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Rabi oscillations, entanglement and teleportation in the anti-Jaynes-Cummings model
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This paper provides a scheme for generating maximally entangled qubit states in the anti-Jaynes-
Cummings interaction mechanism, so called entangled anti-polariton qubit states. We demonstrate
that in an initial vacuum-field, Rabi oscillations in a cavity mode in the anti-Jaynes-Cummings
interaction process, occur in the reverse sense relative to the Jaynes-Cummings interaction process
and that time evolution of entanglement in the anti-Jaynes-Cummings interaction process takes
the same form as in the Jaynes-Cummings interaction process. With the generated anti-polariton
qubit state as one of the initial qubits, we present quantum teleportation of an atomic quantum
state by applying entanglement swapping protocol achieving an impressive maximal teleportation
fidelity F), = 1.
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I. INTRODUCTION

The basic model of quantized light-matter interac-
tion describing a two-level atom coupled to a sin-
gle mode of quantized electromagnetic radiation is the
quantum Rabi model [1-4]. Recently, it has been
shown that the operator ordering principle distinguishes
the Jaynes-Cummings (JC) and anti-Jaynes-Cummings
(AJC) Hamiltonians [2—4] as normal and anti-normal or-
der components of the quantum Rabi model. In this
approach the JC interaction represents the coupling of
a two-level atom to the rotating positive frequency com-
ponent of the field mode while the AJC interaction rep-
resents the coupling of the two-level atom to the anti-
rotating (anti-clockwise) negative frequency component
of the field mode, because the electromagnetic field mode
is composed of positive and negative frequency compo-
nents [5].

The long-standing challenge of determining a con-
served excitation number and corresponding U(1) sym-
metry operators for the AJC component was finally
solved in [2]. The discovery and proof of a conserved exci-
tation number operator of the AJC Hamiltonian [2] now
means that dynamics generated by the AJC Hamiltonian
is exactly solvable, as demonstrated in the polariton and
anti-polariton qubit (photospin qubit) models in [3, 4].

Noting that the JC model has been extensively stud-
ied in both theory and experiment in quantum optics,
we now focus attention on the AJC model which has not
received much attention over the years due to the erro-
neously assumed lack of a conserved excitation number
operator. The reformulation developed in [2—4], drasti-
cally simplifies exact solutions of the AJC model, which
we shall here apply.

In this paper, we are interested in analysis of quantum
state configuration of the qubit states, entanglement of
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qubits in the AJC model and the application of the en-
tangled qubit state vectors in teleportation of an entan-
gled atomic quantum state. The content of this paper is
therefore summarized as follows. Section II presents an
overview of the theoretical model. In section III, Rabi
oscillations in the AJC model is studied. In section IV,
entanglement of AJC qubit state vectors is analysed. In
section V, teleportation as an application of entangle-
ment is presented and finally section VI presents the con-
clusion.

II. THE MODEL

The quantum Rabi model of a quantized electromag-
netic field mode interacting with a two-level atom is gen-
erated by the Hamiltonian [2]

1
Hp = Sho(afa+aa’) + hwos. +h\@+a') (5, +5-) (1)

noting that the free field mode Hamiltonian is ex-
pressed in normal and anti-normal order form %hw(de—i—
aa'). Here, w, a, a' are quantized field mode angu-
lar frequency, annihilation and creation operators, while
wo, $, 84, S are atomic state transition angular fre-
quency and operators. The Rabi Hamiltonian in Eq. (1)
is expressed in a symmetrized two-component form [2—4]

(H+H) (2)

where H is the standard JC Hamiltonian interpreted as
a polariton qubit Hamiltonian expressed in the form [2]

~ ~ ~ 1 ~
H = hwN +2MA = Shw N=dala+5.5_
A

b, +asy+a's. ; a= (3)
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while H is the AJC Hamiltonian interpreted as an anti-
polariton qubit Hamiltonian in the form [2]

- -~ -~ 1 -~
H:th+2h)\A—§hw . N=aa' +5_5,

wo + w

>
|

as, +as_+a's, ; a=
In Egs. (3) and (4), N, N and A, A are the respective
polariton and anti-polariton qubit conserved excitation
numbers and state transition operators.

