J. COMBIN. MATH. COMBIN. COMPUT. 127b (2025) 2361--2382

Journal of Combinatorial Mathematics ‘
and Combinatorial Computing ~ ’

www.combinatorialpress.com/jcmcc

Combinatorial Press

Study on the role of electromagnetic waves in quantum
entanglement and quantum state transport based on
constrained optimization algorithm

Hao Zhang! ™

1 Weinan Normal University, Weinan, Shaanxi, 714099, China

ABSTRACT

In the current fields of quantum information processing and quantum computing, fast and accurate
quantum state manipulation and preparation have been of keen interest to researchers, and their
potential applications are mainly in quantum measurement, quantum information, quantum
communication, and quantum sensing. In this paper, the Hilbert space of a bipartite state system is
unfolded by four Bell state entanglement bases and the result is projected to the subsystem to obtain
a mixed state. A quantum approximation algorithm is proposed to provide a solution to the
combinatorial optimization problem, and based on the workflow of the quantum approximation
optimization algorithm, an improvement is proposed to the quantum approximation optimization
algorithm to solve the constrained problem using the quadratic unconstrained binary optimization
method. Based on the theory of cavity magnetism, the hybrid quantum system model is constructed,
and the calculation method of Hamiltonian quantity is proposed. Combined with the quantum
entanglement ogtimal path calculation of UQAOA algorithm, the optimal value of time-microwave
entanglement ~¢ is obtained at r=0.234, so the compression parameter r=0.2 is used in the
calculation. Based on the UQAOA algorithm for the analysis of the transmission characteristics of the
generated OMA wave in air and the transmission optimization problem, the simulation obtains the
reflection coefficient is slightly lower than that of the test, and the maximal error error is controlled
at £7.5dB around, and the two results are basically in agreement.

Keywords:  Hilbert space, quantum approximation algorithm, Hamiltonian quantity,
optical-microwave entanglement, OMA wave transmission in air

1. Introduction

Quantum entanglement is a core resource for quantum computing and quantum communication
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networks. As one of the most remarkable features of quantum mechanics, quantum entanglement
has become an important resource in the field of quantum information processing [1-2]. So far, the
preparation and manipulation of entangled states have been verified not only in microscopic systems
but also in macroscopic systems. Various types of optical systems have been utilized in microscopic
systems, such as four-wave mixing systems, optical parametric oscillators and optical parametric
amplifiers to realize multi-component entanglement, as well as the preparation of large-scale
entanglement [3-6]. And the cavity photo dynamics, which is formed by the nonlinear coupling of
photons and mechanical oscillators through radiation pressure, provides a new way for the
realization of macroscopic quantum entanglement and has made remarkable progress in theory and
experiment, including the realization of entanglement between a mechanical oscillator and an
electromagnetic field, entanglement between two mechanical oscillators, and quantum compression
of mechanical motion [7-10].

Similar to the cavity optical force system, cavity magnetism has attracted great interest in
macroscopic quantum effects. In the past decade, magneton-based composite architectures have
promising applications in quantum information processing, quantum sensing, and quantum
networks [11-12]. In particular, the coupling between magnons and microwave or optical photons
opens up possibilities for optical control, design, detection, and transmission of magneton states, as
well as obtaining quantum entanglement or guidance for the system when compressed light is
utilized to drive cavity modes, among other richer properties [13-14].

Hybrid quantum systems composed of multiphysics systems can synthesize the advantages of
different degrees of freedom and play an important role in the development of quantum technology
[15]. In recent years, hybrid systems composed of cavity and magnetic systems have attracted
attention [16]. The spin-wave quantized quasiparticles in the magnetic system are called magnetic
vibrators, which have good tunability and can be coupled to microwaves through magnetic coupling
interactions, to optical fields through magneto-optical effects, to phonons using magnetostrictive
effects, and to superconducting quantum bits indirectly by means of microwave fields [17-19].

This property of magnetic vibrators makes hybrid quantum systems based on magnetic vibrators
expected to be a platform for the development of novel quantum technologies [20]. In conventional
information processing, the free charge of semiconductor devices is often utilized to transmit
information, but when the processing unit is as small as the nanometer scale, problems such as Joule
heating and uncontrollable ground quantum effects will inevitably occur, exacerbating the functional
loss of the device [21-22]. Compared with relying on conduction electrons to transmit information,
magnetic vibrators are electrically neutral, and information transmission by magnetic vibrators as
carriers has the advantage of no heat loss, so the hybrid system based on magnetic vibrators has a
promising application in magneton information transmission and magneton quantum devices
[23-24].

