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Abstract: The superposition states of two qubits including entangled Bell states are considered in the
probability representation of quantum mechanics. The superposition principle formulated in terms
of the nonlinear addition rule of the state density matrices is formulated as a nonlinear addition rule
of the probability distributions describing the qubit states. The generalization of the entanglement
properties to the case of superposition of two-mode oscillator states is discussed using the probability
representation of quantum states.
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1. Introduction

The conventional description of system states in quantum mechanics is provided
using either wave functions [1] (pure states) or density matrices [2,3] (mixed states). In
addition, the vectors in the Hilbert space or the density operators acting in the Hilbert space
are used to describe the pure states and the mixed states, respectively [4]. Different other
representations of quantum states including the Wigner quasidistribution [5], the Husimi
function [6], the Glauber-Sudarshan quasiprobability distribution [7,8], and the groupoid
picture of quantum mechanics [9] were introduced to describe the systems with continuous
variables such as oscillators. In the case of systems with discrete variables such as spin
systems, the states were also described by analogs of the Wigner function of the discrete
variables; see, e.g., [10]). The described representations of quantum states are very different
from the representations used in classical physics, e.g., in classical statistical mechanics
where the probability distributions are associated with the classical system states. The
attempts to find the probability representation were done, e.g., in [11]).

Recently, the probability representation of quantum states was suggested for the
systems with continuous variables in [12] and with discrete variables in [13-15]. In classical
mechanics, the tomographic probability distribution of system states was introduced
in [16]. All the representations of quantum states including wave functions, density
operators, quasidistributions such as the Wigner functions, and the tomographic probability
distributions contain equivalent information on the physical properties of the quantum
states. However, the probability distribution description of the states sometimes gives
the possibility to obtain a better understanding of the physical phenomena based on an
intuition available due to the classical experience. The classical and quantum aspects of
tomography were discussed in [17], and classical-quantum dynamics were considered
in [18]. Recently, the probability representation of quantum states was used to study
properties of cosmology [19,20]. The density matrices of qudit states were discussed in
different representations in [21,22]. The application of the symplectic tomography scheme
to the stimulated Raman scattering (SRS) process was provided in [23]. The tomographic
probability distribution method was developed, and different aspects of its applications
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are presented in [24]. The review of the harmonic analysis of the density matrix properties
including the method of symplectic tomography is given in [25]. The connection of the
symplectic tomography method with the metaplectic group and the Radon transform was
discussed in [26]. The tomographic causal analysis of two-qubit states was done in [27].

In the probability representation, the system states are described by the standard
conditional probability distributions, which can be used to obtain all the other mentioned
functions determining quantum states. For example, the Wigner function is connected
with the tomographic conditional probability distribution [12] by means of the invertible
integral Radon transform [28]. The review of constructing the probability representation
of quantum states is presented in [29,30]. In quantum mechanics, the phenomenon of the
entangled states discovered by Schréodinger [31] plays an important role.

The aim of this paper is to study the properties of this phenomenon on an example of
qubit states, using the probability representation of the states introduced in [32,33]. The en-
tanglement properties of qubit states were discussed by Bell [34]; in this paper, we consider
the entanglement phenomena in the probability representation of quantum mechanics on
an example of Bell states of qubits—the two spin-1/2 systems. The entanglement of the sys-
tem pure states is associated with such characteristics as the linear entropy. In addition, the
von Neumann entropy is used to characterize this phenomena. We also consider the linear
entropy expressed through the probabilities (associated with probability distributions) to
describe the properties of qibut and ququart quantum states.

This paper is organized as follows.

In Section 2, we review the method of constructing the probability representation
of quantum states on the example of spin-1/2 (qubit) states. In Section 3, we present
the superposition principle of pure qubit states formulated for density matrices of the
orthogonal states following the approach suggested in [35]. In Section 4, we consider density
operators of the states constructed either for systems with two qubit subsystems or for
systems without subsystems and consider the entangled two-qubit states in the probability
representation of quantum mechanics, using the known probability representation of each
qubit state. In Section 5, we study the entangled Bell states for the system with two qubit
subsystems. In Section 6, we discuss the notion of entanglement phenomenon for systems
of two qubits and study the linear entropy of the entangled qubit states. In Section 7,
we consider the entangled states for systems with continuous variables on the example
of two-mode Gaussian states of quantum systems; the linear entropy of such system is
discussed. We present our conclusions and prospectives in Section 8. Explicit formulas
for the state vectors and density matrices expressed through the probabilities of the first
and second spin projections on x, y, and z axes for two-qubit states are provided in the
Appendix A.

2. The Probability Representation of Qubit States

The construction of the probability representation of quantum states is based on the
Born rule [36,37]. The Born rule was discussed in the connection with the relation to

classical probability theory in [38]. Namely, for two arbitrary density operators g1 and

02, the number Tr(p102) = pg;

is a non-negative number 0 < pg; < 1, which has the
physical meaning of the probability to obtain the properties of the second state with the
density operator py, if one measures these properties in the system state with the density
operator p; (and vice versa). For pure states p1 = |¢1) (1| and P = |¢2) (2|, the Born

rule means that in the state with the state vector |¢;), the measured properties of the state
with the state vector |¢,) have the probability given by the number pg; = |(1|p2)|*. Due
to this property of the Born rule, the idea of constructing the probability representation
of quantum states of any system either with continuous variables such as an oscillator or
discrete variables such as a spin-1/2 (qubit) is as follows.