Following the physical property established in [4], that
for the field mode in an initial vacuum state only an atom
in an initial excited state |e) entering the cavity couples to
the rotating positive frequency field component in the JC
interaction mechanism, while only an atom in an initial
ground state |g) entering the cavity couples to the anti-
rotating negative frequency field component in an AJC
interaction mechanism, we generally take the atom to be
in an initial excited state |e) in the JC model and in an
initial ground state |g) in the AJC model.

Considering the @JC dynamics, applying the state

transition operator A from Eq. (4) to the initial atom-
field n-photon ground state vector |g, n), the basic qubit
state vectors [thy,) and |¢,,,) are determined in the form
(n=0,1,2,....) [4]

‘¢gn> = ‘97”) ;

with dimensionless interaction parameters ¢gy,, S4n and
Rabi frequency Ry, defined as

agn

|8gn> = _Egn|ga n>+§gn|ea n+1) (5)

— i - B
Cgn = L i Sgn = M i Rgn = 2XAgn
2Rgn Rgn
32

where we have introduced sum frequency § = wg + w to
redefine @ in Eq. (4).

The qubit state vectors in Eq. (5) satisfy the qubit
state transition algebraic operations

Abgn) = Agul@gn) 3 Albyn) = Agnltbgn)  (7)

In the AJC qubit subspace spanned by normalized but
non-orthogonal basic qubit state vectors |¢yn), |d,,) the

basic qubit state transition operator §g and identity op-

erator I, are introduced according to the definitions [4]
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which on substituting into Eq. (7) generates the basic
qubit state transition algebraic operations

59W9n> = |$gn> ) ég|$gn> = |¢gn>
TQW}QTL> = |w9”> ) Tg'&gn) = |5gn> (9)

~2k+1

The algebraic properties éjk = fg and €, = ég easily
gives the final property [4]
e 1050 = cos(&)ig — isin(0)g, (10)

which is useful in evaluating time-evolution operators.
The AJC qubit Hamiltonian defined within the qubit

subspace spanned by the basic qubit state vectors |1y ,

|$gn) is then expressed in terms of the basic qubit states

transition operators ,, I, in the form [4]

3.2 N
H, :m(n+§)lg+hRgn§g. (11)

We use this form of the AJC Hamiltonian to determine
the general time-evolving state vector describing Rabi
oscillations in the AJC dynamics in Sec. III below.

III. RABI OSCILLATIONS

The general dynamics generated by the AJC Hamilto-
nian in Eq. (11) is described by a time evolving AJC qubit
state vector |W,,(t)) obtained from the time-dependent
Schrédinger equation in the form [4]

Ton () = Uy(B)trgn) 1 Uylt) = e FHot (1)

where U 4(t) is the time evolution operator. Substituting

H, from Eq. (11) into Eq. (12) and applying appropriate
algebraic properties [4], we use the relation in Eq. (10)
to express the time evolution operator in its final form

U, (t) = e~itn+d) {cos(ﬁgntﬁg - z‘sm(ﬁgnt)ég} (13)

which we substitute into equation Eq. (12) and use the
qubit state transition operations in Eq. (9) to obtain the
time-evolving AJC qubit state vector in the form

Tgn (1)) = €D { cos(Rygnt) [hgn) i sin(Ront)[B) |
(14]
This time evolving state vector describes Rabi oscilla-
tions between the basic qubit states [tg,) and |p,,) at
Rabi frequency Rgp,.
In order to determine the length of the Bloch vector

associated with the state vector in Eq. (14), we introduce
the density operator

Pgn(t) = [Wgn(6))(Tgn ()]

which we expand to obtain

(15a)
Pgn (t) = cos(Rgnt)[$gn) (togn| + %Sin@ﬁgnt)\%nﬂ@nl

— 5 SI(2Rynt) G40 ) (Y] + sin®(Rynt)[6) (3]
(15b)



