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Abstract: The paper presents a new method of conditional combination of quan-
tum systems that takes into account the external environmental conditions. As
a practical example of the method presented here, the well-known Bell states are
modeled as conditional combination of two g-bits. Analogous approach can be
applied in modeling conditional combinations of two and more quantum system
sequences.
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1. Introduction

The problem of complex probability functions has attracted considerable atten-
tion in quantum system theory [1] or in quantum informatics [2], where the wave
probabilistic functions have been recognized as a necessary tool for information
processing [7] and quantum system modeling [4].

One of the identified problems in quantum information science [2] was the prob-
lem of composition of complex quantum systems through the different quantum
components. It was proven many times, e.g. in [1, 2], that fully entangled Bell
states cannot be composed of two general g-bits.

The main goal of the paper is to analyze the quantum composition problem
and to find a new method making it possible to compose fully entangled complex
quantum systems by using its quantum components. We will introduce the tran-
sition matrix P that can add into composition rule a new piece of information
about property of external environment. The external environment has, then, a
direct impact on the quantum compositions. We, therefore, call this principle con-
ditional composition of quantum systems because the composition rule is affected
(conditioned) by external influence or constrains.

The paper is structured as follows: Section 2 defines the combination methods
of quantum systems where Section 2.1 introduces the basic principle of conditional
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combination of quantum systems, Section 2.2 analyzes the Bell states as an ex-
ample of conditional combination of quantum states, and Section 2.3 extends the
presented method into general sequences of conditionally combined quantum sys-
tems together with an example of two g-bits sequences, given in Section 2.4. Section
3 presents our conclusions.

2. Combination Methods of Quantum Systems

Let us define n-level quantum state [1]:

) =y () - [V1) +¢(Ya) - [Y2) + . + ¢ (Vo) - [Ya) (1)

where the symbol |-) labels the system state and the probabilities of finding the
state Y, under the measurement are given as follows:

Sl () =1. (3)

In further parts, the functions 1) (-) are referred to as wave probabilistic functions [3]

and equation (1) stresses the links among the pure quantum states |Y1), [Y2) , ..., [Ya).
Let us define the basic operations with wave probabilistic functions. We start

with the definition of two quantum systems represented by two “bra-ket” forms:

[v1) =1 (Y1,1) - [Yia) + 91 (Yi2) - [Yie) + o+ 91 (Yin) - [Yin) (4)

[h2) = b2 (Yo,1) - | Ya1) + 92 (Yo2) - |Yo2) 4+ .. + 102 (Ya) - [ Yaorn)- (5)

Combination of the two quantum systems (4) and (5) yields the common wave
probabilistic function that is defined with the help of the Kronecker product [2]:

[Y1,2) = [¥1) @ [2) = 1 (Y1,1) - b2 (Ya,1) - [Yi1 Y1) + .o

+i1 (Yi1) - ¥2 (You) - Y11 You) + (6)
+...+ ’(/Jl (Yl,n) . ’(/JQ (}/271) . |Y17n Y2,1> + .

+i1 (Y1) - Y2 (You) - [Yin Yon)

where the probability of finding system (6) in state |Y1; Y2, ) can be computed as

P(Y1,Ys2.) = [ (Y1,) ~¢(Y2,Z)\2 (7)
under normalization conditions
SOY (i) v () = 1. ®)
i=1z=1

In (4-8), the procedure for the combination/joining of two wave probabilistic func-
tions is shown. In the same way, the joining of more than two functions can be
generalized.
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2.1 Conditional combination of quantum systems

Let us rewrite equation (6) representing the well-known combination of two quan-
tum states (4) and (5) into matrix form in the following way:

¢ (Yia) 0 .0
[12) =] M11) Yi2) - Vi) |- 0 ?D(Ym) O
11 1 ¢ (Yaq) O .0 Ya,1)
11 . . 0 ¥ (Yo2) . 0 | Yep2)

: 11 . ) .. )
1 11 0 0 - (Yo,) Y2 )