We discuss this idea on the example of qubit. The density matrix p of the qubit state is
determined by the state density operator g acting in the Hilbert space H, a linear space with
three basis vectors |¢x), [¢,), |.), which are eigenvectors of the spin projection operators
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Sy = %(Tx, Sy = %O’y, S, = %UZ, where 0y, 0y, 0; are the Pauli matrices, and we assume the
Planck constant i = 1. This means that the spin projection operators have the matrices

s—l 01 5_1 0 —i s—l 1 0 1)
*72\1o0) Y2\ i 0 ) Fm2\0 -1 )
Thus, one can check that the normalized state vectors [¢x), [¢y), |{.) read

= (1) wi=5(1) =5 ) @

The corresponding pure-state Hermitian density matrices of the states with the state vec-
tors (2) have the form

1 1/1 —
p=lpted =3 (1 1 )oee=latnd=3( 1 7).

— vl = (g ¢ )- Q

An arbitrary 2 x 2 density matrix

—_

— ( P11 P12 >
b P21 P22
has the properties [3] 7 = p, Trp = 1,ie, p11 + p22 = 1, and the eigenvalues of p are non-negative.

For the pure states py = i) (1], one has the property pé = py and Trpi = 1. The idea
of constructing the probability representation of quantum states of a spin-1/2 system can
be formulated as follows.

It is possible to express three real parameters of an arbitrary density matrix p of the
qubit state in terms of probabilities, which can be obtained using the Born rule. The minimal
number of such independent probabilities is equal to three. The larger number can also be
used, but to get three probability parameters, it is sufficient to calculate three probabilities
given by three numbers

p1=Tr(ppx), p2="Tr(opy), ps="Tr(pp:). 4)

One can check that numbers p11, p22, p21 = p},, and p2 = 1 — p1q provide an explicit form
of the qubit density matrix [32,33] in terms of the probabilities, namely,

B p3 Pl—%—i(Pz—%>
p_(m—%v”'(l’z—%) 1—ps ) ©

Thus, the spin-1/2 state density matrix is described by the probabilities of the measurable
spin projections equal to +1/2 on three perpendicular directions of x, y, and z axes. We use
the density matrices px, py, pz (3) of the pure spin states. However, all other state density
matrices, including mixed state density matrices, can be also used to express the density
matrix p parameters in terms of the probabilities given by the Born rule. Thus, the state
of qubit is described by three dichotomic probability distributions given by the pairs of
non-negative numbers 0 < p; < 1,i = 1,2,3,1ie, (p1,1 —p1), (p2,1 —p2), (p3,1—p3),
which satisfy the condition of non-negativity of the eigenvalues of the density matrix p (5).

It reads )
1 1
§ :(p]'_2> < 1 (6)
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For pure qubit states, the probabilities p; satisfy the equality

<P1—;)2+(Pz—;)er(Ps—;)z:i- @)

This means that the probabilities p1, pa, p3 determine the points on the sphere of the radius
equal to 1/2, which has the center position in the points p; = p» = p3 = 1/2. For mixed
states, the probabilities p; = pp = p3 = 1/2 determine the points inside the sphere.

In fact, three dichotomic probability distributions can be considered as one conditional
probability distribution, which we denote as I1(j|k), with j = 1,2 and k = 1,2, 3 determin-
ing the quantum state of one spin-1/2 system. This notation means I1(j = 1|k = 1) = py,
NG = 2k = 1) = 1—py, 10( = 1}k = 2) = pp, 1U(j = 2k = 2) = 1—py,
I1(j = 1]k = 3) = p3, and II(j = 2|k = 3) = 1 — p3. This conditional probability
distribution satisfies the relations

2
Z (jlk) =1, 0<TI(jlk) <1

Using the known Bayes formula for conditional probability distributions of two random
variables, one can check that the probability distributions W(j, k) are given by

W(j, k) = TI(jlk)P (k).

Here, the function P (k) is the probability distribution of random variable k satisfying

the relations
3

Y Pk)y=1, 0<Pk) <1
k=1

Thus, the presented function W(j, k) is the joint probability distribution of two random
variables j, k satisfying the relation

LLw

H MN

This distribution W(j, k) completely determines the state of spin-1/2 particle for arbitrary
probability distributions P (k).
Now, we consider an explicit generic form of the marginal probability distribution
Win(j) = Ly W(j, k); it reads

Wa(1) = p1P(1) + p2P(2) + psP(3),
Win(2) = (1 =p1)P(1) + (1 = p2)P(2) + (1 = p3) P(3)-
A partial case of this generic situation is described if the probability distribution P (k)

is given by equalities P(1) = P(2) = P(3) = 1/3. One can check that the marginal
probability distribution W,,(j) has the form

1
Win(1) = z(p1+ p2 + p3), Wm(Z):l—g(PlJererS)-

QJ\P—‘

One can mention that the marginal probability distribution W, (k) = Z W(j, k) coin-

cides with the probability distribution P (k). The physical interpretation of the probability
distribution of two random variable W(j, k) is as follows.

