise, we arrive at 6(n + t) instead of (1 — n — t) as in the first line of (A12).
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Therefore, the mth moment of p; over the probability simplex is

I mAd—1\""
my __ Cmo
E\P) [p]- |= E = ( m > . (A13)
V2 1
In the regime of d >> m, we then have E [p;”] R~ ﬁ =0 (—m> .
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Abstract: The basic notion of physical system states is different in classical statistical mechanics and
in quantum mechanics. In classical mechanics, the particle system state is determined by its position
and momentum; in the case of fluctuations, due to the motion in environment, it is determined
by the probability density in the particle phase space. In quantum mechanics, the particle state is
determined either by the wave function (state vector in the Hilbert space) or by the density operator.
Recently, the tomographic-probability representation of quantum states was proposed, where the
quantum system states were identified with fair probability distributions (tomograms). In view of the
probability-distribution formalism of quantum mechanics, we formulate the superposition principle
of wave functions as interference of qubit states expressed in terms of the nonlinear addition rule for
the probabilities identified with the states. Additionally, we formulate the probability given by Born’s
rule in terms of symplectic tomographic probability distribution determining the photon states.

Keywords: entanglement; interference phenomenon; superposition of quantum states; quantum
tomograms

1. Introduction

The superposition principle of quantum states, identified with the wave functions introduced
by Schrodinger [1], is the fundamental property of quantum systems. Its formulation provides the
possibility to associate with two wave functions corresponding to the two pure states of the system,
the third function which is an arbitrary linear combination of the two wave functions. A property
of the quantum world is that this combination also corresponds to a physical state of the system.
An analogous formulation takes place for two state vectors in a Hilbert space and the linear combination
of these vectors [2]. The foundation of quantum mechanics and the role of superposition principle
were also discussed for quantum states [3,4], which are associated with the density matrices of density
operators acting in the Hilbert space, introduced in [5,6]. The foundations of quantum optics were
developed in connection with coherence properties of the electromagnetic-field states in [7,8] as well
as in [9].

The aim of this paper is to demonstrate how such a phenomenon as interference of quantum states,
described by the superposition principle of complex wave functions, is considered in the probability
representation of quantum mechanics [10-21]. In the probability picture, the interference is described
by the nonlinear addition rule of the probabilities describing the superposed states; the rule provides
the probabilities describing the superposition state, and this corresponds to the nonlinear addition rule
of the projectors. We demonstrate this rule on an example of the superposition of qubit states.

The superposition principle describes the interference phenomenon in quantum mechanics. Since
the density operators gy, =| 1){(y1 | and py, =| P2)(¢2 | provide the expression for the density
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operator of superposition state | i) (i |, where vector | 1) is a linear combination of vectors | ;)
and | ¥,), the superposition principle can be formulated as an addition rule of the probabilities
(quantum-state tomograms). We provide explicitly an example of such addition rule for a particular
system, namely, for the spin-1/2 particle or the two-level atom.

The other goal of this paper is to formulate Born’s rule for probabilities given by an overlap of
two state wave functions in the form of expression providing the probability Py(¢) = |(¢ | ¢)[> asa
function of probabilities determining the states given by the density operators py, and g,. The result
obtained shows that such a complete quantum phenomenon as the interference of wave functions can
be formulated by applying only classical tools like probabilities used in classical statistics.

This paper is organized as follows:

Section 2 is ad memoriam of Roy Glauber and George Sudarshan, where we give a short review
of their fundamental results in quantum physics. In Section 3, we provide a brief review of the
scientific results of our colleague Viktor Dodonov, in connection with his 70th anniversary. In Section 4,
we discuss the qubit-state density matrix in the probability representation using classical-like probability
distributions of dichotomic variables [22]. Section 5 is devoted to the superposition principle in the
probability representation, while the quantum suprematism picture of qubit states is presented in
Section 6 and Born’s rule is formulated as a nonlinear addition rule of probabilities in Section 7. We
discuss quantum tomography of continuous variables and quantum tomography of coherent states in
Sections 8 and 9, respectively. Born’s rule for oscillator states are considered in Section 10. Finally, our
results and prospectives are given in Section 11.

2. Ad Memoriam of Roy Glauber and George Sudarshan

Last year we suffered great losses. Professor Roy J. Glauber and Professor E. C. George Sudarshan,
founders of quantum optics, passed away in 2018. We are extremely sad about this. (Ad Memoriam
of Roy Glauber and George Sudarshan was also presented in the talks of Margarita A. Man’ko at the
26th Central European Workshop on Quantum Optics {CEWQO} (Paderborn University, Germany,
3-7 June 2019) [23] and the 18th International Symposium “Symmetries in Sciences” (Gasthof Hotel
Lamm, Bregenz, Vorarlberg, Austria, 4-9 August 2019) [24] and will be published in the Journal of
Russian Laser Research (2019) and the Journal of Physics: Conference Series (2020), respectively.)

Ennackal Chandy George
Sudarshan (Texas University)
1931-2018

These distinguished scientists made famous discoveries in the foundations of quantum physics
that provide the possibility today to raise quantum optics and quantum mechanics to a level of
understanding such that quantum technologies can now be developed. The operation of such devices
as lasers is based on understanding the coherence properties of radiation and realizing how to achieve
the conditions for obtaining such properties.
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Roy Jay Glauber
(Harvard University)
1925-2018

In 1963, the notion of the coherent state of electromagnetic-field oscillations as well as the
terminology “coherent state” of an arbitrary oscillator were introduced. Roy Glauber and George
Sudarshan simultaneously published the papers [7,8] where the properties of coherent states were
discussed. These publications are cited in the majority of papers where quantum optics and quantum
information technologies are discussed.

The general linear positive map of the density matrix to the other density matrices for
finite-dimensional systems was presented in the form [25], which later on was generalized in [26] for
arbitrary systems. In addition, we should point out that the new evolution equation for open quantum
systems, which generalizes the Schrodinger equation for the wave function and the von Neumann
equation for the density matrix considered in the case of unitary evolution to the case of nonunitary
evolution, was obtained in [27,28] and called the GKSL equation.

The pioneer scientific results obtained by these distinguished researchers play an important role
in developing quantum optics. Studies of the properties of quantum states, especially the coherence
and squeezing phenomena, correlations, unitary evolution, and the evolution of the electromagnetic
fields in the presence of dissipation are based on the original results of Glauber and Sudarshan. All
applications of quantum optics discussed in connection with the development of quantum technologies,
motivated by the attempts to construct quantum computers and quantum information devices, are
based on the theoretical notion and foundations of quantum mechanics associated with the results
obtained by Glauber and Sudarshan.

A specific phase-space quasidistribution representation of quantum states, which employs the
basis of coherent states, was introduced independently by Glauber and Sudarshan—it is called
the Glauber—Sudarshan P-representation. This representation plays an important role in discussing
the properties of quantum systems analogously to the Wigner quasidistribution function [29] and
the Husimi-Kano quasidistribution [30,31]. These famous contributions play an important role in
the foundations of quantum optics and quantum information, and in developing future quantum
technologies.

Substantial developments in laser physics were made at the Lebedev Physical Institute in Moscow
by Nikolay G. Basov, who won the Nobel Prize in 1964 together with Aleksandr M. Prokhorov and
Charles H. Townes due to their revolutionary work in the invention of masers and lasers (as well as
laser physics based on quantum mechanics and quantum optics). The official formulation reads that
the Nobel Prize was given “for fundamental work in the field of quantum electronics, which has led to
the construction of oscillators and amplifiers based on the maser-laser principle”.

Roy J. Glauber received the Nobel Prize in 2005 “for his contribution to the quantum theory of
optical coherence”, along with John L. Hall and Theodor W. Hansch who received the Nobel Prize
“for their contributions to the development of laser-based precision spectroscopy, including the optical
frequency comb technique”. Roy Glauber made an important contribution to the nuclear physics
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providing a rigorous analysis of the scattering theory. Additionally, the important results were obtained
by Glauber in the theory of correlation functions in quantum optics. The correlation functions play a
substantial role on the analysis of classical and quantum phenomena in radiation fields.

Professor Glauber exercised substantial influence on the development of quantum optics
in European Scientific Centers—he would invite young researchers to Harvard University for
collaborations, among which we can list Fritz Haake from Germany, Paolo Tombesi from Italy, Vladimir
Man’ko from the Soviet Union, and Stig Stenholm from Finland.

Since the entire scientific life of M. A. Man’ko was connected with the Lebedev Physical Institute,
she was a witness and participant in the collaboration of Roy Glauber with Lebedev scientists.
The results of these collaborations were published in such series as the Proceedings of the Lebedev
Institute [32] and Journal of Experimental and Theoretical Physics [33]. Among the four Nobel-prize
papers, there was a paper by G. Schrade, V. I. Man’ko, W. P. Schleich, and R. Glauber [34], where
the collaboration of Harvard University, the Lebedev Institute (Moscow), and University of Ulm
was mentioned.

As for George Sudarshan, the great scientist, we are happy to recall that he was in Moscow many
times due to the International Workshops on Squeezed States, Group Theoretical Colloquium, and the
International Conference on Squeezed States and Uncertainty Relations. Particular mention should be
made of the University Federico II of Naples and especially Professor Giuseppe Marmo who enabled
many European scientists to collaborate with Professor Sudarshan in Italy.

There exist other representations, like the probability representation of quantum states [35-39],
where states are identified with fair probability distributions. The state superposition is expressed in
this representation using the addition rule for the probabilities. We are happy to let the readers of the
Journal of Russian Laser Research know that famous results concerning the study of entanglement
phenomenon, quantum tomography, and superposition principle in terms of density operators were
published by Sudarshan with coauthors in [3,4,40,41].

JUK.KJIAYIIEP
3.CVIAPLIAH

Foundations of Quantum

Optics — Russian edition.

The famous book—Foundations of Quantum Optics [9], written by John Klauder and George
Sudarshan and translated into Russian—is an excellent textbook on the foundation of quantum theory;
it is used in all universities of the world, including universities in Russia, by students and professors
to obtain basic knowledge in developing new quantum technologies in the future.