In this paper, the full state of the system is expressed through an equation based on the tensor
direct product of the Hilbert space. A quantum approximate optimization algorithm is proposed to
compute the unit matrix using three 2 x 2 positive ergodic complex matrices to form the bubbleley
operator. According to the adiabatic theorem, the workflow of the quantum approximate
optimization algorithm is sorted out starting from the ground state of the Hamiltonian quantity, and
the quadratic unconstrained binary optimization method is proposed to solve the constrained
problem. The performance of the UQAOA algorithm is evaluated by dealing with the generalized
operator form of the constrained mixed Hamiltonian quantities within a given QAOA framework.
Construct a model of cavity magnetism, analyze the generation of electromagnetic waves in quantum
entanglement, obtain the Langevin equation satisfied by the averaging field, and reason about the
effective coupling strength of opto-magnetism enhanced by an external field drive. Based on the
concept of quantum state and statistical state OAM electromagnetic wave, the quantum state
transmission characteristics of electromagnetic wave are analyzed in combination with UQAOA
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algorithm.
2. Quantum entanglement

2.1. Entanglement-based effects

For a multiparty system containing 7 subsystem, its Hilbert space H is the tensor direct product

of the subsystem spaces H =®;_ H,. The principle of superposition of states permits to write the
full state of the system in this form:

|<1>>=_Z ¢ |1)®)®--|i,) )

Il

This state may not in general be written as a direct product state of independent subspaces
| D) # | q31>®| (1)2> - ®|c1)n>_ This relation implies that it is not possible in a general sense to assign a
monomorphic vector to any subsystem of the system. The resulting relation leads to the possibility of
constructing superposition states of the finger order of magnitude with resources of linear
magnitude.

For pure states, an entangled state is defined in such a way that its state cannot be written as a
direct product state. For mixed states, entangled mixed states need to be redefined and are defined
as convex combinations whose states cannot be written as straight product states:

P¢ZP,-P{®---®PZ (2)
States that do not satisfy the above conditions are called differentiable states.

The Hilbert space of a bipartite state system H =H, ® H, with dimension dimH, =dimH, =2,
This system is unfolded by four Bell state entangled bases:

\L}”>=%(I 0) 1| 1) 0), qﬂ:%q 0)|0)£] 1) 1)) 3)

This state is pure as a holomorphic state, and the projection to the subsystem is to obtain a mixed
state with probability 1/2 for the [0) -state and |1) -state, respectively. Moreover, this state
maximally violates the Bell-CHSH inequality [25].

2.1.1. Quantum state transport. The unknown quantum state |¢)=a|0)+b|1) of system A4 is
transferred to Bob's side through the EPR state formed by system A’ of his side together with
system B of Bob's side. The state is represented as:

1
RIRETY ® 00+ DD, 4)
Under the Bell state base, this state can be rewritten as:

Ir . _
|‘I’AA,B>=E[CDAA,(a|O>B +h|1),)+ @, (a]0), ~b]1),)

HVL (a1, +5100,)+ ¥ (a1 =510, ]

(5)

When Alice measures A4’ under the Bell basis, corresponding to four different Bell states, the
Bob-side system B collapses with equal probability to the corresponding four different states. Alice
then informs Bob of her measurement via classical communication, and Bob can then implement the
following four different Bubbleley transformations on her side's bits to obtain the initial state |¢)
that Alice wants to transmit:
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2.1.2. Entanglement switching. In long-distance quantum communication or quantum
cryptography, to realize the entanglement of matter at a distance, some scholars propose the method
of entanglement exchange. 1
Alice and Clare share a maximally entangled state ‘q)+> = ﬁ“ 0)[0)+|1) 1)1, and Bob and David
share the same state, this quadratic state is:

1 acap :‘q)+>AC ® ‘®+>BD (8)

Under Bell's base, a joint measurement is done on the bits of Clare and Bob. Clare and Bob inform
Alice and David of the result, and Alice and David then do a local rotation transformation to obtain
the entangled state “D+>AD. So, Alice and David can obtain the entangled state without going
through direct contact.

2.2. Entanglement metric

2.2.1. Quantum approximation algorithm based on constrained optimization algorithm. Quantum
Approximate Optimization Algorithm (QAOA) is a variable quantum algorithm designed to provide
solutions to combinatorial optimization problems [26].

A Bubbleley operator is a set of three 2x2 of a muon positive ergodic complex matrix, which is
generally denoted by the Greek letter o, pronounced as Bubbleley X, Bubbleley Y, Bubbleley z:

o 1] o~ J1 oo
Tl o7 0|7 o 41 ©)

Each bubbleley matrix has two eigenvalues, +1 and -1, whose corresponding normalized

eigenvectors are:
1! 1|1 1
l//x-f—_\/i 1 l//y+_\/§ i V.= 0

v, = %[_ﬂ Vy-= %[—j Ve m

Typically, |+) isused to represent ¥, , |—) is used to represent ¥, , |0) isused to represent
¥,.,and |1) isusedtorepresent ¥, .

