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On the construction of a quantum channel corresponding to non-commutative
graph for a qubit interacting with quantum oscillator

G.G. Amosov,l’B AS. Mokeev,l’lﬂ and A.N. Pechenlﬂ
1Steklov Mathematical Institute of Russian Academy of Sciences, Gubkina str., 8, Moscow 119991, Russia

We consider error correction, based on the theory of non-commutative graphs, for a model
of a qubit interacting with quantum oscillator. The dynamics of the composite system
is governed by the Schrodinger equation which generates positive operator-valued measure
(POVM) for the system dynamics. We construct a quantum channel generating the non-
commutative graph as a linear envelope of the POVM. The idea is based on applying a
generalized version of a quantum channel using the apparatus of von Neumann algebras.
The results are analyzes for a non-commutative graph generated by a qubit interacting
with quantum oscillator. For this model the quantum anticlique which determines the error
correcting subspace has an explicit expression.

I. INTRODUCTION

One of the important notions in quantum information theory is the notion of a non-commutative
operator graph, which is an operator space containing the identity operator and closed under op-
erator conjugation. For each completely positive trace-preserving map (i.e., a quantum channel)
there is a unique operator graph determining the ability to transmit information with zero error
via the channel. This graph allows to define the Knill-Laflamme sufficient condition for the sub-
space to be a quantum error-correction code. A natural opposite task is to find quantum channel
corresponding to the given graph [1, 2]. All the graphs are known to be linearly generated by
positive operator valued measures (POVMs) and, vice versa, for each graph these exists POVM
which generates this graph, so that the task can be posed for POVMs. A solution to this problem
can be found using Naimark dilatation [2].

Non-commutative operator graphs for various infinite-dimensional quantum systems were stud-
ied in [3,4]. In this paper, we study error correction for a model of an infinite-dimensional quantum
system consisting of a qubit interacting with quantum oscillator |5]. The dynamics of the compos-
ite system is governed by Schrodinger equation which entangles initially separable quantum states.
The dynamics generates POVM for the system. Quantum anticlique is the projector onto error
correcting subspace. We construct a generalized quantum channel, acting between preduals of two
von Neumann algebras, which determines the graph corresponding to the given POVM with an
operator-valued density. Our construction is close to the similar finite-dimensional result presented
in [6]. The techniques are based upon [7]. The results are analyzed for the graph corresponding to
the error correction model of a qubit interacting with quantum oscillator.

II. GENERALIZED QUANTUM CHANNELS GENERATED BY POVMS

We use some basic notions from the theory of von Neumann algebras (W*-algebras in other
terminology) [8].
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Denote B(H) and T'(H) the algebra of all bounded operators and the space of nuclear operators
in a separable Hilbert space H respectively, the notation || - | designates the operator norm. The
subalgebra M C B(H) is said to be the von Neumann algebra if the second commutant satisfies
M" = M. Given a von Neumann algebra M, there exists the predual Banach space M, such
that (M,)* = M due to the Sakai theorem. The corresponding duality is denoted by (p,x), p €
M., © € M. The functionals on M determined by elements of M, are said to be normal. A
normal positive functional p with the property (p,I) =1 is called a state.

The quantum channels can be considered as mappings ® : B(#H;) — B(H2) which can be
represented in the Kraus form

O(p) = AwpAi,  Ap:Hi o Ha,
k
where Y Ay A7 = 1. The non-commutative operator graph corresponding to the channel is
k

V = span {AjA;}.

The subspace K C H; is a quantum error-correcting code if the orthogonal projection P satisfies
the Knill-Laflamme condition dim PxVPg = 1. Such projection Py is called quantum anticlique.

Suppose that M1 ¢ B(#;) and M?) C B(H,) are two von Neumann algebras acting in
the Hilbert spaces H; and Hsz. Denote (-, ->1’2 the corresponding dualities. Given a linear map

D M&l) — ./\/19), one can define the conjugate map ®* : M@ — MO by the rule
(p, @ (2)), = (@(p), )y, peMV, zeM®.

Following [7], the map ® is said to be a generalized quantum channel if ®* is unital and completely
positive.

Let (©2,B,v) be a measurable space with the o-finite measure v. Then M = B(H) ® L>(Q)
is a W*-algebra of operators acting in the Hilbert space H = H ® L*(Q2) and having the predual
space M, = T(H) ® L*(Q). Also note that M can be viewed as L=(Q2 — B(H)), the space of
v-essentially bounded B(H)-valued functions. Put M® = B(H) and M® = B(H)® L>®(Q) such
that M) € B(H) and M?) C B(H ® L?*(R2)). Then, the quantum channel

D /\/L(kl) — ./\/L(kz)
is characterized by the property
<<I>(IO)7I’H®L2(Q)>2 = <107 I’H>1 =1 (1)

for all states p € ./\/L(kl). Thus, ®(p) € /\/L(f) is also a state. Since ®(p) is a function f, on the space
) taking values in T'(H) the equality (1) can be rewritten in the form

[ T i) = 1.
Q

Let M be a positive operator-valued measure on (2, B,r) with values in the set of positive
operators B(H).

Theorem 1 Suppose that there is an operator valued density P(w), w € Q of M with respect to
the measure v such that

M(dw) = P(w)v(dw).



