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Abstract. We study the dynamic properties and algebraic invariants of the model of phase
modulation of quantum light by microwave radiation. The quasi-energy levels of the system
are described by the eigenvalues of the effective Hamiltonian, which generators obbey to su(2)
algebra and have a nontrivial internal structure. The dynamics of states is studied in Fock
space. Invariant Hamiltonian spaces are associated with irreducible representations of the su(2)
algebra, within which the Hamiltonian matrix is partitioned into finite blocks. Within this
model we investigate the generating process of two-mode entangled states using the single-tone
Fock state at the input of phase modulator.
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Annoramusa. PaccmaTpuBaloTcss nuHaMUuYecKUe CBOWMCTBA M ajireOpanyecKue WHBApUAHTHI
Mozenn (a3oBOi MOAYJAIMU KBAaHTOBOIO CBeTa MMKPOBOJHOBBIM M3JyYeHUEM. YPOBHU
KBa3WdHEPIruyM CUCTEMbl OMUCHIBAIOTCS COOCTBEHHBIMM 3HaYeHUsIMU  3(PGHEKTUBHOTO
raMWIbTOHMAHA, TeHePaTOPbl KOTOPOTO MOTUMHSIOTCS ajiredpe su(2) 1 UMEIOT HETPUBUATIbHYIO
BHYTPEHHIOIO CTPYKTYpy. JIMHaAMMKa COCTOSIHUI wuccienyercss B IpocTtpaHcTBe Doka.
WMHBapraHTHbIE TaMWJIBTOHOBBI IPOCTPAHCTBA CBSI3aHbBI C HEMIPUBOAMMBIMU TTPEICTABICHUSIMU
anreOpsl su(2),rme Marpuila raMWIbTOHMAHA pa30MBaeTCsl Ha KOHEUHble Osioku. B pamkax
9TOM MOJENIM MCCIEAYyeTCsl TpoliecC TeHepaluyd JABYXMOIOBBIX 3allyTaHHBIX COCTOSIHMM ¢
HCMOJb30BaHMEM OJHOTOHAJIBHOTO (POKOBCKOIO COCTOSIHUSI Ha BXoje (a3oBOr0 MOAYJSITOpPA.

KmoueBbie caosa: D@a3oBbiii MomynasTop, [amMuiabTOHMAH, 3amyTaHHbBIE COCTOSTHUS,
JIECTHUYHBIC OTICPATOPHI

© Matveeva M.V., Trifanov A.l., Tushavin G.V., Tabieva A.V., 2024. Published by Peter the Great St. Petersburg Polytechnic
University.

130



4 Simulation of Physical Processes

Ccobinka npu nutupoBanun: MatseeBa M.B., Tpudanos A.U., Tymasuu I'.B., Tabuesa A.B.
HccnenoBaHue 3amyTaHHBIX COCTOSHUIA TPEXMOAOBOIO 3JEKTPOOINTUYECKOro Momayiasitopa //
Hayuno-texaunueckue Begomoct CITGITIY. ®@usuko-marematndyeckue Hayku. 2024. T. 17. Ne
3.2. C. 130-134. DOI: https://doi.org/10.18721/JPM.173.225

CraThsl OTKPBITOrO nocTyma, pacrnpoctpansgeMas mo jauieH3un CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The work [1] presented an explicitly solvable algebraic model of the process of electro-optic
modulation of light by a microwave field based on the linear electro-optic effect. To describe
the inter-mode interaction of light, the corresponding operators were obtained by applying the
Jordan-Schwinger mapping [2] to generators of the matrix algebra su(2). It was shown that in
the high-intensity approximation of the modulating microwave radiation, the model reduces to
a semiclassical one, and the dynamic problem becomes exactly solvable. However, when the
number of interacting optical modes exceeds three, the irreducible representations of the su(2)
algebra related to invariant spaces turn out to be degenerate— the induced classification by the
su(2) algebra is incomplete. To address this issue, a method of ladder operators for the Casimir
operator image of the su(2) algebra was proposed in [3]. The obtained algebra of ladder operators
generates the spectrum and eigenvectors of the Casimir operator, allowing for a description of all
invariant spaces within the problem with three interacting frequency modes.