The results of Glauber and Sudarshan mentioned above provided the theoretical basis in studies
of the evolution of open quantum systems, theory of quantum channels, and applications of these
approaches in future quantum technologies. Therefore, we are extremely pleased to be able to witness
these deep international connections today, and we show below a kaleidoscope of pictures taken
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recently and a long time ago connected with participants of the ICSSUR series (with Professor
Young Suh Kim, the Founder) and the CEWQO series (with Professor Jozsef Janszky, the Founder), as
well as some other meetings.

3. Professor Viktor V. Dodonov: On the Occasion of His 70th Birthday

On 26 November 2018, Viktor V. Dodonov, a recognized Russian physicist and current professor
at the National University of Brazil (Brazilia), turned 70. In addition to his University academic activity,
Professor Dodonov is an Editorial board member of our Journal of Russian Laser Research published
by Springer in New York, and we celebrate this date with all our friends and colleagues, see also [42].

Professor Viktor V. Dodonov—in addition to his scientific activity and obtaining many interesting
results in foundations and applications of quantum theory—participated together with us during all
his scientific life in organizing conferences, workshops, and publications of the Proceedings of the
conferences, and is the Editorial Board member of Journal of Russian Laser Research. Together with
Vladimir Man’ko, he has issued the book Invariants and the Evolution of Nonstationary Quantum Systems,
published by Nauka in Moscow as volume No. 183 of the Lebedev Institute Proceedings and translated
into English by Nova Science Publishers, Commack, New York in 1983 [43], where many of his results on
time-dependent integrals of motion, parametric oscillators, even and odd coherent states, and general
theory of uncertainty relations were presented.

Professor Dodonov is the coauthor of the paper [44] where developing the approach of Glauber
and Sudarshan for describing the superposition of coherent states modeling Schrodinger cat states, and
where the even and odd coherent states were introduced. He is also the coauthor of papers [45,46],
where the idea of experimental checking of the nonstationary Casimir effect (later on called in the literature
the dynamical Casimir effect) using the devices based on Josephson junctions was suggested. The photons
created due to the dynamical Casimir effect were predicted to be in squeezed states. Experimental
results demonstrating the existence of this effect were obtained in [47].

A substantial contribution of foundations of quantum mechanics was done by Professor Dodonov,
who extended the approach for analyzing the uncertainty relations [48,49]. The new kinds of uncertainty
relations for different physical observables including the position and momentum, spin variables, as
well as entropic inequalities play an important role in discussing quantum-information devices and
quantum-channel technique.

In times of the Soviet Union, Viktor Dodonov together with the Lebedev people organized several
international meetings in Moscow, Moscow Region (Zvenigorod), Urmala (Latvia), Baky (Azerbaijan),
Tambov (his native place), and so on. Scientific Programs of the conferences and publication of the
Proceedings were always a prerogative of Dodonov—he did this job perfectly.
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We are absolutely happy to have Professor Dodonov as the Editorial Board Member of Journal
of Russian Laser Research, as permanent referee of Physica Scripta, and hope that he will help us to
produce referee’s estimation of contributions to Quantum Reports, where we announced to publish
the Proceedings of the 16th ICSSUR.

We wish Viktor V. Dodonov long scientific activity and continuation of his work with us!

G. Sudarshan (1), Y. S. Kim (2), F. Haake (3), and M. Nieto (4) P. Tombesi, M. A. Man’ko, R. J. Glauber, Y. S. Kim, and D. Han
among the participants of ICSSUR 1992 in Moscow. at ICSSUR 1992 in Moscow.

i = <
M. A. Man’ko and V. I. Man’ko visited E. Wigner Y. S. Kim, M. A. Man’ko, Mrs. Kim, and V. I. Man’ko
in his house in Princeton, New Jersey in 1990. at ICSSUR 1991 in College Park, Maryland.

E.S. Fradkin, V.I. Man’ko, F. Giirsey, M.A. Markov, F. Tachello, V. 1. Man’ko, M. A. Man’ko, and Y. S. Kim
and A. Bohm at Group Theory Colloquium 1990 in Moscow. at ICSSUR 1992 in Moscow.
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V. A. Isakov, M. A. Man’ko, O. V. Man’ko, and A. S. Chirkin J. Janszky, J. Klauder, and M. A. Man’ko
at ICSSUR 2001 in Boston, Massachusetts. at ICSSUR 2003 in Puebla, Mexico.

M. A. Man’ko and O. V. Man’ko at Harmonic Oscillators V. 1. Man’ko (1), M. A. Man’ko (2), R. Kerner (3), and

Workshop 1992 in College Park, Maryland. A.Solomon (4) at Quantum Theory and Symmetries 2011 in Prague.

O.V.Man’ko (1), S. Biedenharn (3), Mrs. Kim (3), M.A. Man’ko (4), Y. S. Kim, V. I. Man’ko, and M. A. Man’ko
and E. Moshinsky (5) at ICSSUR 1992 in Moscow. at Group Theory Colloquium 1992 in Salamanca, Spain.
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E. Giacobino and V. I. Man'ko Y. S. Kim (1), J. Janszky (2), and V. I. Man’ko (3)
at Group Theory Colloquium 2002 in Paris. at ICSSUR 2003 in Puebla, Mexico.

M. A. Man’ko and R. Glauber
at ICSSUR 2003 in Puebla, Mexico.

ICSSUR 2003 in Puebla, Mexico.

S. Mizrahi, L. Dodonova, V. V. Dodonov, and M. A. Man’ko ICSSUR 2005 in Besancon, France.
at ICSSUR 2005 in Besancon, France.

156



Quantum Rep. 2019, 1

“‘W ,y".

e S

W. Schleich (1), T. Kramer (2), M. Kleber (3), P. Kramer (4), W. Vogel and V. I. Manko among the participants
M.A. Man’ko (5), V.I. Man’ko (6), V.V. Dodonov (7), and M. Scully (8) of ICSSUR 2009 in Olomouc, Czech Republic.

among the participants of Quantum Nonstationary Systems 2007 in Blaubeuren, Germany.

A. Messina, M. A. Man’ko, V. V. Dodonov, V. 1. Man’ko and V. V. Dodonov

V.I. Man’ko, Y. S. Kim, D. M. Gitman, at ICSSUR 2011 in Foz do Iguacu, Brazil.
and B. Militello at ICSSUR 2011 in Foz do Iguacu, Brazil.

= | i |
ICSSUR 2011 in Foz do Iguacu, Brazil. V. L. Man’ko, M. A. Man’ko, and S. Mizrahi
at ICSSUR 2011 in Foz do Iguacu, Brazil.

157



Quantum Rep. 2019, 1

T
A. Solomon, V. V. Dodonov, Mrs. Kim, A. Vourdas and A. Solomon
and Y. S. Kim at ICSSUR 2011 in Foz do Iguacu, Brazil. at ICSSUR 2011 in Foz do Iguacu, Brazil.

A. Messina, L. Dodonova, V. I. Man’ko, and O. V.Man’ko (1), Y. S. Kim (2), and S. Mizrahi (3)
B. Militello at ICSSUR 2011 in Foz do Iguacu, Brazil. with the participants of ICSSUR 2011 in Foz do Iguacu, Brazil.

R.J. Glauber and M. A. Man’ko O. V. Man’ko and V. I. Man’ko
at ICSSUR 1992 in Moscow. at ICSSUR 2003 in Puebla, Mexico.

158



Quantum Rep. 2019, 1

A. Zeilinger, H. Rauch, and S. Stenholm M. A. Man’ko and G. Marmo
at CEWQO 2009 in Turku, Finland. at Universidad Carlos III de Madrid in 2008.

T. Seligman, V. 1. Man’ko, M. A. Man’ko, and G. Marmo V. V. Dodonov, L. Dodonova, V. 1. Man’ko, M. A. Man’ko,
at Problems of Mathematical and Quantum Physics M. K. Atakishiyeva, and N. M. Atakishiyev
(75 + 75 years of Margarita and Vladimir Man’ko), at Problems of Mathematical and Quantum Physics
Cuernavaca, Morelos, Mexico, 2015. (75 + 75 years of Margarita and Vladimir Man’ko),

Cuernavaca, Morelos, Mexico, 2015.

4. Qubit States in the Probability Representation

The density matrix of the spin-1/2 state is 2 x 2 matrix p,,,; for spin projections on the z axis

m,m’ = £1/2, it reads
o= P1/2,1/2  P1/2,-1/2 (1)
P-1/2,1/2 P-1/2,-1/2

where 1 > 015 1/2, 0—1/2,-1/2 > 0 are probabilities to have spin projections +1/2 and —1/2 on the
z axis. Off-diagonal matrix elements p1/5 _1/2 = p*; /2,12 provide the condition of hermiticity of
the density matrix p* = p. The non-negativity of the eigenvalues of this matrix gives detp > 0, i.e.,

01/2,1/27P-1/2,-1/2 = |p1/2,~1/2* > 0.
Recently [50,51], the probability representation of the density matrix was found to be

ps pr—(1/2) ~i(p2 —1/2) > . @

- ( p1—(1/2) +i(p2 —1/2) 1-ps

One can check that the number p3 = p11, 1 > p3 > 0, is the probability to have the spin projection
on the z axis equal to +1/2 in the state with the density matrix p. This means that, in view of Born’s
rule, the probability p3 reads
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ps=Tr K P1/2,1/2  P1/2,-1/2 ) p3} ) )
P-1/2,1/2 P-1/2,-1/2
. . . 1 0. 1 .
The state with the density matrix p3 = < 00 > is the pure state < 0 > (10) = p3 with

1 0

1
the state vector | +1/2), = < 0 -1

0
determining the spin-projection operator s, = 0 /2 on the z-axis.
The number p; is given by an analogous relation

, which is the eigenstate of the Pauli matrix o, = (

p1=Tr K P1/2,1/2  P1/2,-1/2 ) P1:| , )
P-1/2,1/2 P-1/2,-1/2
) ) (12 172 [ W2 )
where the density matrix p; = < 12 1,2 > = ( 1/v/2 ) (1/ﬂ 1/\5),w1th the state vector

1/v2

. . . . 01
| +1/2)x = ( 1/v2 ) . It is the eigenvector of the Pauli matrix o, = (

10 ) determining the

spin-projection operator sy = 0y /2 on the x-axis.
One can easily check that, due to Born’s rule, the number

pr=Tr P1/2,1/2  P1/2,-1/2 02 5)
O-1/2,1/2 P-1/2,-1/2
is the probability to have the spin projection on the y-axis equal to +1/2 in the state with the density

matrix py = < 172 —i/2 >,since ( 172 —i/2 ) = < 1/v2 ) (1/\/5 —i/ﬂ),andthe state

i/2 1/2 i/2 1/2 i/V2
1/v2 . . . . —i -
vector | +1/2), = i/\/2 is the eigenvector of the Pauli matrix ¢, = 0 determining

the spin-projection operator sy = 0y /2 on the y-axis.