Then, the formula
Tr (p@*(z ® f)) = /f(W)Tr([P(W)]l/QP[P(W)]1/2$)V(dW)
Q

determines a unital normal completely positive map ®* : M2 — MO,

Proof
Let 2 = Uff:lBk be the partitioning of €2 into a sum of disjoint B € B and a simple function
f0| By = Ok Define a unital normal completely positive map ®%; : M — MO as follows

Oy(z@ f) = ax /[P(W)]l/zw[P(W)]l/QV(dW)- (2)
kB

So,
Tr (p@*(z ® fo)) = > ax / Tr ([P(w)]'/?p[ P(w)]"/22)v(dw),
kB,

By this, the positivity of all operators under the trace results in

Tr (p@*(x @ fo))| < HfoHLoo/HpH ]l - Tr (P(w))w(dw) = [| follzee - [loll - |2l
Q

approaching f € L () by simple functions not disrupt that inequality. So ®* is a limit of (2) in
the weak™* topology.

O

The POVM M generates some non-commutative graph V = span(M(B), B € B), where B
is the o-algebra of measurable subsets B C 2. Let us define a unital completely positive map
* : L°(Q) — MD by the formula

V() =2 Aef), feL™Q) (3)
Theorem 2 The channel ¥ complementary to U defined by Eq. (3) determines the graph V.

Proof The action ¥* : L®(Q) — MM can be represented as follows

W (f) = / £(@) Plw)(dw)
Q

It suffices to show that V = ®*(L>(Q)) [6]. The result immediately follows from the equality

A

®*(xp) = M(B),

where xp € L>(£2) is the indicator function of the measurable set B € 8.
O



IIT. A QUBIT INTERACTING WITH QUANTUM OSCILLATOR

We consider a qubit interacting with quantum oscillator within the rotating wave approximation.
This model is known to have an explicit description of the eigenstates and eigenvalues which
completely define the model [5]. Let H be the Hilbert space with the basis {|k),k € No} (the
quantum oscillator Hilbert space) and H the two-dimensional Hilbert space with the basis {|g) , e) }
(qubit space). The Hilbert space of the composite system is H = H; ® H,. The Hamiltonian is

H=wsa a + %02 + g(o*_aJr +ota), (4)

Here ws,wy € Ry are the frequencies of the qubit and the quantum oscillator, respectively, £ > 0
is the coupling constant, o, is the Pauli matrix, ™, 0~ are the rising and lowering operators of the
qubit and the a™,a™ are the creation and annihilation operators of the oscillator. The detuning
parameter is A = wy — w,. For the non-resonant case A # 0, the eigenstates of the Hamiltonian
are

0,9),
0, . (O
In, +) = cos 0 In —1,e) + sin b} n.9)

) =sin () 1n = 1.e) = cos () ).

where 6,, = tan~!(ky/n/A) and n € N. For the resonant case A = 0 the eigenstates are

10,9)

|’I’L,—|—> = |’I’L— 1,€> + |n,g>,

|’I’L,—> = |’I’L,g> - |n - 1,€> .
In both cases the corresponding eigenenergies are

Wf—I—A
2

1 1
E,i = wy <n—§>j:§\/A2+/£2n, n € N.

Our construction can be applied to this model of a qubit interacting with quantum oscillator.
Let us split the Hilbert space H into three parts [4],

Eog =

H=H1&Hx® Hs,
The partition is determined by the parameter Ky > max{3, My}, where M is the minimal natural
solution of the inequality

<\/A2+/{2(M0+1)+\/A2—|—/12M0) < % (5)

The subspaces H; and Ho are the infinite-dimensional subspaces corresponding to two strictly
increasing sequences of eigenvalues J, = Ejyq1 4, k € Ng and Siyr, = Eptk,—, k € Ng. The
subspaces are defined as follows

7'[1 = Span{’n7+>7 n e N}a
span{|n, =), n > Ko},
= span{|g,0)} U{|n,—), 1 <n < Kp}.

2z
Lol



The sequences Ji and Sy, allow to define Gauzeau-Klauder coherent states in #; and Ha

1 +oo k/2 —1Jry
|J,l‘,y> = |k7—|—1

\/7

1 e :Ek/2€ sz+KOy
IS, z,y) = |k + Ko, —).

Na(@) (= Vet
(2)

Here sequences ¢; ' are the positive converging weights, Ni(z) and Na(z) are the normalization
factors.

Let Q = R? @ R? @ {pt}, where {pt} is the set containing only one point. Define the POVM
over 2 as follows

M = M, & M, & Ms,

where

My (dzdu(y)) = |J,2,y) (J,z,y| 71 (x)dedu(y),
My(dzdu(y)) = 1S, 2,y) (S, z,y| ro(x)drdu(y),

and

M3(0) =0, Ms({pt}) = P,

Here P is the projection on Hg and measures 71(x), 71(z) are determined by the Gauzeau-Klauder
construction [5]. The POVM M is generated by orbits of the unitary group U; = e *H with the
Hamiltonian () and satisfies the conditions of Theorems [Il and 2l The corresponding graph has
the quantum anticlique Pj.

IV. CONCLUSION

Based on the theory of non-commutative operator graphs, we analyze the error correction
model for a qubit interacting with quantum oscillator. The dynamics of the composite system
is governed by Schrodinger equation which generates POVM. We describe the method of how to
define the quantum channel which corresponds to a non-commutative operator graph generated
by the POVM. We analyze this construction for the model of a qubit interacting with quantum
oscillator and provide an explicit expression for the quantum anticlique which determines for this
model the error correcting subspace.
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