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We study the entanglement between a certain qubit and the remaining system in the Schrodinger cat state
prepared on the ibmg-melbourne quantum computer. The protocol, which we use for this purpose, is based on
the determination of the mean value of spin corresponding to a certain qubit. We explore the dependence of
the entanglement on a parameter of the Schrédinger cat state which consists of different numbers of qubits.
In addition, we explore the entanglement of each qubit with the remaining system in the maximum entangled
Schrodinger cat state.
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1. Introduction

The quantum computer is the best tool for the study of many-body quantum systems [1H4]. As
compared with classic computers, quantum computers provide an exponential supremacy in time to
simulate the evolution of large quantum systems. Recently, such a supremacy was shown on 53 qubits
of the Google quantum computer [S]. Using the quantum computer, the authors spent about 200 second,
instead of 10 000 years, to prepare and measure a quantum state on 53 qubits. This is because the classical
simulation of specific classes of circuits past a certain depth on that many qubits is intractable. However,
the IBM’s group argue that an ideal simulation of the same task can be performed on a classical system
in 2.5 days and with far greater fidelity [6].

Another important property of quantum computers which allows us to efficiently simulate the be-
haviour of quantum systems is quantum entanglement [/, 8]]. It allows us to implement quantum algorithms
that have no analogue in the classical information [9]]. To effectively implement these algorithms, it is
important to know the information on the value of the entanglement of a system. Recently, the negativity
as a measure of entanglement between certain pairs of qubits was measured on the IBM Q quantum
devices [10} [11]]. The authors showed that the 16-qubit [[10] and 20-qubit [L1] quantum processors can
be fully entangled. In our previous paper [12], we proposed the protocol which allows one to determine
the value of entanglement between a certain qubit and the rest of a system. This protocol is based on
the geometric measure of entanglement defined by the mean value of the spin [13]. It is important to
stress that this is a bi-partite measure of entanglement rather than a multi-partite because it allows one
to determine the value of entanglement between two subsystems: a certain qubit and the rest qubits of
state. We tested this protocol on the 5-qubit ibmg-ourence quntum computer. Using this protocol, the
value of entanglement of 2-, 3- and 4-qubit Schrodinger cat and 3-qubit Werner states was determined.
In addition, the entanglement of rank-2 two-qubit mixed states prepared on the ibmg-ourence quantum
computer was studied. Namely, we considered the entanglement of the mixed state that consists of two
Bell states. In the present paper, we apply the protocol to the states which consist of a larger number of
qubits. We explore the behaviour of entaglement with an increasing number of qubits in the Schrodinger
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Figure 1. Structure of the ibmg-melbourne quantum device.

cat state. For this purpose, we use the ibmg-melbourne quantum computer because it consists of 15
superconducting qubits.

The IBM has developed a cloud service called the IBM Q Experience [14}15], which permits a free
access to various quantum devices based on superconducting qubits. They consist of superconducting
qubits controlled by four single-qubit basis gate and a controlled-NOT gate. The controlled-NOT operators
perform the interaction between qubits. An arbitrary operator on these devices can be implemented by a
combination of these gates.

In the present paper, using protocol [[12] to define the bi-partite geometric measure of entanglement,
we prepare and study the entanglement of the Schrodinger cat states prepared on the ibmg-melbourne
quantum computer. This state is used for the implementation of various quantum information processes
because it can have a maximum entanglement. We provide investigation for different numbers of qubits in
the state. Therefore, we use the ibmg-melbourne quantum computer because it consists of a large number
of qubits and has a free access. This device has fifteen superconducting qubits which are connected by
the controlled-NOT gate in the way shown in figure [} Bidirectionality of arrows means that each of the
qubits can be both a control and a target.

2. Preparation of the Schrédinger cat state on quantum computer

The Schrodinger cat state which consists of N qubits reads
0 v . 0
|wcat):cos§|00...0)+e sm§|11...1). 2.1

This state can be prepared by applying the single-qubit Uz (6, ¢, 1) gate and a sequence of controlled-NOT
operators to the initial state |00...0) as it is shown in figure |2} The gate U3(6, ¢, A) is one of the four
single-qubit basis operators of the IBM Q devices [[14},[15]]. In the basis |0), |1) the matrix representation
of Us(0, ¢, 1) gate can be expressed as follows:

os 4 —esin ¢ -
Uz (0, ¢, 1) = .
e e?sing el cos § *2
This gate has the effect of rotating a qubit in the initial state |0) to an arbitrary one-qubit state
0 ¢ . 0
Us(0, ¢, 1)|0) = cos §|0> + e'? sin §|1>' (2.3)

A controlled-NOT gate is a basis multi-qubit gate of the IBM Q devices and it acts on a pair of qubits,
with one acting as ‘control’ and the other as ‘target’. It provides the o-* Pauli operator on the target qubit
whenever the control qubit is in state |1).