The state of spin equal to 1/2 can be determined by three probability distributions (p1, 1 — p1),
(p2, 1 —p2), and (p3, 1 — p3), which can be considered as probabilities for three different nonideal
classical coins in such a game as coin flipping, coin tossing, or heads or tails, which is the practice
of throwing a coin in the air and checking which side is showing when it lands, in order to choose
between two alternatives py or (1 — py); k =1,2,3.

For quantum states, there exist quantum correlations given by the condition detp > 0 or

(1 =172+ (p2 = 1/2)* + (p3 = 1/2)* < 1/4.
This condition does not take place for classical coins.

5. Pure States of Qubits and Their Superposition

The classical condition for these probabilities, e.g., if p; = p» = p3 = 1, reads
(p1 =172+ (p2 = 1/2)* + (p3 — 1/2)* < 3/4. 6)
One can check that the density matrix of the pure state | ), providing the density matrix

oy =l 9| )
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of the form (2), where

VPs
lp)=| pn-1/2 p—1/2 ®)
VP VP
represents a pure state if and only if
(1~ 172+ (p2—1/2 + (p3 — 1/2)* = 1/4. ©)
The inequalities
1/4 < (p1—1/2)% 4 (p2 —1/2)* + (p3 — 1/2)> < 3/4 (10)

are forbidden for “quantum” coins or for spin-1/2 projection probabilities in the state with any
density matrix p.

Thus, we show that the pure state of spin equal to 1/2 is determined by three probabilities
0 < p1,p2,p3 <1 to have spin projection +1/2 on the three directions x, y, and z, respectively.
This means that all properties of spin-1/2 states, including the superposition principle, can be
formulated in terms of these probabilities.

In view of gauge invariance of wave functions, we assume the first component of the Pauli spinor
| ) to be a real and non-negative number; the second component can be given as a complex number
/1= p3 ¢'?, where the phase ¢ is the function of the probabilities, i.e,

p—1/2 . p2—1/2
oS P = ———--o, sing = ———. (11)
p3(1-ps) Vps(1—ps)

We point out that new trigonometric formulas (11) are expressed in terms of probabilities [50]
describing dichotomic random variables.

Thus, for two arbitrary pure spin states | ;) and | ¢»), the superposition principle means
the following:

The Pauli spinors | ) = Cy | ¢1) +Co | ¥2), such that (¢ | ¥) = 1Tand (¢1 | ¥2) = 0,

the numbers C; = /II3 and C; = h-1/2  ilh—1/2)

are expressed in terms of probabilities

VI3 VI3

0 < T1y, Iy, T < 1 satisfying the equality (TT; — 1/2)? + (T, — 1/2)% = TI3(1 — I13); they also have

the form
vV P3 )
)= P-1/2 (P —1/2) |e¥. 12)
VPs VPs
Due to gauge invariance of quantum-state vectors, these spinors are determined up to the phase
factors by the three probabilities Py, P,, and P;. The density matrix py = | <i>l<$>‘ expressed in terms

of the numbers Py, P, and P3, provides the addition rule of the probabilities p1, p2, p3 and Py, P2, P3,
determining the nonorthogonal vectors | ¢1) and | ¢) yielding the explicit relations

Py = (1/T) {Thaps + (1= TI5)Ps + 2/psPs (Th — 1/2) }, (13)
P =1/2 = (1/T){Ta(p1 = 1/2) + (Py = 1/2)(1 — ITy)

+[(T = 1/2)(p1 = 1/2) + (12 = 1/2) (p2 = 1/2)] /P /P
+ (M = 1/2)(P1 = 1/2) = (Il = 1/2)(P2 = 1/2)] V/pa/Ps |, (14)
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where

T =14 (I =1/2) [(py = 1/2)(Py = 1/2) + (Py=1/2) (2 =1/2) + psP]
3773

+ (M2 =1/2) [(p2 = 1/2)(P1 = 1/2) = (p1 = 1/2)(P2 = 1/2)]}. (15)

Equations (13)—(15) provide the addition rule for probabilities determining the pure states | i)
and | ¢) in the general case where these states are not orthogonal. Here, we use the same parameters
Iy, Iy, and I'l3 defining the complex numbers C; and Cj.

At (1 | o) = 0, the above number 7 = 1. The relative phase x in the superposition of states | i1 )

L2 . The obtained
VITa(1—113)
rule of probability addition corresponds to the formula for superposition principle obtained in [3]—for
Oy, Py, = 0, it reads

and | ¢p,) is determined by the phase of the complex number Cp, cos x =

A A N 0 AOAw “FA AOA
Py = My, + Aoy, + mw

(16)
VI £y 0Py PO
where py is an arbitrary projector, and 0 > Ay, Ay > 1 are the probabilities such that A; + Ay = 1.
Taking the trace of Equation (16) yields
Tr {ﬁ%popw +ﬁ‘l’zﬁ0ﬁ¢1} =0, 17)

which does not hold in general, but holds if (7 | ) = 0.

Thus, we see that pure and mixed states of the spin-1/2 system can be identified with three
probability distributions (p1,1— p1), (p2,1 — p2), and (p3,1 — p3).

Assume that we have three nonideal classical coins in such a game as coin flipping, coin tossing,
or heads (“UP”) or tails (“DOWN”"), which is the practice of throwing a coin in the air and checking
which side is showing when it lands, in order to choose between three alternatives py or (1 — py);
k =1,2,3. We interpret the numbers p;, pp, and p3 as “coin” probabilities to be in the position “UP”
for each coin, and (1 — py), (1 — p2), and (1 — p3), to be in the position “DOWN".

For pure states, there is the rule of nonlinear addition of the distributions that is equivalent
to the superposition of Pauli spinors. This rule can be illustrated by addition of two Triadas of
Malevich’s squares determined by “coin” probabilities p1, p2, p3, P1, P2, P, and I1;, I, I3, and
providing the probabilities Py, P, P3 as a result. This rule can be illustrated by the formula for adding
the probabilities

Pl 731 P]
p2 || P2 | =] P |, (18)
pP3 P3 P3

where symbol &y of the addition means that we use the probabilities I, Iy, and I3 associated with
complex numbers C; and C, determining the superposition | ) = Cy | 1) + Ca | o) of states | ¢y)
and | ¢,).

6. Illustration of the Qubit State by Triada of Malevich’s Squares
Now, we explain how to illustrate qubit states by Triada of Malevich’s squares [50,52-56].
Given the triangle A; Ay A3 with sides y; k =1,2,3,
2 2 172
Yk = (2 +2p) = 6pk+ 2pjiq + ZPkPkH) ; (19)

in the above equation, the k + 1 addition is modulo 3. We construct three squares with sides v
associated with triangle A A, A3 as shown in Figure 1 and called Triada of Malevich’s squares. The sum
of the areas of these three squares is expressed in terms of the three probabilities pj as
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S=R+B+B =230 pi—p2—ps) +20 + 203 + 203+ prp2+ papa+pap] . (20)

The three squares constructed, using the sides of the triangle, are analogs of the Triada of Malevich’s
squares in art. The properties of area S associated with the triada, given by Equation (20), are different
for the classical system states and for the quantum system states, namely, for three classical coins and
for qubit states.

Figure 1. Triada of Malevich’s squares corresponding to the spin-1/2 state and determined by the triangle
A1ArA3.

For classical coins, the numbers p1, p2, and p3 take any values in the domains 0 < p; < 1—this
means that for statistics of classical coins the area of the Triada of Malevich’s squares satisfies the inequality
3/2<S5<e6.

For qubit states, the probabilities 0 < p; < 1 to have spin projections m = +1/2 along three
orthogonal directions satisfy the non-negativity condition of the density matrix—this provides the
maximum value of the sum of areas of three Malevich’s squares S = 3.

The formulas obtained correspond to the addition rule for two Triadas of Malevich’s squares,
illustrated by Figure 2.

Figure 2. The superposition principle for two pure spin-1/2 states as a result of addition of two Triadas
of Malevich’s squares, which yields the Triada of Malevich’s squares associated with the addition rule.

7. Born’s Rule for Qubits as a Quadratic Form of Probabilities

Born’s rule provides the probability wq, to obtain the properties of the state with the density
matrix pa

_ P P = (1/2) —i(pl —1/2) "
=1 o e @) ‘ 1)
pi = (1/2) +i(py” —1/2) 1—p;
if one measures these properties in the state with the density matrix p;
_ Py P = (/2) —i(pl —1/2) ”
=l (pD ) : (22)
pi —(1/2) +i(py” —1/2) 1—p;

163



Quantum Rep. 2019, 1

According to Born’s rule w1, = Tr (ppp1), we have the equality w1y = wo;.
Thus, the probabilities pgk), pgk), pék) ;k=1,2,3, due to Born’s rule, provide the probability w1,

which, as the function of probabilities pgm, pél) , pgl), pgz) , péz), and pgz), reads

wi = p) i+ (1= ) (1= p57) +2 [ (1 —172) () —172) + (0" —172) (07 = 172)],

i.e.,, we expressed the probability w;, given by Born’s rule in terms of probabilities determining two
states of qubit. It is worth noting that the above formula provides the probability given by a quadratic
form of other probabilities; such quadratic forms were not considered in the literature related to
probability theory. Such expression of Born’s probability wy, is a generic property of qubit and qudit
states, which can be given by the quadratic form, we will prove this in a future publication.