The corresponding arithmetic rules for bubbly operators are as follows; multiplying the same
bubbly operator gives the unit matrix. Bubble * multiplied by bubble ¥ equals i times bubble
z.Bubble Y multiplied by bubble X* equals —i timesbubble z.

(10)

2.2.2.  Workflow of the quantum approximation optimization algorithm:

1) Adiabatic Quantum Computing. Adiabatic quantum computation is the solution of specific
problems and other combinatorial search problems by the following process. Usually such a problem
is to find a state satisfying C, AC, A---AC,, that the expression contains M subproblems that can
satisfy the condition, each of which C; has a value of True or False and may contain 7 bits, where
each bit is a variable x; €{0,1} so that C, it is a Boolean-valued function with respect to
X;,X,,"*+,X, The adiabatic quantum algorithm solves this type of problem using quantum adiabatic



STUDY ON THE ROLE OF ELECTROMAGNETIC WAVES IN QUANTUM 2365

evolution. It starts with an initial Hamiltonian quantity H,:
Hy=H, +H, +--+Hp (11)

Here H, corresponds to the Hamiltonian of that subproblem C;, and the usual choice of
does not depend on other subproblems. It then undergoes an adiabatic evolution ending with the
Hamiltonian quantity #, of the problem:

Hy=2 e (12)

Here H,. is a Hamiltonian quantity that satisfies Problem C, which has eigenvalues 0 and 1. If
Subproblem C satisfies the condition, the eigenvalue is 1, and if it does not, the eigenvalue is 0. For
a simple adiabatic evolutionary path such as:

H(t)=(1—%)HB +%HP (13)

t
Let s= 7 , then there is:

H(t)=(-s)H, +(s)H, (14)

This is the adiabatic evolution of the Hamiltonian quantity of the algorithm.

According to the adiabatic theorem, starting from the ground state of the Hamiltonian £ and,

first, going through an adiabatic process, ending #, with the ground state of the Hamiltonian of the
problem, and then measuring the final state # of the spin's z components, which will produce a
string Z,,Z,,**,Z, which is likely to be the result of the problem.
2) Quantum approximation optimization algorithm. The quantum approximate optimization
algorithm provides an idea for designing parametric quantum circuits for combinatorial
optimization problems. The quantum approximation optimization algorithm is inspired by the
adiabatic theorem to construct parameterized quantum circuits similar to the adiabatic evolution to
solve the base state of the problem Hamiltonian quantity. This evolution is shown in Fig. 1. Where
|s) is the initial quantum state of the evolution, B is called the hybrid Hamiltonian, which
corresponds to the initial Hamiltonian in the adiabatic evolution H,, and induces the operator with
covariates ¢ /%, and C is called the problem Hamiltonian, which corresponds to the terminating
Hamiltonian in the adiabatic evolution #,, and induces the operator with covariates e ”“. The
system undergoes P iterations and adjusts the values of S and 7 at each step of evolution, and
the system eventually converges to a certain base state of the problem Hamiltonian ¢ with a high
probability. Hamiltonian 11. This ground state corresponds to the solution of the problem. This
evolution process can be expressed as the following parametric transformation:

| ‘B, 7—/’> — e*iﬂpBeﬂpr . ‘e*lﬁléBe*i}’wA‘l | S> (15)

where B, ¥, €l-7, 7], ﬁ:(ﬂl’ﬁzﬁ"'ﬁﬁp), 772(71,72,--',7,,). ,B, 7 are parameters that can be
optimized and 27 isthe number of iterations.

The parameters B, 7 are optimized using the classical optimizer, and the expectation value of
C on |w(f,7)) isobtained by making measurements on the quantum state |y/(3,7)):

LB =w B Clw(B.7)) (16)

The obtained expectation f(f,7) is the optimal solution of the combinatorial optimization
problem.
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Fig. 1. QAOA Work flow

2.2.3. Methods for solving constrained problems:

1) Quadratic unconstrained binary optimization methods. Quadratic unconstrained binary
optimization methods, which are improved algorithms to quantum approximate optimization
algorithms, are now widely studied and used to model and solve many classes of optimization
problems. The objective of a constrained optimization problem is to minimize or maximize a cost
function that can be physically interpreted as finding the ground state of a typical Ising Hamiltonian
function. The quadratic unconstrained binary optimization method improves the quality of the
solution and the running time by converting the constraints of the problem into a cost function
through preprocessing. A major advantage of quadratic unconstrained binary optimization is that it
provides a unified algorithmic framework suitable for solving many types of problems.