The weighted states given in (4) or (5) can be represented in matrix form by row
or column vectors as follows:

¥ (Vo) - [Yar)
ra) = [ (Vi) - [Yin) o (Yia)|Via) o (Yin)- [Yia)]-p-| ¢ 020 2

¥ (Yz1) - [Y21)
(10)
The newly introduced matrix P is given for standard combination of quantum
systems (6) as:
1 1 1
11 . .
P=1" 1 (11)
1 1 1
The component of matrix P on 4, j-position can be interpreted as the transition
probability between states |Y7 ;) and |Y2 ;) caused by external condition. In stan-
dard combination of quantum states (6) we suppose that all transitions between
quantum states given in (4) and (5) are not affected by external environment (are
not conditioned) and then the matrix P has the form given in (11).
In case there exist some external conditions or some transitions of states are not
allowed, matrix P will model this situation and the form (10) with general matrix
P will represent the conditional combination of quantum states.

2.2 Bell states as conditional combination of quantum states

The Bell states are a concept in quantum informatics and represent the simplest
possible examples of quantum entanglement between two g-bits [5]. The qubits
are usually thought to be spatially separated. They exhibit, nevertheless, perfect
correlations which cannot be explained without quantum mechanics. The Copen-
hagen interpretation [8] originated from the consequences of a thought experiment
introduced in 1935 by Einstein, Podolsky, and Rosen [2]. The thought experiment
involves two quantum systems that interact with each other and are then separated
so that they interact no longer. Then, the value (in quantum physics position or
momentum) of one of the systems is measured, and due to the known relationship
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between the measured value of the first quantum system and the value of the sec-
ond one, the observer is aware of the value in the second system. A measurement
is made on the second system, and again, due to the relationship between the two
systems, this value can then be known in the first quantum system [9)].

Let us define two g-bits represented by two “bra-ket” forms:

Y1) = a0 [0); + a1 -[1), (12)

[2) = Bo - [0)y + B1-|1)y. (13)

Combination of the two g-bits (12) and (13) yields the common wave probabilistic
function that is defined with the help of the Kronecker product:

[1,2) = |V1) @ [2) = ag-Fo-]0,0) + - 5110, 1) +aq-Bo-[1,0) +a1-F1-]1,1) (14)

It is evident that the complex numbers «g, g, 8o, 51 in equation (14) that reach
the well-known Bell state cannot be found [5]:

|1/)1,2>B =71 |07 ]-> +’72 : ‘1a0> . (15)

If we use the conditioned combination (9) together with the general transition
matrix P defined as:

P= |:p1,1 P12 ] (16)
P21 P22

we can then write the conditional combination of g-bits (12) and (13) in the fol-
lowing form:

[V1,2) = 1) ® [th2) = P11 -0 - o - |0,0) + (17)
+p12-ao-F1-10,1) +paq-ar-Bo-|1,0) +pao-ar-fBr-|1,1)

It can be easily understood that the following conditions must be fulfilled to achieve
the Bell state (15):

p1,1 =20
p22 =0

’ 18
P2 =m (18)
pz,l'al'ﬂoz“h

Basic assumption for the Bell state is that transitions p;,; and ps 2 are denied. So
the Bell states could be seen as practical examples of conditional combination of
two g-bits introduced in this paper.

2.3 Sequences of conditionally combined quantum systems

Let us suppose that there exist two sequences of N same quantum systems, each
of them having n quantum states. Both sequences can be written in S7, S5 vector
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forms that can be decomposed into matrix representations:

Sy = [w Y1) YV + o+ 0 (Yin) - [Yin)y ot (Yi0) - [Yia) y +
Ffo YY) - |Y1,n>N] =

Y1), - Moy, My
=[v1) . . (Y |- .
Yin) - Yindyoy Yin)y
(19)
Sy = [ (Ya1) - [Yau), + o + 0 (Yan) - [Yain)y ot (Yau) - [Yau) 5 +
Fon 9 (Youu) - [You) y] =
You1), - Yea)y, Yea)y
=[v(Yo1) - o v (You) ]|~ - ' (20)

|Y2,n>1 . |Y2,n>N71 ‘Y2n>N

The sequence of quantum systems (19) or (20) was first applied in quantum mod-
eling in [4, 6] where a set of same quantum systems was supposed and the phase
parameters defined the link between different quantum systems.