8. Probability in Quantum Mechanics and Quantum Optics for States with Continuous Variables

Now, we formulate, for continuous variables, the superposition principle of quantum-state wave
functions in the probability representation of quantum mechanics, where the states are identified with
probability distributions.

In standard formulation of quantum mechanics, the pure states are associated with complex wave
functions y(x) = [¢(x)| exp[ig(x)]. The mixed states are associated with density matrices p(x,x"), which
are Hermitian matrices p = pt with unit trace Trp = 1 and non-negative eigenvalues.

Recently [35,37,38,57], the probability representation of quantum states for both continuous
variables like quantum-oscillator states and for discrete variables, like spin states or N-level atom
states, was introduced. The review and development of the tomographic-probability distribution of
quantum states are given in [39,51,58,59]. On the other hand, the classical-particle states are determined
either by their position and momentum (if there is no fluctuations) or by the probability-distribution
functions f(q,p) > 0, such that / f(p,q)dpdq = 1 in the case of presence of fluctuations like, e.g.,
thermal fluctuations.

In quantum mechanics, there exist different quasiprobability distribution representations of
quantum states like the Wigner function W(q, p) [29], which is similar to the classical probability
distribution f(g, p) in the phase space, but it can take negative values and, due to this fact, it is not the
probability distribution.

Nevertheless, there exists the bijective map of the density matrices (density operators p) onto
fair probability distributions both for continuous variables [37] given by the Radon transform of the
Wigner function and determined by the trace of the product of operator ¢ and Dirac delta-function of a
specific operator, it is

w(X,pv)=Tr[p6 (X1 —pg—vp)]. (23)

Operators 4 and p are the position and momentum operators; 1 is the identity operator. Here,
the Dirac delta-function of operator (X1 — ug —vp) is given by 6 (X1 — pg —vp) = % o (XA-p=vh) g,
the Fourier transform with —eo < X < oo being photon quadrature (oscillator’s position) and » and v,
real parameters determining the reference frame in the phase space where the oscillator’s position X
is considered.

For jt = cos# and v = sin 6, the probability distribution of variable X is called the optical tomogram
of quantum radiation state. The inverse transform reads

o % /W(X, wov)exp [i (X1 —pg—vp)] dXdudv. (24)

Thus, the state (photon state, oscillator’s state) can be described either by the density operator p
or by the tomographic-probability distribution w(X, ,v), since they contain the same information on
the state.
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The superposition principle of the wave functions means that, for two given wave functions
1 (x) and ¢ (x) describing two different pure states | 1) and | ¢,), the wave function reads (x) =
C191(x) + Coo(x) and the state vector is | ¢) = C; | 1) +Co | ), where C; and C, are complex
coefficients, also describes the physical system state.

9. Coherent State Superposition

We consider nonlinear addition of tomographic-probability distributions corresponding to the
superposition of coherent states | «), i.e., normalized eigenstates of the oscillator annihilation operator a,
(4| ) = « | a)) introduced and studied in quantum optics by Roy Glauber and George Sudarshan [7,8].
The wave function of the coherent state in the position representation reads

2

Vg (X a2 a2 , —w—
Po(x) =7 exp 3 3 3 +V2ax ) ; we assume h=m=w=1. (25)

The tomogram of the state with the wave function ¢(y) is given by its fractional Fourier
transform [60]

. e X)L
W) = g | [ oo [ 2 - 2 ay (26)
This formula provides tomogram of the coherent state in the form of Gaussian distribution
1 _(X=X)?
w(X, ) = = exp < S ) ) 27)

where 02 = (42 4+v?)/2 and X = uv/2Rea +vv/2Ima.

The superposition of states | a)+ = N (| a)+ | —a)) introduced and called even and odd coherent
states in [44] provides the addition rule for tomographic-probability distributions w, (X, u,v) and
w_q(X, p,v), it is given by the formula
NZ
- 27t|v|

wa. (X, p1,v) ;

/ [$u(v) £ ¢-a(y)] exp [;—’; - ’X—y] dy'z.

Thus, the first two terms of the tomographic-probability distributions are contributions of states
| «) and | —a), while the other two terms describe the contribution of the interference term into the
tomographic-probability distribution.

In terms of state vectors | a) and | —«), we have the addition rule of the form

ot (X, pt,v) = N2 T [6(X — g —vp) (| a) | + | —a) (= | £ [a)(—a | £ | —a){a )] (28)
Thus, we can formulate the addition rule of the tomographic-probability distributions as follows:
wor (X, p,v) = NI [wa (X, p,v) + w-oa(X, p,v) + F(X, p,v)], (29)

where
F(X,uv) =Tr[0(X —pg —vp) (£ | a)(—a | £ | —a)(a])]. (30)

10. Born’s Rule for Continuous Variables

In the general case, Born’s rule provides the probability Wi, to have the properties of a system
state with density operator p; if these properties are measured in the system with the density operator
2, given as Wiy = Tr (p1p2). If one has the operator U(x) and the operator D(x), such that one maps
an operator A onto the function f4(x) = Tr AU(x), and the function f,(x) is mapped onto the operator
A= / ' fa(x)D4(x) dx, the generic formula for Born’s rule reads
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Wiz = [Ka(nxa)fa, (1) fa, (x2) dxr s, (31

where Kp(x1x2) = Tr (D(Jq )D(x2)) is the kernel providing the probability Wi, in the formalism of the
used operators U(x) and D(x).
As we discussed for symplectic-tomography scheme, x = (X, 1, v), we have that

N N . N N 1 N N N
U(X,p,v) =6(X1—pug—vp), D(X,p,v) = 5 &P i(X1—pug—vp).
Thus, the kernel KB(X],Xz) = KB(X], H1,v1, Xo, ]/12,1/2) is given by the formula

ei(X1+X2>

o T (ei(MJrvlﬁ) .ei(mmﬁ)), (32)
TT

Kg(Xy, p1,v1, X, pia, v2) =
As operator A, we used the density operators p; and p,. Applying this kernel, we obtain Born’s
rule for symplectic tomograms.
In fact, one has the relation for probabilities |(y; | ¥2)|? = Wiz (Born’s rule) in terms of tomograms
w1 (X, uv) and wy (X, pv), where

wi(X, 1, v) =Trppd (X1 —pug—vp), k=12, 33)

ie.,
Wip = %/wl(XLﬂ,V)wz(Xz,*}lr —v)e! XX Xy d X dpdv. (34)

Thus, the tomographic-probability distributions determining the oscillator states | y;) and | ¢)
provide the probability W;, to have the properties of the pure state | ¢,) if they are measured in the
pure state | ¢;).

We expressed the probability given by Born’s rule in terms of tomographic-probability distributions
determining the photon states. It is worth noting that Born’s rule (34) is given by functional quadratic
form of tomographic probabilities determined by the parameters y and v, characterizing the reference
frames analogous to the qubit case.

11. Conclusions

On an example of spin-1/2, we showed that for quantum systems considered in the probability
representation of quantum mechanics, the superposition principle can be expressed as a specific
nonlinear addition rule of the probabilities determining pure quantum states. From the viewpoint
of simplex theory, the new nonlinear expressions obtained in the form of polynomials of several
variables (probabilities), which again yield the probabilities, can be obtained using the discussed
qubit-system properties.

We found an explicit expression for the probability determined by Born’s rule in terms of the
probabilities determining the quantum states.

Additionally, we considered the superposition principle of quantum system states with continuous
variables, like oscillator’s ones, and discussed the addition rule of the tomographic-probability distributions
on the example of even and odd coherent states, which demonstrate that generic properties of addition
of probabilities for arbitrary state vectors for both discrete (spin) variables and continuous variables
(oscillator) can be formulated as the nonlinear addition rule of probability distributions describing
the states.
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Abstract: We propose a dissipative scheme to prepare maximally entangled steady states in
cavity QED setup, consisting of two two-level atoms interacting with the two counter-propagating
whispering-gallery modes (WGMs) of a microtoroidal resonator. Using spontaneous emission and
cavity decay as the dissipative quantum dynamical source, we show that the steady state of this
system can be steered into a two-atom single state as well as into a two-mode single state. We
probed the compound system with weak field coupled to the system via a tapered fiber waveguide,
finding it is possible to determine whether the two atoms or two modes are driven to a maximally
entangled state. Through the transmission and reflection measurements, without disturbing the
atomic state, when the cavity modes are being driven, or without disturbing the cavity field state,
when a single atom being driven, one can get the information about the maximal entanglement. We
also investigated for both subsystem, two-atom and two-mode states, the entanglement generation
and under what conditions one can transfer entanglement from one subsystem to the other. Our
scheme can be selectively used to prepare both maximally entangled atomic state as well as maximally
entangled cavity-modes state, providing an efficient method for quantum information processing.

Keywords: entangled states; two atoms; two-modes; cavity QED setup

1. Introduction

The preparation and control of entangled states via dissipative engineering have attracted great
interest in the last several years [1,2]. Different from the unitary evolution based schemes, these schemes
use decoherence as a powerful resource in the state preparation process without destroying the
quantum entanglement. In [3], the authors showed that the cavity decay plays an integral part in
preparing a maximally entangled state of two A atoms trapped in an optical cavity. Stannigel et al.
showed that the driven-dissipative preparation of entangled states can be obtained in cascaded
quantum-optical networks between individual nodes [4]. In [5], the authors used the energy relaxation
of the single superconducting qubit coupled to two spatially separated transmission line resonators for
generating a two-mode entangled state. In addition, the generation of a two-mode entangled states
has been investigated by quantum reservoir engineering [6]. Other schemes based on the waveguide
QED configuration are presented in [7-12].