According to the ibm-melbourne structure (see figure[I)), we prepare a 15-qubit Schrodinger cat state
in the way shown in figure[3] We use such a circuit because it allows us to perform the controlled-NOT
gates only between the neighbouring qubits on the ibmg-melbourne device. Using the protocol developed
in paper [12] we study the entanglement of the Schrodinger cat state.
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Figure 2. Circuits for the preparation of a general Schrodinger cat state on a system of N qubits.
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Figure 3. Circuit for the preparation and measurement of the 15-qubit Schrodinger cat state. Operators
R, provide the rotation of the qubit state around the a = x, y, z axis by the angle rt/2.

3. Entanglement of the Schrédinger cat state

We consider the protocol for measuring the entanglement between a certain qubit and the remaining
system on the quantum computer [[12]. This protocol is based on the geometric measure of entanglement
defined by the mean value of spin [13]. Hence, any pure state of a quantum system can be expressed as
some unitary transforming U of the state |00. . . 0)

ly) = U00...0). 3.1)

Note that the state [00. .. 0) is the initial state of IBM Q devices. To identify the entanglement between
a certain qubit and the other qubits of the system we use the geometric measure of entanglement which
can be written as follows [[13} 116} [17]:

E() =3 (1= @lolw), 62)

where o = ic™ + jo¥ + ko? is the Pauli operator which corresponds to a certain qubit, and the module
of the mean value of this operator is determined by the expression |[{¥|o|¥)| = v/{¥|o |¥)2. Since any
two-level quantum system is described by the Pauli operator, expression (3.2) can be used to determine
the value of entanglement of any quantum system that consists of a set of two-level systems. In the case
considered in this paper, we study the entanglement of the states prepared on a set of superconducting
qubits. As it follows from definition (3.2), to obtain the value of entanglement of state |i/), the mean values
of the Pauli operators (¥|o-|y) should be measured, where @ = x, y, z. Note that quantum computers
allow us to provide the measurements of qubits on the eigenstates |0), |1) of 0% operator. Therefore, the
mean values of the Pauli operators should be expressed in the form [12]]

Wlo™y) = [GYI0) P = [GY DR (Wlo?ly) = KEFI0) P - [ D

Wlosly) = K@ lo))> = K DI, (3.3)
where [§¥) = el |y), |[§*) = e 1597 |y). Here, we use the fact that ¥ = e i7" g%eii9” oV =
eli7 g2e 139" and o? = [0)(0] — |1)(1]. As we can see, the mean value of the Pauli operators in
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state i) is defined by the probabilities which define the result of measure of qubit on a basis vectors
|0}, |1). In addition, before measuring the mean value of the x- and y-component of the spin, it should
be rotated around the y- and x-axis by the angle /2. Due to the modules in expressions (3.3)), the
directions of rotation are unimportant. Thus, expressions (3.3)) allow one to express the mean values of
the Pauli operators by the probabilities which are measured experimentally on the quantum computer.
Let us use this protocol to measure the entanglement of the Schrodinger cat state prepared on the
ibmg-melbourne quantum computer.

To obtain the value of entanglement of any qubit with the remaining system in the Schrédinger
cat state (2.I), the mean values of the Pauli operators which correspond to a certain qubit should be
calculated. In this state, they have the following form:

Weatl o [Wear) = €086, (Wealo™ [Wear) =0, (Wearlo? [¥ear) = 0. (3.4)

Using equation (3.2) with mean values (3.4), the entanglement of any qubit with the remaining system
in state (2.I) has the form