The question is how the set of quantum systems looks like if we extend the
dimensionality of the problem, and we will suppose to have available both set of
quantum systems (19) and (20) in the same space.

The general combination of both sequences (19) and (20) can be modeled in
matrix representation as:

S=5,-P-ST (21)

where P is N-by-N transition matrix determining the quantum mixture rule or, in
other words, conditional combinations among the sequences (19) and (20).

If matrix P is, for example, diagonal one, there will be possible only the com-
binations between i-th quantum system in sequence (19) and i-th quantum system
in sequence (20):

|1/)1,2>“4 = (Yl,l) ) (YZ,l) ’ |Y171 Y21>” +
ot U1 (Y1) -2 (You) - Y11 Yo, , +
+..+ U (Y1,n) o (Yzl) : |Yl,n Y2,1>m- +
RRTIT + ¢1 (Yl,n) : ¢2 (YQ,n) ! |Y1,n Y2,n>i,i . (22)
It means that there will be available only N combined quantum systems (22).

If matrix P has non-diagonal elements, it means that there are also possible
combinations between i-th quantum system in (19) along with j-th quantum sys-
tem in (20). Under the normalization condition, the absolute values of matrix P
elements gives us information about the probability of finding such a combination

within all the combined quantum systems. Phases of matrix P elements represent
the dependences among set of combined quantum systems.
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2.4 Example of conditionally combined two g-bits sequences

Let us define two N-dimensional sequences of g-bits with respect to equations (19)
and (20) as follows:

wcmn [ B] e
So=( a0 m ][ e e @)

It is supposed, by example, that the environmental combination expressed through

matrix P is as follows:
0

P = (25)

1 1 0

0 1 0

.0 L1
0. 01

Then, the conditional combination of these two sequences S7,Ss yields into the

new sequence of combined quantum systems:

S = Kao |O>1,1 +o |1>1,1) ) (50 |O>2,1 + 5 |1>2,1)
(ao |0>1,1 to |1>1,1 +ao |O>1,2 ta |1>1,2) ’ (50 |0>2,2 + 61 |1>2,2>~
(@010} y -y + a1 1)y vy +a0l0)y e 1), )

(8010}, + 1 11)5.x )] - (26)

It is evident that components of the sequence (26) reach various combinations
of different order of g-bits from sequences S1, S>.

3. Conclusion

Many monographs are devoted to the areas of quantum physics or quantum infor-
matics, e.g. [1], there is a given practical example that the whole system is more
complex than composition of its different parts. As an example, the well-known
Bell state [5] is presented. If we take two g-bits, it is not mathematically possible to
compose them in a way to reach the Bell state. Nevertheless, the Bell state really
exists and can be prepared on quantum level, and its existence was experimentally
proven on many occasions [2].

In this paper, we analyzed this problem and tried to find the principles that
can open the door to more sophisticated quantum system compositions that should
overcome the above mentioned bottleneck. The composition method can make it
possible to put together also fully entangled states like, e.g. the Bell states, from
basic quantum components.

We analyzed the standard combination method presented, e.g. in [4], and de-
composed it into matrix form. As the by-product of this decomposition the tran-
sition matrix P was introduced. The transition matrix P can model external en-
vironmental conditions, e.g. states of which it cannot be combined (the exclusion
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principle) or which states are preferred to be combined (the gravitational force),
etc. All these features add new information to the quantum combination rules, and
can play a significant role in modeling complex information circuits / systems [7,

10].

As a suitable HW tool seems to be FPGA [11].

The presented methods can be also extended into more complex quantum sys-

tems, such as, e.g. sequences of quantum systems, etc. In these examples, the
transition matrix P can model the combination rule among different quantum
components to achieve a complex whole.
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