On the other hand, the identification of a quantum state is usually achieved by quantum state
tomography [13]. However, this method directly performs a series of projective measurements on
many identical copies of the quantum state, inevitably disturbing the state of the system. To circumvent
this problem, quantum nondemolition measurements [14] are projected to prevent the back action of
the measurement on the detected observable. Recently, proposals to realize a quantum nondemolition
measurements of a superconducting flux qubit [15], pair of atomic samples [16] and nonclassical state
of a massive object [17] have been demonstrated. However, an interesting question is whether we
can use an experimentally feasible method to detect an entangled state of two atoms or two modes,
selectively, in a single quantum system via quantum nondemolition measurements.

Quantum Rep. 2019, 1, 63-70; doi:10.3390/ quantum1010007 171 www.mdpi.com/journal /quantumrep
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Here, we report a dissipative scheme to prepare maximally entangled steady states in cavity
QED setup, which consists of two two-level atoms interacting with the two counter-propagating
whispering-gallery modes (WGMs) of a microtoroidal resonator. The steady state of this system can
be steered into an entangled atomic state or into an entangled field state by the dissipative quantum
dynamical process. In this scheme, both atomic spontaneous emission and cavity decay are utilized as
a resource to engineer the targeted state. In addition, the dissipative steady-state production requires
neither precise time control nor initial state preparation. To probe these entangled states without
disturbing them, we performed transmission and reflection measurements through the incident weak
field of two ways: (i) driving the cavity mode; and (ii) driving a single atom. For this propose, both
the microtoroidal cavity and the atom were coupled to a tapered fiber waveguide and detectors. By
injecting and controlling a weak field into a tapered fiber, we could determine whether the two atoms
(driving the cavity mode) or two modes (driving a single atom) are in a maximally entangled state by
a single click on the detector, without disturbing the atomic state or cavity field state. Thus, one of
the detectors acted as a witness of the preparation of the entangled atomic state and the other of the
entangled field state. Note that our goal was not to find a way to simultaneously prepare two entangled
states, but to explore the possibility to get a maximally entangled state between two atoms or two
modes, under certain conditions. Compared with previous proposals, the present scheme indicates a
possibility of preparing an entangled atomic state as well as an entangled field state [18] as well as
using the dissipation as a powerful resource to engineer in those states [19]. We also investigated the
time evolution of the entanglement for both subsystem, i.e. two atoms and two modes, and under
what conditions one can transfer an entangled state of two qubits from one subsystem to the other.

2. Model

Our system consists of a pair of identical two-level atoms that interact with the evanescent fields
of a microtoroidal cavity, as shown in Figure 1. We denote the atoms by label i = 1,2 with frequency
weq and the atomic ground and excited states by |g); and |e);, respectively. The cavity supports two
WGM s at frequency w, and with annihilation (creation) operators @ (4) and b (b1). These two modes
have an intrinsic loss rate x;, and are coupled to each other with coupling strength . Each atom is
coupled simultaneously with the two WGM s via evanescent field with a coherent coupling strength
described by g;. dipole-dipole interaction of strength () is also included. The Hamiltonian of the
whole system can be written in the form (in unit fz) [20-22]:

H = we(07707 +0507) +we(ata+b') + J(a™h + ab") + Q(o7765 +05707)

where 07" = |e);(g| and 6;" = |g);(e| are the raising and lowering operators of the atom i.
Introducing dissipation, the dynamics of the system is governed by the master equation [21,22]:

2 . ~
p(t) = —ilH,p(t)]+ (v/2) } Do’ Jp(t) + xDlalo(t) + «D[blp(t), @
i=1

where 7 is the spontaneous emission rate of the atoms, x is the cavity decay rate and
D[O]p(t) = 20p(t)Ot — OTOp(t) — p(t) OTO. The spectrum of the system, i.e., its allowed states,
are represented by the eigenvalues and eigenvectors of H, in the ideal case (note that, including system
dissipation, the eigenvectors with zero eigenvalues are still the same stationary entangled states present
in the ideal case, whereas the others two decay in time), are given by

E)=0;  |EQ) = [gg00)
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Figure 1. Experimental scheme of the atom—cavity system. The cavity consists of two WGMs
coupled simultaneously to a pair of two-level atoms interacting via dipole-dipole interaction ().
In this case, both the cavity and the atom are coupled to a tapered optical fiber in an overcoupled
regime [21]. The modes of fiber are described by {ﬁin,ﬁgu[,fti”,gm,t} coupled to the cavity and
{00 ins 01, 0uts 02,in, 02,0ut } coupled to the atom, in terms of the input-output fields to a detectors.

Note that, for g; = g, the eigenvector correspondent to the eigenvalue E} = 0 is a tensorial
product between the maximally entangled states of the atoms and the cavity in a vacuum state and
for E2 = 0is a tensorial product between the atoms in ground state and a maximally entangled states
between the field modes,

IEY) g1mgs = %(Ie@ ~ lge)) ©100) = ¢, V)
IE2)g1mgr = I28) ® %ulm —jo1)) = G,¢7)

where |G) = |gg), |[V) = |00), [p~) = L (|eg> |ge)) and |¢~) |1O |01)). The energy-level
diagram of the atom-toroid system w1th the transitions and ecay rates, via Fermi’s golden
rule (without spontaneous emission (y = 0), collective decay rates of the modes are given by
T'c=x/2e l"ci = x, while, without cavity loss (x = 0), the collective decay rates of the atoms are
givenby I'; = y/4e I’gi = 7/2) [23], and the probe fields (which are discussed further below) are
shown in Figure 2. In this study, we only considered the lowest energy of the system, since we were
interested in its steady state, which is a mixture of these states for any initial state of the system.
Thus, the steady state of the system is a mixture of the lower energy states of each subspace:

Pss = (1 - Pspant - Pcav) ‘Gz 00> <Gz OO‘ + p5p011/|¢7r OO> <¢7r OO| + pcuv‘¢7/ OO> <¢7/ OO‘ (3)
where Psout is the projection of the initial state of the atom in the state |~) and Peyp is the projection

of the initial state of the fields in the state |¢~). Equation (3) can be obtained directly from Equation (2)
tot — 0.
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Figure 2. Energy levels diagram of the atom-cavity system with collective decay rates and probe fields
where (blue) driving the cavity mode with strength € and frequency w; and (red) driving the single
atom with strength 7 and frequency wp.

Following the method described in [18], to discriminate these states without disturbing them, we
must monitor the system using a weak probe field, keeping the system still with a single excitation. In
our case, we used two distinct procedures to monitor the atom—cavity system via probe field: (i) drive
the cavity mode to distinguish between the atomic states |G) and | ), restricted to the time interval
K/ g2 < t < 1/ [24]; and (ii) drive a single atom to distinguish between the states of the fields |V)
and |¢—) in the time interval kt < 1 and g?t/ > 1. In both cases, such discrimination of states
consisted in measuring the coefficients of transmission and reflection of the incident field, without
disturbing the atomic system (Case i) or the cavity modes (Case ii). In addition, using the formalism of
input-output theory [25], the output fields are given by

Aout(t) = ajy (1) + v/ 2Kera(t) 4)
bout () = bin(t) + v/ 2xkexb(t) 5)

where the coherent amplitudes of the input fields are given by (a;,,) = \/ZT and (b;,) = 0[22]. In this

way, the transmission and reflection coefficients of the modes are defined as

T — <“gut‘10ut>ss
‘ le[?/ (2ex)

_ <bguthout>ss
‘ le[2/ (2kex)

(6)
@
Similarly, the transmission and reflection coefficients from the atoms are given by

<Ul+,outaioltt>55
1712/ (27ex)

<0'24tout0-27,out>55
72/ (2vex)

T, = (8)

Ry = (9)

3. Monitoring the Atom—Cavity System by Driven the Cavity Mode

Our purpose in this section is to probe stationary atomic states, that is, to distinguish
an uncorrelated atomic state (|G)) from a maximally entangled state (|3~ )) without disturbing them,
e.g., by performing a quantum nondemolition measurement. In this case, the mode a of the cavity
is driven by a probe field given by Hy = e(ae'“L! 4 aTe~“Lt), where € and w; are the strength and
the frequency of the probe field, respectively. In Figure 2, we can observe that, if the system is in the
state [—, 00), the external field is capable of promoting the transition |¢~,00) — |¢~,10), resonantly.
Note that [p~) is a dark state and, in this case, the atoms do not “see” the cavity modes and this would
be the same as if imposing ¢ ~ 0, thus, obtaining T. = 1 and R; = 0. On the other hand, if the system
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is in the state |G, V), the external field leads to the transition |G, V) — |E{") having detuning (A;)
between the frequencies of the probe and atom—field system given by +2g, resulting in T, = 0 and
R. =1, as explained below. This occurs because the two atoms are strongly coupled to the cavity, i.e.,
lg| > {xin, ], Q, |AL|, T}, resulting in an intracavity field redistribution between counter-propagating
modes a and b [21]. Thus, the radiated field is dynamically controlled by atomic polarization which
produces a destructive interference in the output field a,,+ between the components a;,, and V2¥ex
resulting in a transmission T, — 0, and, consequently, the incident field is fully reflected in the fiber via
the output field byyt, resulting in R, — 1 (note that 7. + R, < 1 due to the losses in the system) [21,26].
Therefore, the transmission and reflection of the probe field applied to the cavity mode can be used
as witness of the atomic states, without disturbing them so that, T. = 1 and R, = 0 implies that
0% — |p~)(¥~|,and T. = 0 and R, = 1 implies that p% — |G)(G|. In a compact way, the steady state
of the atomic system, tracing over the modes of the cavity, is given by:

Tre[pss] — ot = (1 — Pspont)|G) (G| + Pspont | ) (¥ |. (10)

Figure 3 shows the transmission and reflection of the cavity modes as a function of the detuning
(AL = we — wr) between the frequencies of the probe field and the atom~-toroid system in overcoupled
regime, for {€, Kex, iy, QO J, T, g} /2 = {10,20,0.2,0,0,5.2,45}MHz. In Figure 3, the dashed line
correspond to the case where p% — |~) (™|, so that the incident field is fully transmitted (T, = 1
and R, = 0), equivalent to empty cavity type behavior (¢ = 0). On the other hand, when p% — |G) (G|
(solid line), it was observed that, near the resonance (A; = 0), the strong coupling between the atoms
and the cavity modes, that is, ¢ > «.y, causes the incident field to be fully reflected (T, = 0 and R, = 1)
and, in this case, the atoms act as a “mirror” for the incident field.