The six available probabilities describe the situation where not only spin projections
fluctuate but also directions of x, y, and z axes are random variables since they fluctuate,
which is experimentally possible, and this must be taken into account.
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The probability representation of qubit states can be illustrated by the geometrical
picture constructed as squares named Malevich’s squares [39]. These squares are con-
structed by means of two triangles. The first triangle is an equilateral triangle with a side
length of /2. The other triangle is an inscribed equilateral triangle with a side length of 1.
The vertices of the inscribed equilateral triangle are located on the sides of the equilateral
triangle with the side length of v/2. It can be shown that the distance from the vertex of the
inscribed triangle to the vertex of the large triangle is equal to x,

-5

and the distance from the second vertex of the large triangle is equal to ? (1 + \%) . The

area of three squares with sides equal to 1 constructed, using the equilateral triangle with the
sides of this length, is equal to 3. This picture is related to probabilities p1, pa, and, p3 [39].
This area is the maximum possible area corresponding to the spin-state description by
these probabilities p;, pp, and p3. The spin state is a quantum system, and the analogous
Malevich’s squares can be obtained for a classical system of three coins in the game of
the coin flipping. In this game, we also have probabilities p1, p2, and p3 corresponding
to the results of the game, if the coins are not ideal, which means that the probabilities
p1, p2,and p3 can take any values from zero to one, and they do not satisfy inequality (6).
The triangle picture of this game corresponds to the extremum distances of the vertex of
the inscribed triangle, which are equal either to zero or v/2. This means that in this classical
system of three coins, the inscribed triangle can coincide with the large triangle. In addition,
this means that the maximum area of three Malevich’s squares constructed, using the sides
of the inscribed triangle, is equal to six. Thus, the qubit state, being a quantum system
described by three dichotomic probability distributions, and three classical coins, which
are also described by three dichotomic distributions, can be distinguished. In fact, the
maximum area of the classical system Malevich’s squares is twice as large as the area of
such squares for a quantum qubit state.

3. The Superposition Principle of Qubit States in the Probability Representation

For pure orthogonal quantum states, the superposition principle for the existing spin
states |¢) and |¢,) means that the state vector, given as a linear combination

) = cil) + calvp2) ®)

of the normalized vectors with complex numbers c¢; and c¢; satisfying the condition
(|Y) = |c1]® + |c2|> = 1, describes the existing spin state. In [35], the superposition
principle was expressed in terms of the density operators g1 = |¢1) (1| and g2 = |¢2) (2],
using the additional pure state density operator gy = |¢g) (o|. For orthogonal vectors with
p102 = 0, the relation of density matrices p1, p2, po, and p were expressed as

+
Py = P11+ Prp2 + VP P; P1PoP2 T P2P0P1 )

VTr(p1pop2p0)

where P; and P, are probabilities, P; + P, = 1.
We consider an example of the superposition of two pure orthogonal states of the form

=) w=(1) (10)

such that the superposed pure-state vector reads

|¢>=Cl((1))+Cz((1)). (11)
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It describes the density matrix of the state (11) if we use (9). We introduce the notation for
the pure-state density matrix using the pure-state normalized vector

c
[$0) = ( o ) (12)
2
which determines the density matrix pg = |¢0) (o] as
[T T )
- ) , 13
Po ( Cac) a2 (13)

Applying relation (9), one can see that the density matrix of the superposed state
py = |¥)(¢|, which in our example, is equal to py (13) and is given by (9), because the
probabilities P; and P, are chosen according to the Born rule

P1 = Tr(pop1), P2 = Tr(pop2) (14)

and

[Tr(p1000200)] = P17P2. (15)

The obtained relationships such as (9) can be presented in the form of a nonlinear addition
rule of probability distributions describing the density matrices py, p1, 02, and pg in (9).

4. The Probability Representation of Two Spin States

In this section, we consider the states of two spins 1/2 (two qubits) with the density
matrix of a ququart state
P11 P12 P13 P14
P21 P22 P23 P24 (16)
P31 P32 P33 P34
P41 P42 P43 P44
We construct the probability representation, using the Born rule [36,37]. For this, we
consider the density matrices of the pure states with the state vectors and corresponding

density matrices
1
|ZT,ZT)=<(1)>®((1))= 8 . (17)
0

p:

Here, the used notation means that in this state, the first spin has the spin projection +1/2
on the z axis, and the second spin has the projection +1/2 on the z axis. This means that the
obtained vector is the eigenvector of the 4 x 4 matrices S; 1, S;2, whichread S, = %UZ ®1
and S.p = 11 ®0; such that S, 1]z 1,z 1) = 3|z t,z 1) and S;p0z 1,2 1) = Lz 1,2 1). In
addition, o; is the standard Pauli matrix (1) and 1 is the 2 x 2 identity matrix. The density
matrix of this pure state p,1 .4+ = |z 1,z 1)(z 1,z 1 | has the form

(18)

o O o o
o O O o
o O O O

1
0
Pz1,24 = 0
0
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The notation describes the state where the first index z 1 means that the spin projection
of the first spin along the z axis is equal to +1/2, and the second index z T means that the
spin projection of the second spin along the z axis is equal to +1/2 . Analogous notation is
used for all other vectors, which we introduce below. For example, the vector |z 1,z {) of

the form
0
ZT,ZL>:((1))®((1)>= (1) (19)
0

describes the state, where the first spin has the projection equal to +1/2 along the z axis,
and the second spin has the spin projection —1/2 along the z axis. The density matrix of
this pure state reads