1
E (Yea)) = 7 (1~ |cosf]). (3.5)

Since the value of entanglement (3.5) does not depend on the parameters ¢ and A, we set them equal
to zero for Us gate. On the quantum computer, we prepared and measured the value of entanglement
between q[6] qubit and the remaining qubits. We measure q[6] qubit because it has the longest coherence
time 77 and 7>, the smallest readout error and a rather small single-qubit gate error (see table[I)). These
facts allow us to quite accurately measure the entanglement of the qubit with the remaining system. We
provide the measurements for different values of 6, which changes in the range from 0 to 2w with the
step 7/20. Thus, to obtain the value of entanglement of state with certain 6, one should measure the
mean values of all the components of the spin corresponding to qubit q[6]. For each component of spin
in a predefined pure quantum state, the quantum computer makes a specific number of shots (in our case
1024). This allows us to obtain the probabilities to find this spin in states |0) and |1). Then, we substitute

Table 1. Calibration parameters of the ibmg-melbourne quantum device, archived 04 April 2020 from
reference [14].

Qo Q1 Q2 Q3 Q4 Qs Q6 Q7 Q8

Ty, ps 69.0 63.2 559 71.0 69.0 18.8 89.2 46.0 408
T, ps 22.8 73.6 96.8 54.8 45.6 320 1139 822 712
Gate Error (1073) 0.61 1.36 1.76 0.66 1.72 3.31 0.83 134 0.63

Readout Error (1072) 3.05 2.65 4.85 5.95 3.30 6.85 2.60 3.05 280
Multi-Qubit Gate (CX) 0_1 1.2 2.3 3.4 4.5 56 6_8 7.8 8.9
Error (1072) 1.87 3.07 3.64 2.20 2.99 4.85 3.84 3.01 342

2.65 6.94 3.92 4.25 2.63 3.37

Q) Q10 QU Q12 Q13 Q14

T, ps 36.4 76.4 55.9 91.0 26.6 423
T, ps 44.1 61.1 74.8 47.0 52.5 49.8
Gate Error (107%) 2.11 1.54 0.79 2.79 1.97 0.67

Readout Error (1072) 5.50 3.05 4.85 5.95 12.95 5.30
Multi-Qubit Gate (CX) 910 10_11 11_12 12_13 13_14

Error (107%) 3.61 3.24 8.32 10.84 6.63
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Figure 4. Dependencies of the values of entanglement (upper figures) and fidelity (lower figures) of
5-qubit (a), 10-qubit (b) and 15-qubit (c) Schrodinger cat state. We compare experimental results (dots)
with theoretical predictions (solid line) [equation (3.3)].

these probabilities into equations (3.3). As a result, we obtain the mean values of the spin operator. Using
these mean values in definition (3.2), we can obtain the value of entanglement between qubit q[6] and
the remaining system. Note that the more shots the quantum computer make, the smaller is the error due
to the counting statistics which is inversely proportional to the square root of the number of shots (in our
case ~ 1/32).

The dependence of entanglement on parameter 8 of q[6] qubit with the remaining system in the 5-, 10-
and 15-qubit Schrédinger cat states is shown in figure [d As we can see, the results are in good agreement
with the theoretical prediction [see equation (3.5)]. However, the entanglement of states which are closer
to the 6 = m is somewhat different from the theoretical prediction. This is caused by the relaxion time
T, of each qubit from |1) state to |0) state (see table I)). Deviations from theoretical predictions are also
caused by the gate and readout errors. To analyze this point more in detail, we measure the fidelity of the
states which is studied. For this purpose, we calculate the folowing scalar product

F = [(Weal WD) (3.6)

where |fcq) is the Schrodinger cat state defined by equation and |y ) is the Schrodinger cat state
prepared and measured on the quantum computer. The dependence of fidelity on parameter 6 in the 5-, 10-
and 15-qubit Schrodinger cat states is shown in figure ] As we can see, the fidelity decreases with distance
from the |00...0). Moreover, the fidelity depends on the number of qubits in the state. The greater is
the number of qubits in the state, the lower is the fidelity. However, we do not observe such a dependece
on the number of qubits for entanglement. This is due to the fact that to determine the entanglement we
measure only one qubit. Therefore, the readout error accumulates from the measurement of this qubit.
However, to determine the fidelity, we measure all the qubits of the state. In this case, the readout errors
accumulate from all the qubits. This leads to a deterioration of fidelity of the states. Finally, let us study
the value of the entanglement of each spin with the rest of the system in the 15-qubit Schrodinger cat
state for 6 = /2.