1.0

08

A

Figure 3. Transmission (blue) and reflection (red) of the cavity modes as a function of the
detuning between the frequencies of the probe field and the atom—cavity system in overcoupled
regime kexy > {k;,, J} and we = w,. The chosen parameters were {€, kex, iy, Q, J,Tc,g}/2m =
{10,20,0.2,0,0,5.2,45} MHz. The dashed line corresponds to p% — |¢~)(y~| and the solid line
for pft — |G) (G,

4. Monitoring the Atom-Cavity System by Driven the Single Atom

In this section, we probe the steady states of cavity modes, that is, differentiate an uncorrelated
state (|[V)) from an entangled state between two modes (|¢)) by driving the single atom,
without disturbing the states of the cavity modes. In this setup, the incident field is given by
Hp = (o7 Pt 4 o;Fe~pt), where 17 and wp are the strength and the frequency of the probe field,
respectively. Note that the external field was applied to atom 1, as shown in Figure 2. It was also
observed that the probe field is capable of promoting, resonantly, the transition |gg, ¢~ ) — |eg, ¢~ ).
Similar to the previous discussion, |¢~) is a dark state and, in this case, the cavity modes do not “see”
atoms and this would be the same as if imposing g ~ 0, resulting in T, = 1 and R, = 0. However,
for |gg, V), the incident field is capable of promoting the transition, of resonance, |gg, V) — |E+)
with detuning +2g, resulting in T, = 0 and R, = 1. In this case, the incident field is fully reflected
due to destructive interference between the components oy, and /27,07 resulting in T, — 0.
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Therefore, the transmission and reflection of the probe field applied on atom 1 can be used as witness
of the state of the cavity modes without disturbing them, so that, T, = 1 and R, = 0 implies that
05 = |97 )(¢~ | and T, = 0 and R, = 1 implies that p5; — |V)(V/|. The steady state of the cavity
modes, tracing over the atomic states, is given by:

Trat[pss] — 055 = (1 — Peao) [V) (V| + Peao|@ ™) (¢~ |. (11)

Figure 4 shows the transmission and reflection of the atoms as a function of the detuning between
the frequencies of the probe field and the atom-toroid system Ap = w, — wp in an overcoupled regime,
for {1, Yex, Yin, QO J,Ta, g} /27 = {10,40,0.2,0,0,5.2,45} MHz.

10
08
06

TaRa

04

02

R
~100 ~50 0 50 100

Figure 4. Transmission (blue) and reflection (red) of the atoms as a function of the detuning between
the frequencies of the probe field and the atom—cavity system in an overcoupled regime yex > {7;,, Q}
and w, = w,. The chosen parameters were {7vex, i, Q,J,Tc}/2m = {40,0.2,0,0,5.2} MHz. The
dashed line corresponds to p5; — [¢~) (¢~ | and the solid line for p5, — |V )(V|.

In Figure 4, the dashed lines correspond to the case that p5; — [¢p—) (¢—|, where the probe field
is fully transmitted (T, = 1 and R, = 0), because, in this state, the cavity modes do not “see” atoms
(g = 0). However, when pS; — |V) (V| (solid lines), it is noted that, around the resonance (Ap = 0),
the strong coupling between the modes and the atoms (g > 7.y) induces a complete reflection of the
incident field (T, = 0 and R, = 1).

5. Transfer of Entanglement between Two Atoms and Two Modes

In this section, we investigate the case when the system is initially prepared in an entangled
state and under what conditions it is possible to obtain the transfer of entanglement between the two
subsystems, e.g., from the two atoms to the two modes. In this case, we consider the following two
initial states: |¢(0)); = %(\eg) + |ge)) ®00) and [¢(0))2 = %(HO) +01)) ® |gg). For this purpose,
we use negativity [27] as measure of the degree of entanglement between the two atoms (N;) and the
two-modes (N).

Figure 5 shows the time evolution of the negativity between the atoms (blue lines) and between
the fields (red lines) as a function of the scaled time gt for the initial states |¢(0)); (left) and |¢(0))2
(right) with v fixed and different values of x. It was observed that, in both initial states, it is possible
to completely transfer the entanglement between the two subsystems when x = 7y = 0.01g (next to
the ideal case), as expected. For small values of gt and higher values of «, the degradation of the
entanglement between atoms is more robust when compared to the entanglement between the modes.
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Figure 5. Time evolution of the negativity between the atoms (blue) and fields (red) as a function

of time scaled gt for the initial states: (left) |¢(0)); = %(\egOO) + [ge00)) ; and (right) |¢(0))2 =

%ﬂgglo) +|gg01)). The chosen parameters were ¢y = 0.01g and O = ] = 0 for x = 0.01g (solid line),

x = 0.5¢ (dot-dashed line) and x = 1.0g (dashed line).

6. Conclusions

In conclusion, using a dissipative atom-microtorid system, we have shown that it is possible to
prepare a selectively maximally entangled state between two atoms as well as a maximally entangled
state between two modes. In this case, the results were obtained by measuring the transmission and
reflection coefficients of a weak probe field applied to the atom—cavity system, so as not to disturb
the atomic state (drive the cavity mode) or the state of the cavity field (drive the single atom) by
performing a quantum nondemolition measurement. In addition, we have shown that it is possible to
transfer an entangled state of two qubits from the two atoms to the two modes under certain conditions.
Therefore, our results may contribute to a better understanding of the preparation and transfer of
entangled states that are of great interest to the quantum information processing.
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1. Introduction

In quantum optics, there is general agreement that the most classical states of light are the coherent
states [1-4]. In classical physics, a system can be completely described by a single point in phase
space. In quantum mechanics, this is not possible due to the uncertainty principle [5,6]. For this reason,
the phase space description of quantum systems must necessarily be via some distribution, rather than
a point, that strictly obeys the uncertainty principle. In this sense the coherent state, being a minimum
uncertainty state with no preferred axial direction in phase space, is arguably the closest quantum
mechanical equivalent to a classical single point description of a physical system. However, one
has to bear in mind that coherent states still fundamentally represent a quantum mechanical system.
For this reason, despite being the most classical among the quantum states, quantum mechanical
properties may still be pried from it. This is demonstrated by their strict observance of the uncertainty
principle, as well as by their continued usefulness in purely quantum protocols such as quantum
key distribution [7].

Nonclassical states, which are quantum states whose properties cannot be purely interpreted as
directly deriving from the set of coherent states, are of considerable theoretical and practical interest.
Fundamentally, because the set of classical states occupies only a small corner of the full Hilbert space,
we are motivated to fully explore the set of physically allowable quantum states and to study their
properties. Practically, there are many applications where nonclassical states can demonstrate genuine
superiority over classical ones. These include applications in quantum information [8], quantum
metrology [4], biology [9] and imaging [10]. It is also frequently the case that strongly nonclassical
states are more useful in many protocols than weakly nonclassical ones. We are therefore interested
in formulating methods that will enable us to first of all identify correctly when a light field can be
considered nonclassical, as well as quantitatively describe the extent of nonclassicality present in
quantum systems.

A recent trend in quantum information circles is to study different notions of nonclassicality via
the so-called resource theoretical framework [11]. Such frameworks remove some of the ambiguity
and arbitrariness in earlier studies of nonclassicality, by interpreting nonclassicality as resources to
overcome the limitations of some set of quantum operation. Any quantifier of nonclassicality within
this framework therefore has to be consistent with this view. This article seeks to provide some
background to this approach, and to summarize the recent developments in this arena.

Quantum Rep. 2019, 1, 151-161; d0i:10.3390/ quantum1020014 179 www.mdpi.com/journal /quantumrep
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2. Preliminaries

As mentioned, the most classical states of light are typically considered to be the coherent states.
One way to define the coherent states is as the eigenvectors |«) of the annihiliation operator a such that

alu) = ola),

where a is any complex number. If one accepts that among pure states |«) is classical, then classical
statistical mixtures of such states should also be classical. This suggests that if the density operator of a
general mixed can be expressed in the form

pa = [ daPaw) o) (al,

where [d?aPy(x) = 1 is some positive probability density function, then we can say that the
quantum state p is classical. We see that for classical states, the quantum state is fully described
by the distribution P,.

It turns out that for general mixed states, a similar representation of the state is also possible.
Due to the seminal work of Glauber [2] and Sudarshan [3], one may show that every quantum state of
light may be written in the form

o= [ upP@)a) al,

where P(«) is called the Glauber-Sudarshan P-function. Observe the close similarity to the definition
of a classical state pq = [ d?aPy(a) |a) («|. For general quantum states, however, the function P(a) is
a quasiprobability distribution instead of a proper, positive probability density function. This means
that P(«) is always properly normalized such that [ d?x P(«) = 1, but may permit negative values.
We see that when P(a) corresponds to a positive probability density function the state must be classical.
Otherwise, we say that the state is nonclassical.

3. The Resource Theoretical Framework

A quantum resource theory [11] is a general framework for quantifying notions of nonclassicality.
We stress that this approach is not limited to the study of nonclassicality in light fields. There are
many different kinds of quantum resource theories that are currently being considered, such as
the resource theories of entanglement [12] and coherence [13]. One benefit of studying different
notions of nonclassicality under a unifying framework is that it also provides a method of considering
the relationships between different quantum resources, rather than treating each different quantum
resource as its own separate island.

While the underlying notion of nonclassicality may differ from resource theory to resource
theory, the fundamental approach remains broadly the same. The idea is to cast different notions
of quantumness as resources that are not freely available. If one has access of the full repertoire of
quantum mechanical operations, such limitations are not possible. For this reason, a fundamental
requirement of a resource theory is to first define a set of “free” quantum operations.