0 00O
01 00
0 00O

We present below all other analogous eigenvectors, using the introduced notation and
corresponding density matrices for all the states, with the spin projections +1/2 on all
the x, y, and z axes. This means that we construct the eigenvectors of the spin projection
matrices Sy 1 = %(Tx ®1,Syp = %1 ® Oy, Sy,l = %(Ty ® 1, and Sy,z = %1 ® 0. The matrices
0x, 0y, and o, are standard Pauli matrices (1). All the eigenvectors and corresponding
density matrices are obtained in Appendix A. Calculating the traces of the product of the
density matrix (16) with matrices given in Appendix A (18), (20), (A1)-(A22), we obtain the
probabilities determining the two qubit states in the probability representation of quantum
mechanics. The notation of these probabilities corresponds to the notation of the density
matrices. For example, the probability p, .+ due to the Born rule reads p,+ .+ = Tr(pp21,21)-
This relation explicitly is

P11 P12 P13 P14 1000
0 0 0 O
- T P21 P22 P23 P24
Patar = 1 031 P32 P33 O34 0 00O
P41 P42 P43 P44 0 00O
This means that
Pzt = P11- (21)

Using the analogous relations presented in Appendix A, we give explicitly the matrix
elements of the density matrix expressed in terms of the probabilities p.1 -1, Pzt 2|, Pz| 21/

Pzi,zlr Pxtxtr Pxtxls Pxlxts Pxl s Pytyts Pytyls Pylyts Pylylr Pztxts Pxtzts Pxtzlr Pzlxts
Pztxls Pxlztr Pxlzls Pzlxls Pztyts Pytats Pytzls Palyts Pztyls Pylzts Pylzls Palyls Pytxts
Pxtyts Patyls Pylats Pytxls Pxlyts Pxlyls Pylxy s follows:



Entropy 2022, 24, 527

8 of 20

P11 = Pztztr P22 = Pztzls 033 = Pzlzty P44 = Pzl z)s
. 1 71
P12 = 031 = Patat = 5 (Patat + Patat) +1|5 (Parzr + Payzl) = Paryr |
. 1 71
013 = P31 = Pxtat = 5 (Pztat + Pzzt) +1|5 Pzt + Payzl) = Pyt |
.1
014 = Py = 5 (pr,xT + Pxlxl — Pytyt — pyi,yi)
i
+§ (PyT,xi + PyLat T Patyl + Pyt — 1)'
.1
P23 = P32 = 5 (Pxtxt + Pxlxt = Pytyl = Pylyt)
i
+5 (Pytt + Pylar = Pxtyl = Pxlyt)s

« 1 1
02 = P2 = 5 (Pztz) + Pzlzt) = Papz +i [2 (Ptel + Palzl) = Pym}/
« 1 (1
034 = Py3 = E (pzi,zT + pzi,zi) — Pzl x] +1 5 (sz,,zT =+ pzi,zi) - pzi,yT . (22)

These formulae provide the possibility to obtain the density matrix of two qubit states by
measuring the above probabilities. We point out that for an arbitrary ququart state with the
density matrix (16), there exists the formal probability representation described by (22); for
example, it exists for a spin-3/2 system, which has no subsystems.

5. Bell States in the Probability Representation

In this section, we consider the example of entangled states of two qubits in the
probability representation; it is the Bell state which is a superposition of two pure states
% (lz1,z1) + |z |,z |)). The density matrix of this state reads

(23)

_o oM
co oo
oo oo
N e W= R

This state is entangled, and we can check this using the Peres-Horodecki criterion [40,41].
Making the partial transposition operation with the Bell matrix, which has only non-
negative eigenvalues, we obtain the matrix of the form

ppt _ 1

S O O
S = O O
S O = O
_ o O O

One can check that one of the eigenvalues of this matrix is equal to —1/2. This means that
the Bell matrix is not separable due to the mentioned criterion [40,41]. In addition, one can
obtain the density matrices of the first spin and the second spin using the rule, which is
known for an arbitrary 4 x 4 matrix presented in the block form,

A B
=(25) 25)
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where A, B, C,and D are 2 x 2 matrices [42]. According to this rule, the first spin density
matrix is expressed as follows:

(1) _ TrA TrB
P ( TC TD )’ (26)
and the density matrix of the second spin reads

p® =A+D. (27)

Considering Equation (22) for a general matrix of the form (25) and calculating the matrices
oM (26) and p(?) (27) in this form, we obtain their matrix elements; they read

1 2
pgl) = Pztzt T Pztzls P§1) = Pztzt T Pzl zts

1) 1 1
P12 = Prtat = 5 (Patat + Patat) + 5 (Patal + Patel) = Pxla

J1 1
+i| 5 (Patat + Papat) = Pyrar + 5 (Petal & Palz)) = Pyral |/
(2) 1 1
P12 = Pztxt — E (pzT,zT + pzT,zi) + E (pzl,zT + pzi,zi) — Pzlx|
1 1 i
+1 2 (PZT,ZT + pzT,zi) = Payt + 2 (pzi,zT + pzi,zi) — Pziyt|- (28)