When dealing with optimization problems with constraints, the quadratic unconstrained binary
optimization method makes it possible to obtain the exact expectation faster in the framework of
quantum approximation optimization algorithms by adding a penalty term to the Hamiltonian
quantity (', which will be worse than the solution that meets the expectation of the problem. Taking
the classical approach to the maximum independent set problem as an example, the initial quantum
state |s) =Z§:)1 | x), is the full set that contains both feasible and infeasible solutions. The mixed
Hamiltonian quantity B= . o; , called the transverse field operator, is the sum of the bubbleley X
operator acting on each qdantum bit i. The problem Hamiltonian ¢ is shown in equation (17)
[27]:

i : 107 -1
C=Yxe|nx|- Y Tl — (17)
x=0 (i,j)eE 2 2
= T o, -1 G: —1
where e =(11...1)", with a penalty term of Z 5 T' ensures that the value of the
(i-))<E

corresponding solution (infeasible solution) is less than the feasible solution when there is an edge
connected between i and J.

2) Quantum alternating operator fitting method. Different basis states are set instead of a fixed initial
basis state according to different problems, and the full set of uniform superposition states is
transformed into the feasible solution uniform superposition states, and the essence of this
extension is known as the quantum alternating operator fitting method. For the case where mixing is
only required in the desired subspace, initial Hamiltonian quantities run mixed on the feasible
solution subspace ground state can yield more efficient results than in the original framework. This
approach is particularly useful for optimization problems with constraints, where the set of satisfied
constraints is defined as a feasible solution subspace. It makes it more efficient to obtain good results
for the problem in the framework of quantum approximate optimization algorithms.
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When dealing with problems with constraints, the initial quantum state of the quantum
alternating operator fitting method contains only the feasible solution evolution space, i.e., the set of
all solutions satisfying the constraints in the solved optimization problem with constraints. The
hybrid Hamiltonian B restricts the evolution of the quantum state to the space of feasible solutions
of the constrained optimization problem Q, given the initial state in the partial hybrid Hamiltonian
as shown in Eq. (18):

|s) = Z b (18)

XeQ

The Hamiltonian quantity B is shown in Eq. (19) and is mixed only in the initial state [s):

5-32"0 ] (1-o) (19)

ienbhd ()

where J is a vertex of the graph, D, is the degree of vertex J, and 7bhd(j) is a neighboring
vertex of J.

2.2.4. Performance analysis. In subsection 2.2.3, a generalized operator form and a unified
algorithmic flow for handling hybrid Hamiltonian quantities with these constraints within the QAOA
framework is given and referred to as UQAOA.In this section, the performance of the UQAOA
algorithm is evaluated by means of its performance on the Graph Partition problem. On the Graph
Partition problem, the UQAOA algorithm is compared with the standard QAOA, the cyclic XY
algorithm, and the complete graph XY algorithm on 10 randomly generated graphs, and Fig. 2 shows
a comparison of the approximation ratios of several algorithms for solving the Graph Partition
problem.

Figure 2 shows the approximation ratios of different algorithms as p increases. High
approximation ratios are achieved faster with smaller p, whereas standard QAOA based has the
problem of reachability defects. After p reaches a certain value p* no better approximation ratio can
be achieved by increasing p. In the Graph Partition problem, the UQAOA algorithm achieves
comparable performance to the full graph XY algorithm and a large improvement over the cyclic XY
algorithm, keeping the approximation ratio around 1 after the number of levels p = 4.
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Fig. 2. Several algorithms for the problem of graph partition are approximated

Figure 3 shows a comparison of the running times of several algorithms for solving the Graph
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Partition problem, with (a) for P = 2 and (b) for P = 5, recorded for each algorithm on the simulator
for 10 random graphs. The times include finding the optimal parameters using the classical strategy
B and 7. The scatter plots show that the UQAOA algorithm converges faster compared to the cyclic
XY algorithm and the complete graph XY algorithm. The UQAOA algorithm completed convergence in
a running time of 3.145s when P = 2 and 40.345 when P = 5. However, many factors need to be taken
into account when performing real-time performance tests in an environment where quantum
algorithms are actually applied, such as infrastructure (if the QAOA implementation is on a local
computer connected to a remote quantum computer, the communication time should be recorded).
In the future, runtime performance should be rigorously evaluated when appropriate conditions are
available.
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Fig. 3. Several algorithms for the problem of graph partition are compared
3. Generation of electromagnetic waves in quantum entanglement

3.1. Theory of Cavity Magnetism

Quasiparticles with quantized spin waves in the magnetic system are called magnetic vibrators,
which have good tunability and can be coupled to microwaves through magnetic coupling
interactions, to optical fields through magneto-optical effects, to phonons using magnetostrictive
effects, and to superconducting quantum bits indirectly with the help of microwave fields [28]. This
property of magnetic vibrators makes hybrid quantum systems based on magnetic vibrators
expected to be a platform for the development of novel quantum technologies. In conventional
information processing, the free charge of semiconductor devices is often utilized to transmit
information, but when the processing unit is as small as the nanometer scale, problems such as Joule
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heating and uncontrollable quantum effects will inevitably occur, exacerbating the functional loss of
the device.