We now describe this in more precise terms. Let the set of classical states be C, which is a strict
subset of the Hilbert space. Any state that belongs to the complement of the set C, i.e., does not belong
to C, is nonclassical by definition. Associated with the set of classical states C, we will also define a set
of operations O. O must be a strict subset of the set of all possible quantum operations, with the only
requirement being that if ® € O and p € C, then ®(p) € C. In other words, O must be some collection
of quantum operations that are unable to produce nonclassical states from classical ones.

Given the set of classical states C and the set of free operations O, we are then in the position
to formulate our resource theory. We shall say that a nonnegative measure N(p) is a nonclassicality
measure under a particular resource theory if it satisfies the following basic properties:

180



Quantum Rep. 2019, 1

1. N(p)=0ifpeC.
2. (Monotonicity) N(p) > N(®(p)) if ® € O.
3. (Convexity), ie., N(¥; pipi) < ¥ piN(p;) -

Property 1 simply requires that the measure N(p) returns positive values only when p is
nonclassical. Property 3 imposes the condition that N(p) must be a convex function of state. This is
a natural requirement to ensure that you cannot increase nonclassicality by statistically mixing any
two quantum states p and ¢ and considering pp + (1 — p)o. It is intuitively clear that such statistical
mixing processes are inherently classical procedures, and so cannot be expected to produce additional
nonclassicality in any reasonable measure N.

Property 2 is perhaps the primary property that defines the resource theoretical approach.
It imposes the requirement that any nonclassicality measure N(p) must always be a nonclassicality
monotone with respect to the set of operations O. This means that the nonclassicality measure N(p)
must always monotonically decrease under the quantum operation ®, if & € O. This property
encapsulates the idea that one can neither freely produce nor increase nonclassicality if you are limited
to performing only quantum operations that belong to the set O. Suppose N(p) is some physically
relevant quantity that we are trying to maximize. There is clearly no way to do so by solely performing
operations in O so the only way to increase N(p) is by replacing the input state p with another
nonclassical state ¢ such that N(0) > N(p). In this picture, sources of nonclassical quantum states may
be interpreted as additional quantum resources that are required in order to overcome the limitations
inherent to classical states C and operations O.

We stress that the above is only a framework and does not constitute a physical result on its own.
Physics comes into the picture by studying specific physical scenarios and then studying the properties
of physically meaningful measures N(p) under various conditions, so it is imperative that N(p) has
physically meaningful interpretations in the first place. What this framework does is only to imbue the
quantity N(p) with an additional resource interpretation, in the sense that we have described in the
previous paragraph.

For the quantification of nonclassicality in light, the set of classical states is unambiguous: C must
be the set of states with classical P-functions. The set of operations O therefore needs to be defined in
order to formulate a resource theory of nonclassicality. The earliest known proposal to formulate a
resource theory of nonclassicality for light is by Gehrke et al. [14,15]. In this resource theory, the set
of free quantum operations is abstract. Subsequently, resource theories based on more physically
relevant sets of free operations were also considered. We will discuss these various approaches in the
subsequent sections.

4. Resource Theory Based on Abstract Free Operations

An early proposal to formulate a resource theory of nonclassicality for light is by Gehrke et al. [14,15].
In this proposal the set of free operations O is proposed to be the maximal set of quantum operations
® that always maps a classical state to another classical state, i.e, ®(p) € C if & € O for every
p € C. This is the largest possible set of quantum operations that one can define under the resource
theoretical approach.

One example of a nonclassicality measure under this resource theory is the nonclassicality degree.
The nonclassicality degree is a discrete measure of nonclassicality, similar to the Schmidt number [16,17]
in the resource theory of entanglement. The set of coherent states is well known to form an overcomplete
basis. This means that any pure state can be written in terms of a superposition of coherent states. As a
result, we can consider the minimum number of superpositions r such that

) =Y Ailw),
=
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where {|«;)} is some set of coherent states. The nonclassicality degree [14] is then defined as

K(9) =7~ 1.

Since the only classical pure states are the coherent states, for any nonclassical pure state we must
have x(|y)) > 0.

For mixed states, we can extend the measure for pure states via a convex roof construction [18,19].
This means that we consider all possible pure state decompositions {p;, ;) } such that p = Y; p; [ )(;] .
The nonclassicality degree of some density operator p can then be defined as the minimax quantity

o) = min maxx(lp).

This is basically the largest nonclassicality degree «(|i;)), minimized over all possible pure state
decompositions {p;, [¢;) }.

Another example of a nonclassicality measure under this resource theory is the nonclassicality
distance. The nonclassicality distance is actually a family of geometric nonclassicality measures rather
than a single measure. Suppose we have a distance measure d(p3, p2) for any quantum states p; and
02. We can define the nonclassicality distance as

3(p) = inf d(p, oq)-

In particular, some distance measures are known to be contractive under arbitrary completely
positive, trace preserving (CPTP) quantum maps ®. This means that for every p1, o, and CPTP map &,
we have d(p1,p2) > d(P(p1), P(p2)). If the distance measure d has such a property then we see that if
@ € O is a free operation, then

5(p) = lg;llf d(p,0q)
> 151]f d(@(p), P(0a))

> 0(2(p))-

We are therefore guaranteed that §(p) monotonically decreases under free operations. If the
distance measure d is additionally convex with respect to its arguments, then Properties 1, 2, and 3 will
always be satisfied. Examples of distance measures satisfying the required properties are the trace
distance [20] and the Bures distance [21]. The trace distance is defined as

dre(p1,02) = lle1 — p2lly,

where ||Al|; = Tr<\/ A*A) is the trace norm. The Bures distance is defined as

dgu(p,0) = /2 —2F(p,0),

where F(p,0) := Tr{,/,/po/p} is the Bures fidelity. One notable example of a distance measure that
does not possess the required properties is the Hilbert-Schmidt distance, which is known to be not
contractive under general CPTP maps [22].

The primary issue with Gehrke et al.’s resource theory is how to interpret this abstract definition
of the set of free operations ©. While simple to define, there is no known simple characterization
of O and it is unclear what kind of operations they represent physically in the laboratory. For the
resource theoretical approach, this may not be always desirable, since one of the primary motivations
behind this approach is to consider nonclassicality in terms of resource states that overcomes the
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limitations of the free operations O. From this perspective, there is no strong physical motivation
in Gehrke et al.’s approach as to why one should be interested to utilize nonclassical resources to
overcome such abstract definitions of O, beyond the fact that it is technically allowable under the
resource theoretical framework.

5. Resource Theory Based on Linear Optical Operations

Recently, Tan et al. [23], noting that nonlinear operations are required in order to produce
nonclassical states, proposed a resource theory of nonclassicality based on the set of linear optical
operations. This approach is valid since linear optical operations always map a classical state to another
classical state. This resolves the main problem with Gehrke et al.’s resource theory by replacing an
abstract definition of O with a physically relevant set of operations that can be performed in the
laboratory, and which also permits a relatively simple characterization.

In simple terms, a linear optical operation is any quantum operation that is implementable using
any combination of passive linear optical elements, displacement operations, plus interaction with
classical ancillas. The most fundamental operation in a general linear optical operation is a unitary
linear optical operation U representing any combination of beam splitters, mirrors, and phase shifters,
supplemented by displacement operations. A general linear optical unitary operation U, can be
characterized rather simply. Let a} be the creation operator of the kth mode, then Uj, represents any

transformation of the type
K

K
t t
a; — Z }lkllk -+ @D‘klk
k=1 k=1

where {3} are any set of complex values satisfying Y& ; | yk|2 =1, I are identity operators on the kth
mode, and «j are complex numbers. More generally, a linear optical map is defined to be any map ®;
that can be represented by the expression

®r0a) = Tre(Urpa @ oel]), o)

where 0%, is some classical state. By defining O to be the set of linear optical maps, we can see that O is
not only simple to define, it also has a clear physical interpretation.

One example of a measure under this resource theory is the amount of coherent superposition
between the coherent states [23]. By decomposing a state |) as a superposition of a carefully chosen
set of coherent states |a;) such that |¢) = Y_; ¢; |a;), one can take a continuous coherence measure C
from the resource theory of coherence and transform it to a nonclassicality measure N¢(|¢)) which
quantifies the amount of coherent superposition among the set of coherent states |«;) according to
the coefficients ¢;. In Ref. [23] N¢(|y)) is referred to as the a-coherence. One may show that the
«-coherence satisfies the required Properties 1, 2 and 3 under the resource theory of Tan et al. so it
is a valid nonclassicality quantifier. The measure Nc may be interpreted as a continuous extension
of the nonclassical degree Ref. [14], which is a discrete measure that counts the minimum number
of superpositions rather than the amount of superposition. The a-coherence therefore provides a
neat interpretation of optical nonclassicality in terms of the resource theory of coherence [13]. In fact,
it was also noted [23] that the nonclassicality of optical systems shares many points of similarities with
quantum coherence. For instance, both nonclassicality [24-26] and coherence [27-30] may be converted
into entanglement using only free operations. The relationship between entanglement, coherence and
nonclassicality may be an interesting point of investigation going forward.

Another measure that belongs to the resource theory by Tan et al. is called the metrological power.
It is based on the quantum Fisher information, which quantifies the usefulness of a quantum probe for
parameter estimation tasks. This measure was considered independently in both Ref. [31] and Ref. [32]
with the former focusing on pure states, and the latter with a greater focus on general mixed states.

We now introduce the quantum Fisher information and discuss its relationship to parameter

estimation. Suppose we have some unitary Uy := ¢ *C, where 6 is a real number representing
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some physical parameter, and G is some Hermitian operator called the generator. Under this unitary
evolution, an initial state p will evolve according to p — py = UppUJ. The primary goal of parameter
estimation is to estimate the value of by performing a measurement on py.

The relationship between parameter estimation and the Fisher information is supplied by the
well known quantum Cramér-Rao bound [33-35]. This states that the uncertainty of any unbiased
estimator § must obey the inequality

A 1
N> ———,
nlg(p, G)
where 1 refers to the number of independent measurements, and Ip(p, G) is the quantum Fisher
)2
information given by Io(p,G) = 2}, (’;‘i j;]j) | (i| G |j) |>. It is known that for single parameter

estimation problems, there always exists a quantum measurement that saturates this bound, so long
as a sufficient number of independent measurements n > 1 is performed. The quantum Fisher
information I (p, G) therefore sets fundamental limits on our ability to measure 6.