For the matrix elements, we use the equalities pg =( S) )" Pg? = ( ﬁ))*, P%) =1- P%),
pg) =1- pﬁ). Thus, we expressed the probabilities of the qubit states determining the
2 x 2 matrices of the first and second spins in terms of the probabilities determining the
4 x 4 density matrix in terms of the probabilities of the spin projection of both spins on
the x, y, and z axes. These relations are valid for both separable and entangled states.
According to the Silvester criterion, all the probabilities satisfy inequalities for minors of
the 2 x 2 and 4 x 4 density matrices. One can check that the probabilities determining the
entangled Bell states will satisfy all these discussed equalities and inequalities. Applying
the rules (26) and (27) to the density matrix of the entangled Bell state (23), we see that the
density matrix of the first and second spins in the Bell states is

1/2 0

According to (5), we have pgl) = pgl) = pél) = Pl(z) = 2(2) = 3(2) = 1/2, where the
numbers p,(cl), P,Sz) (k =1,2,3) are probabilities determining the spin-1/2 states according
to (5). In these states, both spins have equal probabilities, namely, 1/2 to be directed along
the x, y, and z axes.

Now, we present the probability representation of the Bell states as the expression of

the 4 x 4 density matrix, using the general formula (22)

1
Pxtxt = Pxlxl = Pztzt = Pzlzl = Pytyl = Pylyt = 2’
Pxtxl = Pxlxt = Pztzl = Pzlzt = Pytyt = Pylyl = 0,

Pztxt = Pxtzt = Pxlzl = Pzlx} = Pztxl = Pxlzt = Pytxl = Pxlyt = Pxtyl

1
= Pylat = Patyt = Pytat = Pylal = Palyl = Pyl = Pzlyt = - (30)

The matrices p(!) and p(?) with matrix elements (30) satisfy inequality (6).
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6. Linear Entropy of Entangled Qubit States
Let us consider the linear entropy according to the following formula [43]:
2
H=1-Tr (p<1>) . (31)

— (1= pzrat)

If the separable state of two qubits with the state-vector |¢) is of the form |¢) = |¢1)|¢n),
where |i1) and |¢,) are the two-dimensional state vectors, the density 2 x 2 matrices are

2
oM = [1) (1] and p@ = |g2) (1, ]; in this case, (pm) = o), and this means that the
linear entropy (31) is equal to zero.

If the density matrix of the two qubit pure state |¢) (| is entangled, we have
) = N(|¢1) + |¢1)) and (| = N({(¢1] + (¢1]). The linear entropy for such states is

2
not equal to zero, because Tr (p(l)) < 1.

2
Let us calculate Tr (p(1)> in the probability representation of quantum states

Tr(p(l))2 _ (,;gl))z 2P+ ((1 - pgl)))2, (32)

where P = p\ —1/2+i(p) —1/2).

2
For the pure state, Tr (p(l)) = 1. If we consider H for arbitrary entangled two-qubit
states, it is expressed through

TT(P(U)Z = ( ﬁ))z +20p1a2 + 055,

and its explicit form reads

1 1 ) 2
H=1- PzT,zT - 2{ |:pZT,XT - E (pzT,ZT + pzT,aJ,)] + [2 (pzT,zT + pzT,zi) - pzT,yT] }

2, (33)
This means that the linear entropy is not equal to zero for the entangled states of two
qubits. One can check that for Bell states, the linear entropy is equal to 1/2 (29). Thus, we
expressed the linear entropy in terms of the probabilities for arbitrary two-qubit states.

7. The Entanglement of Two-Mode Oscillator States in the Probability Representation
of Quantum Mechanics

Now, we consider the two-oscillator Gaussian states in the tomographic probability
representation. To obtain the tomogram of such states, we recall that for one oscillator state,
one should use the dequantizer operator U (X, u,v) = 6(X1 — ug — vp), where § and p are
the position and momentum operators in the position representation [44,45]. One can check
that the matrix elements of this operator read

A . ) 1 iy i o i i
_ _ AN _ 2 s _ _ /
(x]6(X1 —ug —vp)|x') = 2] exp( 2 + o + 1/Xx 1/Xx ) (34)

This formula can be presented in the other form

(x|6(XT — ug —vp)|x') = 27T1|V exp Ll/(x —x') (X — g(x —Q—x’))} (35)

The tomogram w(X|u,v) of a one-mode state with a density operator p (called the to-
mographic symbol of the operator p) is w(X|u,v) = TroU(X, u,v). The density opera-
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tor of the one oscillator state can be reconstructed by means of the quantizer operator
D(X,pu,v) = 5 exp(X1 — vj — vp) such that

b= [ w(Xlnv)DX,p,v)dX dydv. (36)

The matrix elements of the quantizer operator in the position representation have the form
1 . . AL\ 1 . K A

—7_[<x| exp(X1 —ug—vp)lx') = 7o &P {z( (x +x ))}5(x x'—v). (37)
The tomogram of the state with the state vector |i) and wave function ¥(z) is

/dz P(z) exp(Zl/z2 - ;/Xz>

The tomographic symbol of the operators |¢) (| determined by state vectors |¢) and |¢) of
a one-mode oscillator is

2

Tr(|g) (p|6(XT1 —vg —vp)) = (38)

27|V

() 916(X1 v~ v9) = 5o [’ () exp o+ 1 X )
X /dx’t/;(x’)exp(?j/x’z — 1/Xx') (39)

If |¢) is the ground state of oscillator |¢p) and |) is the coherent state |y, ), then (39) is
expressed as an integral,

2
Te (I9o) (9ulo(xE — g —vp)) m, [ S ew(- ) e~ L+ xa)
dx’ ? 2 .
x / 1x/4 exp(xz — % - IL + ﬁax’) exP( Ky :/Xx’). (40)

Calculating the Gaussian integral, we arrive at

Tr (|po) (9a|0(XT — v — vp))

B la]* | Pv+ip)  ivV2aX X (1)
T URGE ) P T2 T 2v—i)  v—ip pra|
Let us consider the superposition state
@) = N(I9) +[¢)), (42)

where |¢) and |¢) are any normalized states, i.e., (¢|¢) = 1 and (p|¢p) = 1. Then, the state

|®) is normalized, if
1

+(¢le) + (ply)

N2 — (43)

The tomogram of such a state reads

w(X|p,v) = Te[5(XT — g = vp) (1) + [9)) (9] + (9)N?]