3.2. Models and Hamiltonian quantities

Figure 4(a) shows a schematic diagram of the system. A YIG sphere is placed in the microwave cavity,
in which the TE echo wall modes are coupled with the light passing through the nanofiber. Fig. 4(b)
shows a schematic diagram of the coupling relationship of each mode. The magnetic vibrator mode
m is coupled to the optical modes 4, and @, through the magneto-optical effect and to the
microwave mode b through the magnetic dipole interaction. The magnetic vibrator mode acts as a
cooling reservoir to enhance the microwave-optical wave entanglement.

Nanofiber

(b)

Fig. 4. Models and Hamiltonian quantities

As shown in Fig. 4, a magnetic vibrator mode, a microwave cavity mode and two echo-wall optical
modes are included in the considered hybrid quantum system. The magnetic vibrator mode interacts
with the two optical modes through the magneto-optical effect and couples to the microwave cavity
mode through the magnetic dipole interaction. The two optical modes are confined near the equator
of the YIG sphere and are defined as the transverse magnetic mode (TM) and the transverse electric
mode (TE). In this paper, only the TE mode is driven by an external field. Based on the Hamiltonian
quantities given in Chapter 2 for the opto-magnetic coupling as well as for the coupling of the
magnetic oscillator to the microwave cavity, the total Hamiltonian of the system is:

H=wala +w,ala, +o,m'm+wbb+g (afazm +aalm’ )

+G,, (b* + b)(mT + m) + Q(alei(m_t n alTe—ia)zt) (20)

where @, a,, m, and b are annihilation operators for TE mode, TM mode, magnetic vibrator
mode, and microwave cavity mode, corresponding to frequencies ®,, ®,, ®,, and @,,
respectively.The term g(a{razm + alaim'r) in the Hamiltonian quantity represents two optical modes
coupled to a magnetic vibrator with a coupling strength of £, £ which can reach a maximum at
triple resonance conditions, i.e.,, at @, =, + @, . This term represents the annihilation of a @ -mode
photon accompanied by the production of a @,-mode photon and a magnetic oscillator. The coupling
term G, (bT +b)(m1' + YH) indicates that the magnetic vibrator interacts with the microwave cavity
with a G,, coupling strength. Setting the dissipation of the microwave cavity mode and the
magnetic oscillator mode as &, and &k, the microwave cavity-magnetic oscillator coupling term
can be transformed to G,, (mbj' + me) by the spin-wave approximation when the conditions of ®,,,
o, G, , k,,and k, are satisfied. The last term in Eq. (20) represents the driving term with an
external field frequency of @, and an amplitude of Q. Under the representation rotating at the
driving field frequency, the system Hamiltonian quantity can be written as:

H, =Adla, +o,m m+ob'b+g (afazm +aa;m' )
| (21)
Gt o)< )
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where A, =®,—®, =—®, . The system is described by the following Lanzmann equation:
a, = —i(ga2m +Q)—%a1 +\/Eal’m

a, = —i(Aaa2 +galmT)—&a2 +\/K—aa2m
? | 22)
m= —i(a)mm+galazT +Gmbb)—%"m+\/gmm

b= —i(a)bb+Gm,,m)—%b+ Kb,

where &k, and &, are the dissipation of TE and TM modes, respectively, and O, (O = alaazamab) is
the zero-mean input noise operator of the corresponding mode, satisfying the following correlation
function:

(0,10}, () =(N,+1)5 (t~1) (23)
(0,00, (1) =N,8(t-1") (24)

where NO=[exp(ha)L/kBT)—IT1 is the average thermal state Buchu number for the

corresponding mode, where k, is the Boltzmann constant, and 7 is the ambient temperature.
This can be obtained by decomposing the operator into averaging and rising and falling terms:
a—a+aq, a—>a,+a,, m—>m+f, b—>b+y. Substituting them into Eq. (22) yields the
Langevin equation satisfied by the averaging site:

a, =—i(ga2ﬂ+Q)—%al

K

a, = _i(Aaaz +g0!1ﬂ*) >

a,

. ) » (25)
p=-i(@,p+gad,+G,y) =P

p=io,y ~iG,f~ "B

Let the initial give # mode one translation igala; +iG,y, and in steady state ,B:O, it can be

2iQ

obtained as S =0. The other average amplitudes are obtained as &, = T
1

After neglecting the terms of higher order minima, the Ronzwan equation describing the rise and

fall of the system is as follows:

. Kl
a, = _?al +yKa,,

K
Y g f 2
a, =—i (Aaa2 +G,, m )—?a2 +4K, 4y

, &,=0,and =0,

(26)
m= —i(a)mm+ G, a + Gmbb)—%"m +\/me

b= —i(a)hb+Gmbm)—%b+ Kb,

m

where G,, =g, is the optomagnetic effective coupling strength that can be enhanced by an
external field drive.
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—iAt it

Let a, > a,e ™, m—> me ™", b— be

—iwyt

s —iNg —ihgt _ —iAt 1 iow,t
ae " —iA,a,e " = I(Aaaze +G, m'e )

_ 2 Agt [
a2 + a2m
it iw,t

.- . _ . iA _
me " —iw, me " =—z(a)mme ‘' +G, ale™ +G,,be "”)

ma

. (27)
- & me ' + \/lc—mmm
be " —iw,be” " = (a)bbe "+ G bme"""”’)
_”U ! + V Kb bm
Organize to get:
. . i K, —
a2 = _leam _7a2 + Ka a2,in
~i(G,,a +Gmbb)——m+,/ m,, (28)
b=—iG,,m —7b+ Kb,
This yields the linearized Hamiltonian quantity in the interaction plotted view as:
H=G,, (a2m+a;mf)+ G, (mbT +me) (29)

The first term of the Hamiltonian quantity of Eq. (29) is presented as a two-mode compressive
interaction that can be used to entangle the optical mode @, and the magnetic oscillator mode 7,
and the second term describes a beamsplitter-type interaction that causes the magnetic oscillator
mode ™ to exchange with the microwave mode b. The optical mode @, and the microwave mode
b become entangled when both interactions occur simultaneously. To facilitate the description of
microwave-optical entanglement, the Bogoliubov operator is introduced:

B, =a,coshr+m'sinhr = S(r)a,S(r)

. (30)
B, =mcoshr+ a; sinh 7 = S(r)bS™ (r)

where the compression parameter 7= tanh™' (G,m, /Gmb) , the bimodal compression operator
S(r)=exp [r (azm —ajm’ )] . By applying the Bogoliubov operator, Eq. (29) can be rewritten as [29]:

H_ =Gpm +Hec. (31)

where G = G., -G’ s the effective coupling strength between the magnetic oscillator mode

and mode f,. It is clear that modes m and /£, are coupled via beam splitter type interactions,
while mode /£ is not involved in the interaction with mode 7, which is referred to as the dark
mode. Using beamsplitter-type interactions, magnetic oscillator modes can be used to cool mode /.

The ground state of Bogoliubov modes B & /f, corresponds to the two-mode compression state
lw)=S8(r)|0,0), where [0,0) is the vacuum state of modes @, & b. This suggests that when the
Bogoliubov mode is cooled to the ground state, the optical and microwave modes &, and b will be
in the two-mode compressed state. Although the mode /A cannot be cooled through

beamsplitter-type interactions, the researcher's work indicates that cooling the mode /3, to the
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ground state is capable of producing sufficiently large optical-microwave entanglement.
3.3.  Analysis of quantum entanglement variations

3.3.1. Variation of the compression parameter r during quantum entanglement. Fig. 5 shows the
effect of the compression parameter r on the two-body entanglement in the system, and the
light-microwave entanglement ~< is first enhanced and then weakened with the increase of r, and
there is an optimal value of r near 0.234. Since the entanglement of light and microwave is also an
important resource for realizing quantum computation and so on, combined with the optimal path
calculation of quantum entanglement of UQAOA algorithm, r=0.2 is taken in the calculation of results
in this paper.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 5. The effect of compression parameter r on the two bodies in the system