Consider now a system of N modes with creation and annihilation operators a! and g

where i = 1,...,N. A N mode annihilation operator can be defined as a, := Zi’i 1 #ia; where
u = [Re(p1),Im(py)...,Re(un), Im(pun)] is a 2N dimensional real vector of unit length, i.e.,
| ;4\2 = YN, |u]* = 1. From this, we define the N mode field quadrature operator
ay +al
Xy = * o
V2

X, is the generator of the the unitary evolution
D(6, ) == e~ 0%,

which performs an N mode displacement operation. Setting G = X,, we can consider the
Fisher information:

(P i~ Pj )2 . o2
Io(p, Xy) =2y  ——| (i| X .
alo, Xp) IZ]: Pi+Pj|<| wli) |
Generally speaking, the larger the Fisher information, the more useful it is for estimating the
parameter 6 in D(6, ), so we are interested to find the maximum Fisher information that we can
extract from a quantum probe p over all possible quadrature directions given by y, so we can consider
for our figure of merit

1
M(p) := max{i r;lgg( In(p, Xu) — 1,03, 2)

where the second maximization ensures the non-negativity of the measure. In the first maximization,
S is simply the set of all possible u satisfying |u|> = 1. M(p) is called the metrological power and
can be shown to satisfy Properties 1, 2, and 3 under the resource theory of Tan et al. The interesting
aspect of the metrological power is that it directly relates the nonclassicality of a state to the state’s
usefulness in a parameter estimation task. For pure states, the metrological power can identify every
nonclassical state, thereby establishing that every nonclassical pure state is useful in this particular
parameter estimation problem, and the usefulness of the state is directly related to the amount of
nonclassicality. One limitation is that the metrological power does not identify every mixed quantum
state, i.e., there may be some mixed, nonclassical states where the measure returns zero.

More recently, Ref. [36] considered the extension of negativity to cover the set of all s-parametrized
quasiprobabilities Ps(«). The s-parametrized quasiprobabilities where s € [—1, 1] are a family of phase
space distribution functions satisfying | d?x Ps(x) = 1 but may possess negativities. Setting s = 1
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we get the Glauber-Sudarshan P-function, setting s = 0 we retrieve the Wigner function, and setting
s = —1 we get the Husimi Q-function. One may show that the negativity of all such distributions

Np) = 3 | [ Palwl 1] )

are nonclassicality measures belonging to the resource theory of Tan et al. [23]. In particular, as s
decreases, N;(p) becomes increasingly weaker as a nonclassicality measure in the sense that the
negativity decreases and fewer nonclassical states are identified by the measure.

In Ref. [31], Yadin et al. also considered a resource theory where O is expanded to include the set
of linear optical operations, plus operations allowing for the feed forward of measurement outcomes.
We note that, by definition, linear optical operations belong to this expanded set of operations. As such,
any measure of nonclassicality under the resource theory of Yadin et al. [31] will monotonically
decrease under linear optical operations and thus also belongs to the resource theory of Tan et al. [23].
Similar arguments can also be made for the resource theory of Gehrke et al. [14,15].

6. Convex Resource Theories of Non-Gaussianity

A Gaussian state is a special class of optical quantum states whose Wigner function is a Gaussian
function [37]. According to this definition, every Gaussian state p; has a Wigner function that can be
written in the form

1
W(r) = ————ex
®) 27t/ detV P

where f := ((x), (p)) and V is the covariance matrix, which is given by

-5, @

A% (Hx—(x),p— <p>}>] _
F{x—(x) p— () A%p

Quantum states such as coherent states, thermal states, and squeezed vacuum states are Gaussian.
We observe that the coherent and thermal states are both classical states, while squeezed vacuum is an
example of a nonclassical Gaussian state.

Based on the above definition of Gaussian states, we can also define the set of Gaussian operations.
A Gaussian unitary Ug is any combination of displacement operations, phase shifters, beam splitters
and squeezing operations [38,39]. More generally, Gaussian operations ®¢ can be written in the form

@G (p1) = Tra[Ugper ® |0)(0], UE]-

We see that such maps always map a Gaussian state to another Gaussian state. Many Gaussian
states can also be produced under laboratory settings [8]. As a result, the properties of Gaussian states
are particularly well understood. At the same time, Gaussian states comprise only a small subset of the
possible quantum states, and many quantum protocols are not possible if one stays strictly within the
Gaussian regime [40—49]. This has motivated the study of non-Gaussian states as quantum resources,
so there is considerable interest to quantify and characterize non-Gaussian effects.

In the strictest sense, every quantum state whose Wigner function is not a Gaussian distribution
is non-Gaussian by definition. One may try to formulate non-Gaussianity measures based on this
definition. Examples of such measures are the geometric based measures similar to the nonclassicality
distance [50-55] which quantifies the distance of a state p to the closest Gaussian state pg. However,
employing this strict definition necessarily means that many non-Gaussian states are classical.
An example of this is the mixed coherent state p = (o )(a1| + |a2)(2|) /2, which is clearly classical but
has two peaks and cannot be written in the form of Equation (4). Such states can be created using only
classical states and classical statistical processes, and should not lead to any genuine quantum effects.
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In order to circumvent this, there are recent proposals to formulate a convex quantum resource
theory of non-Gaussianity [56,57] where genuine nonclassical effects are captured. In such proposals,
the definition of non-Gaussianity is now stricter, and only includes any quantum state that is not
within the convex hull of Gaussian states. Such states are said to display genuine non-Gaussianity,
which means that non-Gaussianity that emerges from classical statistical mixing processes is now
excluded. Such genuinely non-Gaussian states cannot be written in the form

p =Y pikG

where p; is a probability distribution and p’; is some Gaussian state. Since coherent states are Gaussian,
every state with a classical P-function will lie within the convex hull of Gaussian states. As such,
genuinely non-Gaussian resource states must also have nonclassical P-functions.

In such resource theories, the set of classical states C is therefore the set of states that can be
written in the form p = Y, p;pi-. As for the set of free operations O, one possibility is to define it as any
quantum operation ® that is composed of the following elementary operations:

a. Gaussian unitary operations Ug.

b.  Composition with a free state p @ o, where o = }; p;0¢,, p; is some probability distribution, and ¢,
is some Gaussian state.

c.  Partial trace of a subsystem.

In addition to the above elementary operations, the resource theories of Ref. [56] and Ref. [57]
also considered Gaussian operations conditioned on measurement outcomes. In this respect, their
definition of a free operation differs slightly in that the former considered projective measurements
onto general Gaussian pure states i )(c| while the latter considered homodyne measurements.

One example of a genuine non-Gaussianity measure is the negativity of the Wigner function [56,57].
Given the Wigner function W (r) of some given state p, the logarithmic negativity of p is defined as

Lu(p) = log / Pr|W(r)|.

Recall from Equation (3) that the family of negativity measures Ns are all nonclassicality
measures. Setting s = 0, Np is nothing more than the negativity of the Wigner function, so we
have log[2Ny(p) + 1] = Ly (p). We therefore see that the negativity of the Wigner function is both a
measure of genuine non-Gaussianity and nonclassicality.

In fact, every convex measure of genuine non-Gaussianity must necessarily be a nonclassicality
measure. This is because coherent states are Gaussian states, and every linear optical unitary operation
is also a Gaussian preserving unitary operation. From Properties a, b and ¢, we see that any linear
optical operation of the type in Equation (1) must also be a free operation in the convex resource theory
of non-Gaussianity. This implies that measures of genuine non-Gaussianity must also be linear optical
monotones in the resource theory of Tan et al. [23].

We note that in such convex resource theories of non-Gaussianity, the convex hull of Gaussian
states C necessarily contains many states that have nonclassical P-functions, with the most prominent
being the squeezed coherent states. Any genuine non-Gaussianity measure will therefore exclude
such states. Furthermore, since the squeezing operation is a Gaussian operation, it makes no
attempt to capture any increase in nonclassicality due to squeezing. This is a feature that stems
from the definition of the resource theory. As such, the starting point of the resource theory of
non-Gaussianity is necessarily qualitatively different from resource theory of nonclassicality discussed
in the preceding sections. For this reason, it is perhaps more appropriate to consider the concept of
genuine non-Gaussianity as something that overlaps significantly with the notion of nonclassicality,
rather than an independent approach of quantifying nonclassicality in light.
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7. Conclusions

In this article we summarized recent trends in the characterization and quantification of
nonclassical states of light. Along these lines, there has been considerable interest in developing
a resource theory of nonclassicality for quantum light. Several prominent proposals are discussed.
First, there is the resource theory of Gehrke et al. [14,15], which is based on an abstract definition of the
set of free operations O. We then discuss the resource theories of Tan et al. [23] and Yadin et al. [31],
which are based on linear optical operations. Finally, we discuss proposals by Albarelli et al. [56], and
Takagi and Zhuang [57] to develop convex resource theories of non-Gaussianity. Non-Gaussianity
approaches are not technically resource theories of nonclassicality as the set of free states are not the
set of states with classical P-functions, but there exists significant overlap.

It is interesting to note that all the measures discussed across these various schemes naturally fall
under the resource theory of Tan et al. [23]. This is because the free operations under this resource
theory, the set of linear optical operations, is the simplest among the resource theories that are discussed
thus far.

Most of the nonclassicality measures that belong to these resource theories have geometric or
other fundamental interpretations, with the exception of the metrological power [32], M(p), which
has an interpretation in terms of the operational usefulness of the state. This measure is sufficient to
identify every nonclassical pure state as useful for a parameter estimation task, but does not identify
every nonclassical mixed state in general. It is an open problem whether there is some parameter
estimation problem that can identify every nonclassical state as useful. More generally, a promising
future direction is to find nonclassicality measures that directly quantify the state’s usefulness in some
meaningful operational task.
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