4. Entanglement of each qubit with the remaining system in the Schroé-
dinger cat state

Recently, it was shown that 16-qubit [10] and 20-qubit ibmq [1 1] devices can be fully entangled. The
authors of [10} [11]] prepared the graph state on quantum devices. Using the negativity as a measure of
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Figure 5. Dependence of the value of entanglement of each qubit with other qubits in the Schrodinger cat
state. For all states, parameter 6 = /2.

entanglement, they showed that each pair of qubits in the graph states are entangled.

In this section, using our protocol, we make the investigation of entanglement of each qubit with
the remaining system in the state prepared on the ibmg-melbourne device. Namely, we prepare the
maximum entangled Shrédinger cat state (figure [3) with 6 = /2. Further, we measure the entanglement
of each qubit with the remaining system. Thus, measuring each qubit 1024 times the quantum computer
gives probabilities, which we substitute in equtions (3.3). Then, we put the obtained mean values into
definition (3.2). Finally, we obtain the values of entanglement of each qubit with the remaining system.
The results are presented in figure [5| In all cases, theoretical prediction of entanglement is E = 1/2.
This is because theoretically each qubit in the Schrodinger cat state with § = 5t/2 is maximum entangled
with the remaining system. However, the errors and coherence times of quantum device (see table [I])
and systematic error of the Us(7t/2, 0, 0) operator spoil the experimental results. This leads to a decrease
of entanglement in the system. For instance, in all states, the results for the q[5] qubit have a worse
agreement with the theoretical prediction than the results for the other qubits (figure[5). This is because
this qubit has shorter coherence times, the biggest single-qubit error and a rather big readout error. The
q[0] qubit is in the opposite situation. It has the smallest single-qubit error and a rather small readout
error.

5. Conclusions

We have used the protocol proposed in paper [[12] to determine the entanglement between a certain
qubit and the remaining system in the Schrodinger cat state prepared on the ibmg-melbourne quantum
computer. This protocol is based on the relation between the geometric measure of entanglement and
the mean value of spin corresponding to a certain qubit. We have obtained dependencies of the values of
entanglement on state parameter of 5-, 10- and 15-qubit (figure ) Schrodinger cat states. Due to the fact
that we have measured only one qubit, the results are in good agreement with theoretical predictions. We
have also studied the entanglement of each qubit with the remaining system in the maximum entangled
Schrodinger cat state (figure[5). Despite the errors that accumulate due to the preparation and measurement
of the states, we observe a high level of entanglement.
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MpurotyBaHHA | AOCNIiAKEHHSA 3anNNyTaHOCTI CTaHy KOTa
LpeaiHrepa Ha kBaHTOBOMY KoMmn'toTepi ibmg-melbourne

A.P. Ky3sbmak, B.M. Tkauyk

Kadeapa TeopetnyHoi ¢pisviku, JbBIBCbKMIA HaLioHaNbHWIA yHiBepcuTeT iMeHi IBaHa PpaHka,
ByA. [lparomaHoBa, 12 JbBiB, 79005, YkpaiHa

Mwu BMBYaEMO 3amyTaHiCTb OAHOrO KybiTa 3 peLuToro Ky6iTiB cuctemu, fka nepebysac y craHi “kota LLpegiH-
repa”, kWil CTBOPeHWIA Ha kBaHTOBOMY komn'toTepi ibmg-melbourne. MpoTokon, Akl MU BUKOPWUCTOBYEMO
ANA LbOro, 'PYHTYETLCA Ha BU3HAYEHHI CepeHbOro 3HaYeHHA CiHy, WO BiANOBIAAE KOHKPETHOMY Ky6iTy. Mu
AOCANIZKYEMO 3a1€XHICTb 3aniyTaHOCTi Bij napameTpy cTaHy “koTa LLpeaiHrepa”, akuii cknafaeTbCs 3 pisHOro
yrcna Ky6iTiB. Takox My AOCNIAXKYEMO 3anayTaHiCTb KOXHOrO Ky6iTy 3 peLuToto Ky6iTiB cMCTeMU Y MakCUMaibHO
3aniyTaHoMmy ctaHi “kota LpegiHrepa”.

KntouoBi cnoBa: cTaH “kota LLipegiHrepa”, 3annyTaHicTb, KBaHTOBI KOMTIoTeEPYU
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