3.3.2. Variation of effective coupling strength during quantum entanglement. The system coupling
strength is very important for the generation of entangled states. Fig. 6 shows the trends of
microwave-phonon and optical-magnetic entanglements £, and £, with magnetic coupling
strength G,,, optical coupling strength G_, and magnetic dipole interaction strength G,, between
microwave-magnets, respectively. Fig. 6(a) shows the effective photodynamic coupling strength G,
and the quantum entanglement £, and £, increases and then decreases with the enhancement
of G, . The quantum entanglement is shown in Fig. 6(b). E,, It reaches the highest value of 0.436
at G, 3.4. The reason is that with G, enhancement, in addition to its own microwave-optical
entanglement source £, the entanglement generated by magnetostriction increases, which is
transferred to the microwave force and magnetophoton system through the microwave-magneton
state-exchange interactions as well as the action of the photoforce beamsplitter, and thus the
entanglement £, and E,, increaseswith G, within a certain parameter range. However,as G,
continues to enhance, most of the magnons interact with the phonons, affecting the entanglement
transfer, which results in the entanglement £, & E, starting to decrease. Fig. 6(b) shows the
effective magnetic coupling strength G,,, and the entanglement E, & E, increases and then
decreases as G, becomes larger. £, reaches a maximum value of 0.155 at G, 1. The reason for
this is that at first the entanglement generated by time-microwave and magnetostriction is
transferred to the microwave mechanics and magneto-photonic system through the
microwave-magneton state-exchange interactions as well as the optical beam-splitter interactions, so
that the entanglement E, vs. E,, increases with the enhancement of G, within a certain
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parameter range. However, when G. continues to be enhanced, the optical photons interact with
phonons as much as possible, which leads to a decrease in the entanglement source, which in turn
leads to entanglement £, & E, starting to decrease. Fig. 6(c) shows the microwave-magneton
coupling strength G,, and it is found that with G,, enhancement, the entanglement £, and
E, change in the same trend, both of which first decrease to 0 with G,, enhancement, and then
increase and then decrease with G,, enhancement. £, reaches a peak of 0.284 at G,,=3.48. The
reason is that the microwave-magneton state-exchange interaction competes with the optical
beamsplitter action at the beginning, but does not play a role in transferring the entanglement, and
thus the entanglement £, and £, decreases first until it is zero. Afterwards, as G, continues
to get larger, the microwave-magneton state exchange interaction as well as the optical force beam
splitter interaction begin to shift the two sources of entanglement, which results in entanglement
E, and E, beginning to increase. But as G,, continues to intensify, most of the microwave
photons interact with the magnets, resulting in fewer microwave photons interacting with optical
photons as well as fewer magnets interacting with phonons, i.e., fewer sources of entanglement £,
and E,,, which in turn results in entanglement E, and E,, beginning to decrease again. In
contrast to the system in which microwaves and light themselves are not entangled, the
entanglements £, and E_,, generated in the system in this paper can exist either simultaneously
or separately. In particular, entanglement £, and E,, still exist when G,,=0.
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4. Analysis of the role of constraint-based optimization algorithms for quantum
state transport

4.1. Quantum States and Electromagnetic Wave Transmission

4.1.1. Conceptual connotations of quantum state OAM electromagnetic waves. The angular
momentum carried by an electromagnetic wave is divided into spin angular momentum and orbital
angular momentum and can be expressed as:

J=L+S (32)
Where: J is the total angular momentum, L is the orbital angular momentum, and S is the
spin angular momentum, which characterizes the polarization of the electromagnetic wave, and

according to the theory of electrodynamics, it can be computationally deduced to obtain the OAM
that the electromagnetic wave has as:

L=

zjrx(ExB)dv—

0 Vv

_gonE(rxV)Adv+gojE><Adv S (33)
y =1

:gojiEi [(r(o) +r(i))xV]Aidv+gojExAdv—S
4 Vv

i=1

Where: (4, is the vacuum permeability, &, is the vacuum permittivity, ¢ represents the
vacuum speed of light, » is the space coordinates, E is the electric field strength, B represents
the magnetic induction strength, A is the magnetic vector potential, /' is the integral space (the
space in which the electromagnetic wave exists), dv is the space microelement, »¢) and () are
the distance vector from the origin of the internal orbital origin of the quantum of the
electromagnetic wave to the reference coordinate system, and from any point of the space to the
internal orbital origin, respectively. The sum of the two is the total position vector.

From Eq. (33), we can see that the OAM of the electromagnetic wave is related to its integration
space, electric field strength and magnetic field strength.

4.1.2. UQAOA-based quantum state transmission properties of electromagnetic waves. Firstly, this
chapter starts with the design of a rectangular antenna unit operating at 3.7 GHz, a circular patch
antenna capable of generating +1 mode vortex electromagnetic waves, and the transmission
characteristics of the generated OMA waves in air and the transmission optimization problem are
analyzed based on the UQAOA algorithm. The circular patch is processed and tested, and Fig. 7 shows
the reflection coefficients of the circular patch simulated and tested, Fig. (a) shows the upper patch
and Fig. (b) shows the lower feed network.

After the test to get the reflection coefficient of the two ports from the figure can be seen, due to
the loss of the dielectric substrate in the actual processing, the reflection coefficient obtained from
the simulation is slightly lower than the test, the maximum error error control in + 7.5dB or so, but
the two results basically coincide.
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Fig. 7. Circular patch simulation and test reflection coefficient

Fig. 8 shows the circular patch test orientation diagram, Fig. (a) shows the upper patch and Fig. (b)
shows the lower feed network. From the figure, it can be seen that the gain of the antenna test
decreases compared to the simulation results, but the error is within the acceptable range, especially
in the lower feed network, the maximum error is about #2.5.
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Fig. 8. Circular patch test direction
4.2. Basic plasma theory