Materials and Methods

In this work, within the model described above, we investigate the generating process of two-
mode entangled state using the single-tone optical signal in two-photon Fock state at the input of
phase modulator. To the end we consider the image of the su(2) algebra represented by operators
J, J,, J_. These operators through Jordan-Schwinger mapping are expressed by polynomials of
bosonic operators a, afl of of frequency modes, associated with the eigenvalue s (non-negative
integer or non-negative half-integer), n = 2s + 1.

J. z ua:ap, (1)
s—1
J, Z \/(S +},l+1)(s—],t)a;’ﬂall = (J_ )+. (2)

n=-s
The operators J, J,, J_ satisfy the the following commutation relations:
[J..J.]=%J,.[]..J ]=2J.. (3)

In order to obtain the basis of the invariant subspace associated with the irreducible representation
of the su(2) algebra, we act on the vacuum vector with the ladder operator 1, = p, ( J+ 1) +2p/,

resulting in the Fock state \/% |O20>+%|101>,Which is a coherent state of the su(2) algebra

corresponding to state |n =2,j=2,j,= 0) Acting on this obtained basis element with the oper-
ators J, and J_yields the other Fock states |200), [g110), |011), |002).These states form a basis for
a five-dimensional invariant space (with “total moment” j = 2). The corresponding two-photon

Fock space is six-dimensional thus, there exists an additional one-dimensional invariant space
1 2
corresponding to j = 0, with its basis vector being the orthogonal vector $|020>— \/; |101>.

© MartseeBa M.B., Tpudanos A.W., Tymasuu I'.B., Tabuesa A.B., 2024. Nznatens: Cankr-IleTepOyprckuii moJIMTeXHUUECKU
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In the following we consider the Hamiltonian of the phase modulator:

H=wom,N+oJ, +7- (J+e”"p +J e* ) , “4)

the obtained basis of the five-dimensional invariant space, when we have H =1y - V-

0 26" 0 0 0
2e7 0 J6e'® 0 0
V= 0 Jee® 0 Jeeo O (5)
0 0 Jee* 0 260
0 0 0 2¢ 0

Then we can analyze the spectral properties of matrix V and find the eigenvectors correspond-
ing to the stationary states of the system:

Gy = {_4YO5 _2YO: 07 2YOJ 4Yo}a (6)
3 5
eZi(p eZi(p _\/;e ?
—2¢" - 0
v _L J6 v _1L 0 v, _1L 1
47y 6A 275 A IR
—2e™ - 0
—2ip —2ip
e —e 3 —2i¢p
—[—e 7
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eZiq) eZitp
e 26"
1 1
V, = E 0 | s Vy = Z \/g
—e "’ 2e7
_e 2 e 2o

Each eigenvector can be expressed in terms of a Fock basis |200), |110>, |011>,

Results and Discussion

Here we use eigenstates of the Hamiltonian to model initial state evolution during the phase

modulation process.

The figure illustrates the action of the evolution operator on the initial state |O20). This allows
us to determine the time dependence of the probability amplitudes of the Fock state components.
The green curve corresponds to the dynamics of the components |200) and |002) of the Fock state

vector \/% |O20> +%|IOI>. It is evident from this that there is a specific moment in time when

no other components are present in the expansion of this state vector.
To construct the dynamics of the state 020), we will act with the evolution operator on the

NS

initial state, as a result of which we obtain this expression with coefficients o = T, B= E

132



4 Simulation of Physical Processes

10

0.8

0.6

0.2

0.0

0 1 2 3 4 3 &

Figure. Probability amplitudes of state |020) in dynamics
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Passing to the system of equations and expressing the components, we obtain
o .. 4 o .
__ezq)e 4it +_ez(pe41t — 0,
2
o o 4y O _
e t(pe 41t+zeupe4zt_0, (9)

\/_e—4lt+ +—= \/_34”:

Hence, from here we can conclude that a required moment of time is approximately 7 = n/5
That is, in the process of evolution quantum multimode states of the following form can arise

o.|200) +B|020) +c.[002). (10)

In which the states
which the component

011) and |110>. At the same time, we have determined a point in time at
020) is absent in expression (10).
Conclusion

In this work, we have shown that a phase modulator performs electromagnetic field quantum
state transformations that transcend the boundaries of local operations in quantum communica-
tion (LOCC) systems, inducing an essentially quantum channel for state transformation.
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