N?Te[5(XT — g —vp) (|0) (@] + |9} (¥ + @) ($] + [9) (9])] =
N*{Te[5(X1 — pg — vp)|¢) (@] + Tr[5(XT — ug —vp)|w) (¢]
+Tr[6(X1 — ug —vp)|p) (9] + T [6(XT — ug —vp)|y)(¢]] } (44)
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Let us consider a two-mode oscillator state with the wave function ®(x, y). Its tomogram
w(Xy, Xo|p1,v1, M2, 12) is given by

w(Xy, Xa|p1,v1, 2, v2) = Te[|@)(@|6(Xi1 — pady — vip1)8(Xol — pago — v2p2)],  (45)

where |®) is the state vector corresponding to the wave function ®(x,y). Formula (45) can
be written in the form of integral

imx?  ipgx?
21/1 21/1

1 X
w(X1, Xo|p1,v1, o, v2) = m/@(x,y)@ (x',}/>eXP<

.X- .X Vi . 2 . /2 .X .X /
TR SR LA L i dxdx'dydy’'. (46)
12 %! 2vy 2vy %) ]

The state vector under study corresponds to the superposition state of the ground and
coherent states of the two-mode oscillator (the Schrodinger cat state)

1

@) = —=—=———=100)[$a) + [da) [¢0)), (47)
2(1+ e lal?)

where |¢o) and |¢p) are state vectors of ground states of the first and second modes, and
|po) and |1p,) are state vectors of coherent states of the first and second modes. For the
density matrix of the superposition state of the two-mode oscillator, we obtain

[@Y(@] = N?(|¢0) ) + ) [90)) (g0l (el + (bl ([0]) = N?(Ipo) (ol © [} (|
+ [0a) (Pal @ [90) (ol + [9a) (Po] @ [¢0) (Pl + |0} (Pa| @ [1ha) (Wol) (48)

The tomogram of state (45) can be written in the form of the sum of four terms; each of
them is the product of the Gaussian integrals,

(Xll XZ“’[lrvlr #2/ VZ) -

zylx zXlx
27‘[|1/11/2|{ /dxcpo exp{ ]

21/1
. 2
o2 o

2 iyl P
| oy enp 127 - 222

21 217 v
, ippx'? zXlx / inx®  iXqyx
+ / dypa (x )exp[ o } dx¢s(x exp[ 20 + m
1X X iXox
< [ dy'poty exp{ *;zvy 2 ]/dm exp{ UL H (49)
2 2vp %)

where the wave functions of ground states read
2

1 1 2
w0 = rep(-2), wi) = bgon(-L)

and the wave functions of coherent states are
| 2

1 n a?
(Pa(x)— l/4exp<_+f“x_2—2>,

1 2 2 a2
%(WW exp<—2 +V2ay - > " 3)
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The explicit form of tomogram (45) is

W(X],X2|]«ll,1/l, ‘112, UZ) =
2 *2
s $ %) () ()
27014+ eP )\ /(2 +v3) (43 +13) W M3+

" {exp (a® +a*2)v2 B ivV2uy (e — a*) Xy n i(a? — ) oy n V2Xo s (a + a*)

m+v s+ w+vs w3+
texp (@ +a )] iV2u (e —a*)Xy N i(a? — ) g1y N V2X1pq (& + a¥)
Gl Gl i+ 1w+
a?v? w22 i?ugvy i Puorn V2a(py — ivy) Xq
teXpl s st s st s s T T e 2.2
prtvi pytvy o opptvp pa v Hyt v
\/EOC*2(]12 + il/z)Xz
M +v3
a3 v ituovy iy V2a(p —ivy) Xo
+exp 2 2 T 2 2 T 2T 22 242
HpTVy M TVp My TVR BTV My +v3

+ﬁo¢*2(y1 +iv1) X4
Mmoo

} : (50)

This tomogram of the two-mode oscillator state is the conditional probability distribution
of two random variables X; and X, satisfying the relation

/w(X1,X2|M1,V1,V2,V2) dX;dX, = 1. (51)

In addition,
/w(X1,X2|V1,V1,H2/V2) dXo = @ (Xq|p1,11), (52)

which is the conditional probability distribution determining the state of the first oscillator.
Tomogram (46) is the tomogram of an entangled state with the density matrix given by (48),
which is the density matrix of the superposition state of the two-mode oscillator.