4.2.1. Numerical analysis. Gas discharge is a method of generating plasma, often used in
engineering and laboratories. This method is to apply an external electric field to the electrons, so
that they accelerate and collide with the neutral molecules of the gas, the gas is excited and ionized to
produce plasma. Therefore, the magnitude of the applied voltage determines the magnitude of the
plasma electron density, in order to facilitate the analysis, the relationship between the applied
voltage and the plasma electron density is expressed by the following formula:

n, ~(=0.02U° +0.4U - 0.06)x10" m™* (34)
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4.2.2. Analyzing results. In the experiment, the range of the optimal applied voltage for quantum
state transport is generally 1.05V-9.98V, which is calculated by the UQAOA algorithm, and if the
voltage is too high, it will be detrimental to the instrument. So according to the formula (34) can be
obtained the applied voltage and electron density of the corresponding relationship graph shown in
Figure 9, and because the plasma frequency is only related to the electron density, so you can get the
relationship between the plasma density and the plasma frequency of the plasma density and the
plasma frequency of the plasma density and the plasma frequency of the plasma density and the
plasma frequency in the figure.

As can be seen from the figure, the corresponding plasma density ranges from 0.34014x10""cm™
to 1.95793x10"7cm ™, and the corresponding plasma frequency is from 1.65264 GHz to 3.94591 GHz.
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Fig. 9. The applied voltage corresponds to the plasma electron density and plasma frequency

Firstly, the homogeneous plasma is studied to analyze the effect of different plasma electron
densities on the attenuation coefficient of electromagnetic wave, which is calculated by UQAOA
algorithm after fixing the collision frequency at 0.45 GHz, and selecting the applied voltages as 2V,
3.5V, 5.5V and 9.5V, i.e., plasma electron densities of 0.66x10"7cm™, 1.2x10”7cm™, 1.5x10”cm™ and
1.9x10"7cm™ respectively. After the calculation of UQAOA algorithm, the variation of attenuation
coefficients with the incident wave frequency can be obtained under different plasma electron
densities as shown in Fig. 10. When the plasma electron density is larger, the attenuation coefficient
varies with the incident wave frequency more and slower, e.g., 7, = 1.9x1017cm’3, which is close to 0
only when the incident wave frequency is 4 GHz.
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Next, we analyze the effect of different plasma collision frequencies on the attenuation coefficient
of electromagnetic wave, based on the UQAOA algorithm, fix the plasma electron density as 1.2
x10”7ecm™, and select the collision frequencies as 0.45 GHz, 2 GHz, 5 GHz and 10 GHz.After
calculation, we can get the change of the attenuation coefficient with the frequency of the incident
wave under different plasma collision frequencies, as shown in Fig. 11.

From Fig. 11, it can be seen that when the incident wave frequency is small, the attenuation is
larger as the collision frequency decreases, while as the incident wave frequency increases, the
attenuation starts to behave diametrically opposite to that at low frequencies, i.e., the attenuation is
larger as the collision frequency increases. For example, the attenuation coefficient of v, =10GHz,
the second band of attenuation begins to occur at a frequency of 3.864. This is because, in the lower
frequency band, the electrons in the plasma are not sufficiently accelerated to collide with other
particles due to the effect of the incident electromagnetic wave. In the higher frequency band, as the
plasma collision frequency increases, the electrons are frequently accelerated to collide with other
particles to exchange energy, and the attenuation is also greater.
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Fig. 11. The attenuation coefficient depends on the incident wave frequency at different collision
5. Conclusion

In this paper, the quantum entanglement effect is divided into two aspects, quantum state
transmission and entanglement exchange, and the quantum entanglement research of
electromagnetic waves is carried out from these two aspects respectively. The workflow of quantum
approximation optimization algorithm is sorted out, and the quadratic unconstrained binary
optimization method is proposed to solve the constraint problem of quantum state transmission.

In gives a treatment of the constrained mixed Hamiltonian quantity problem within the QAOA
framework and evaluates the performance of the UQAOA algorithm on the Graph Partition problem.
The UQAOA algorithm achieves better performance in the Graph Partition problem, with the
approximation ratio remaining around 1 after the level number P = 4.

The UQAOA algorithm is used to analyze the change of compression parameters and effective
coupling strength when quantum entanglement of electromagnetic waves occurs. It is found that the
entanglement £, and E,, increases and then decreases as G. becomes larger. E,, reaches a
maximum value of 0.155 when G. is 1.

Based on the UQAOA algorithm to analyze the transmission characteristics of the generated OMA
waves in air and transmission optimization problem, the reflection coefficient obtained is slightly
lower than the test, and the maximum error error is controlled at about +7.5 dB, although the two
results basically match. Meanwhile, in the test direction, in the lower feeder network, the maximum
error is about +2.5, and the error is within the acceptable range.
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