One can check that the density operator of the first oscillator (1) determined by the
tomogram @(Xy|p1,v1), in view of (36), satisfies the condition

Tr(pM)2 = /ZD(X1|;¢1,1/1)ZD(Y1| — 1, —1) exp(i(X1 4 Y1))dX1 dYy dpydvy < 1. (53)

The linear entropy is H = 1 — Tr(pM))?, and this means that the linear entropy is not equal
to zero; i.e., the state (47) is entangled. It is interesting that the usual normal probabil-
ity distributions are given in the Gaussian forms [46,47]. The properties of probability
distributions characterizing different aspects of quantum states are discussed in [48,49].
However, in the case of entangled quantum oscillator states, it appears that the probability
distributions, being the sums of Gaussian terms, provide the specific formal probability dis-
tributions in classical probability theory related to quantum mechanics and the description
of entanglement phenomena.

8. Conclusions

To conclude, we formulate the main results of our work.

Using the new representation of quantum system states, namely, the probability
representation, where the states are identified with probability distributions, we explicitly
construct any density matrix of the spin-1/2 states. The matrix elements of this density
matrix are expressed in terms of probability distributions of two spin projections onto
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directions of the x, y, and z axes in three-dimensional space. The construction is based on
the probability representation of the density matrix elements for one qubit states, which
are expressed in terms of dichotomic probabilities to have the spin projections onto the x,
y, and z axes. The method to find the explicit expressions of the density matrix is based
on the Born rule [36,37]. First, we constructed the vectors in the Hilbert space, which are
eigenvectors of the spin-projection operators providing the expressions for density matrices
of these states and then, applying the Born rule, we found all corresponding probabilities,
which are needed for expressing any density matrix elements in terms of the probabilities.
We considered, in the probability representation, a particular example of the entangled Bell
state. Since the probability distributions determine the associated Shannon entropy, the
new entropies of quantum qubit states different from the von Neumann entropy can be
introduced and found for the Bell states. The linear entropy of entangled Bell states was
studied in the probability representation. The probability representation of the entangled
Schrodinger cat states of the two-mode oscillator also was considered on the example of the
superposition of the products of the coherent state of the first oscillator and the ground state
of the second oscillator. The entanglement of this state was studied within the framework of
the symplectic tomographic probability distributions determining the Schrodinger cat states.
The obtained probability distribution is expressed in terms of the sum of the Gaussian
terms of the form analogous to the form of tomograms of the Schrodinger cat states of free
particles [30]. It is worthwhile to add that different aspects of the Bell inequalities, quantum
dynamics, and probability and quasiprobability representations and their applications
were considered recently in [50-55]. The tomographic linear entropy of the Schrodinger cat
states is introduced, and the linear entropy characterizing the entanglement of these states
is obtained. The obtained results can be generalized for n-qubit and qudit states as well as
for multimode superpositions of the Gaussian states with different symmetries discussed
in [56].

We can address the question: what new knowledge can be obtained using the studied
probability representation of quantum states in comparison with using the standard rep-
resentation of quantum mechanics? The statistical properties of quantum systems can be
considered using the language of classical probability theory. Namely, we formulated in
the language of the tomograms determining the quantum states, which are the standard
probability distribution functions (not state vectors or density operators), the notion of
entanglement of the Bell states of two qubits. It is worthwhile to mention that the Shannon
entropy associated with the tomographic probabilities can give extra characteristics of the
properties of quantum system states, which were not used in the standard representations
of quantum mechanics in the literature. In addition, all the known inequalities for classical
probability distributions for the Shannon entropy and other entropies (the Tsallis entropy)
can be applied in quantum mechanics using the new formalism of probability distributions
determining the quantum states. The new aspect of the formalism presented in the paper is
a possible application of the tomographic approach to quantum statistics and description of
the system in the state of the thermodynamic equilibrium. For systems with Hamiltonian H
and temperature T, these states have density operators p = (Z(T))7l exp(—H/T) where
Z(T) = Tr(exp(—H/T)). In the probability representation of quantum states, this operator
is mapped onto the tomographic probability distribution describing this state of the system
at temperature T. We will study the above-mentioned approach to quantum statistics in
future publications.
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Appendix A

In the Appendix, we present calculations of state vectors and density matrices of
specific pure states of two spins-1/2 systems used to calculate the probabilities determining
the states of two qubits.

The state vector and the density matrix of the state, where the first spin has the
projection equal to —1/2 and the second spin has the projection equal to +1/2 on the z
axis, have the form

sat=( 1 )e(

The state vector and the density matrix of the state, where the first and second spins have
the projections on the z axis equal to —1/2, read

ciei=()o(2)

The state vector and the density matrix of the state, where the first and second spins have
the projections on the x axis equal to 4-1/2, are

(A1)

s Pzlzt =

SO = OO
o O o O
o O o o
o= O O
S O O O

= (A2)

0
O J—
0 s Pzlzl =
1

o O O O
o O o o
o O O o
_ o O O

1/2 1/4 1/4 1/4 1/4

1/V/2 W2\ | 1/2 | 1/4 174 1/4 1/4 A3

1/2\@)@(1\@) 12 [P T 174 174 174 1/4 (A3)
1/2 1/4 1/4 1/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 and the second spin has the projection equal to —1/2 on x axis, have the form

1/2 1/4 —-1/4 1/4 —-1/4
=Y I S VZ S VZ R VZ R V2!

lx 1,x]) = 12 [P T 14 —174 174 —1/4 (A9
~1/2 -1/4 1/4 -1/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 and the second spin has the projection equal to +1/2 on the x axis, have
the form

1/2 1/4 1/4 -1/4 -1/4
e | 14 174 —1/4 —1/4

ebxt =1 1o [ =1 Z14 12 14 14 (A9
~1/2 -1/4 -1/4 1/4 1/4

The state vector and the density matrix of the state, where the first and second spins have
the projections on the x axis equal to —1/2, are

1/2 1/4 -1/4 -1/4 1/4
| Z1e N I V2 VRS V2R V2!

[x ], x{)= —1/2 |"PA T 14 174 174 —1/4 (A6)
1/2 1/4 -1/4 -1/4 1/4
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The state vector and the density matrix of the state, where the first and second spins have
the projections on y axis equal to +1/2, are

1/2 1/4 —i/4 —i/4 —1/4
i/2 i/4  1/4 1/4 —i/4

vty D=1 in P = 4 14 14 —isa (A7)
~1/2 ~1/4 i/4 /4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 and the second spin has the projection equal to —1/2 on the y axis, have
the form

1/2 1/4 i/4 —i/4 1/4
| =i | —iza 174 -1/ —isa
1/2 1/4 i/4 —i/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 and the second spin has the projection equal to +1/2 on the y axis, have
the form

172 1/4 —i/4 i/4  1/4
B i/2 B i/4  1/4 -1/4 i/4

‘]/ \Lry T> - —i/2 ’ PyWT - —i/4 —-1/4 1/4 —i/4 (A9)
1/2 1/4 —i/4 /4 1/4

The state vector and the density matrix of the state, where the first and the second spins
have the projections on the y axis equal to —1/2, are

1/2 1/4 i/4 i/4 —1/4
| =i | ——i/a 14 1/4 /4
-1/2 -1/4 —i/4 —i/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the z axis and the second spin has the projection equal to +1/2 on the x
axis, have the form

1//2 1/2 1/2 0 0
(1 W2\ | 1/v2 [ 1/2 172 0 0
0 0 0 0 0

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the x axis and the second spin has the projection equal to +1/2 on the z
axis, have the form

1/V2 1/2 0 1/2 0
_(1/Y2 1Y) 0 | o 0o 0 o
0 0 0 0 O

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 on the x axis and the second spin has the projection equal to —1/2 on the z
axis, have the form
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whz) = (

b= (

lytz1) =

lytzl) =

zLy 1) =

0 0 0 0 0

1/2 0\ [ 1/v2 o0 1/2 0 -1/2

—1/v2 ) ®< 1 ) = o |"™A=lo 0o o o (A13)
_1/V2 0 —1/2 0 1/2

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 on the z axis and the second spin has the projection equal to —1/2 on the x
axis, have the form

0 00 O 0

0 1/v2 1\ _ 0 oo o 0

1 )®( -1/V2 ) vz PP Tl o0 172 122 (Al)
—1/2 00 —1/2 1/2

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the z axis and the second spin has the projection equal to +1/2 on the y
axis, have the form

1/2 1/2 —i/2 0 0

(1 W2\ | i/v2 | irz2 172 00
IZT,yT>—<O)®(i\@>— o | = 0 o oo | AY

0 0 0 00

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the y axis and the second spin has the projection equal to +1/2 on the z
axis, have the form

1/v2 1/2 0 —i/2 0

1/V/2 1\ 0 | o o o0 0
( i/V2 >® ( 0 ) = ijva | = i 0 172 0 (Al6)

0 0 0 0 0

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the y axis and the second spin has the projection equal to —1/2 on the z
axis, have the form

0 0 0 0 0

1/v2 0\ | 1/v2 10 1/2 0 —i/2

(i/ﬁ>®<1>_ o [T 1o 0 0o o0 (A17)
i/V7/2 0 i/2 0 1/2

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 on the z axis and the second spin has the projection equal to +1/2 on the y
axis, have the form

0 00 0 0

0 vz | o oo o o

(1 >®< i/V2 ) = vz PP T o0 172 —ig2 (A18)
i/V2 00 i/2 1/2
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The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the y axis and the second spin has the projection equal to —1/2 on the x
axis, have the form

1/2 1/4 -1/4 —i/4 1/4
~1/2 —-1/4 1/4 1/4 —i/4

lytxl) = i | Pvtal = i/4 —i/4 1/4 —1/4 (A19)
—i/2 —i/4  i/4 —1/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 on the x axis and the second spin has the projection equal to +1/2 on the y
axis, have the form

1/2 1/4 —i/4 —1/4 i/4
| i | /e 174 —i/a —1/4
by D=1 0 P =| 14 4 14 —isa (A20)
—i/2 —i/4 —1/4 i/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to +1/2 on the x axis and the second spin has the projection equal to —1/2 on the y
axis, have the form

1/2 /4 i/4 1/4 i/
—i/2 —i/4 1/4 —i/4 1/4

PRy =gy et = s i 1/a i (A21)
—i/2 —i/4 1/4 —i/4 1/4

The state vector and the density matrix of the state, where the first spin has the projection
equal to —1/2 on the y axis and the second spin has the projection equal to +1/2 on the x
axis, have the form

1/2 1/4 1/4 i/4 i/4
1/2 1/4 1/4 i/4 i/4
A= 1 i [P = | Jiga —ija 174 174 (A22)
—i/2 —i/4 —i/4 1/4 1/4
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