Defining the coefficients of the projectors in Eq. (15b) as
_ i
P = co?(Rynt) 5 DRA(0) = 5 (2Rt
_ T o= _ . o=
P () = — 5 sn(@Rynt) 5 PEA() = sin? (Rynt)(150)
and interpreting the coefficients in Eq. (15c) as elements

of a 2x2 density matrix p,,, (t), which we express in terms
of standard Pauli operator matrices I, 0., oy and o, as

11 (4) 12
_ L) 7 <t>) Lo
2 =287, .0 188 =-(T+p,,t) 7 15d
Pg (t) (pg}l(t) Pgi(t) 9 ( Pg (t) ) ( )
where ¢ = (04, 0,,0.) is the Pauli matrix vector and we

have introduced the time-evolving Bloch vector ﬁgn(t)
obtained in the form

Pan(t) = (P (), P (1), D (1)) (15¢)
with components defined as
Pgn(t) = Pgn (1) + Pgn(t) =0
Phn(t) = i (Dgn(t) = Pyn(t)) = —sin(2Rgnt)
Py (t) = Dgn (1) — Dy (1) = cos(2Ryt) (15f)

The Bloch vector in Eq. (15¢) takes the explicit form

Bon(t) = (07 —sin(2Rynt), cos(zﬁgnt)) (15g)
which has unit length obtained easily as
[Pgn ()] =1 (15h)

The property that the Bloch vector ﬁgn(t) is of unit
length (the Bloch sphere has unit radius), clearly shows
that the general time evolving state vector |W,,(t)) in
Eq. (14) is a pure state.

We now proceed to demonstrate the time evolution of
the Bloch vector ﬁgn (t) which in effect describes the ge-
ometric configuration of states. We have adopted class 4
Bloch-sphere entanglement of a quantum rank-2 bipartite
state [6, 7] to bring a clear visualization of this interac-
tion. In this respect, we consider the specific example
(which also applies to the general n-photon case) of an
atom initially in ground state |g) entering a cavity with
the field mode starting off in an initial vacuum state |0),
such that the initial atom-field state is |g,0). It is im-
portant to note that in the AJC interaction process the
initial atom-field ground state |g, 0) is an absolute ground
state with both atom and field mode in the ground state
|9}, |0), in contrast to the commonly applied initial atom-
field ground state |e,0) in the JC model where only the
field mode |0) is in the ground state and the atom in the
excited state |e).

In the specific example starting with an atom in the
ground state |g) and the field mode in the vacuum state
|0) the basic qubit state vectors [tg0) and [¢,o), together

with the corresponding entanglement parameters, are ob-
tained by setting n = 0 in Eqs. (5) and (6) in the form

|,(/)!JO> = |g’0> ; ‘¢90> = _Ego|g70> +§g0‘ea 1> )
) 2\ — 1 -
T = —— 5 Fgo=—— ; Rg=-\16A2+3
2R, Ryo 2
19,0) =1g) ®1[0) ; e, 1) =le)®]1) (16)

The corresponding Hamiltonian in Eq. (11) becomes (n =
0)

- 3 = — .
H, = 5hwlg + hRgoE, (17)

The time-evolving state vector in Eq. (14) takes the form

(n=0)
[Wgo(t)) = €34 {cos(Ryot)|tbgo) — isin@gowgoz} |
18
which describes Rabi oscillations at frequency Ego be-
tween the initial separable qubit state vector |t4) and
the entangled qubit state vector |$gO>'
The Rabi oscillation process is best described by the
corresponding Bloch vector which follows from Eq. (15g)
in the form (n = 0)

Bgo(t) = (0, —sin(2Ryot), cos(2Ry0t)) (19)

The time evolution of this Bloch vector reveals that the
Rabi oscillations between the basic qubit state vectors
[¥g0), |$go> describe circles on which the states are dis-
tributed on the Bloch sphere as we demonstrate in Fig. 1
below.

In Fig. 1 we have plotted the AJC Rabi oscillation
process with respective Rabi frequencies Ego determined
according to Eq. (16) for various values of sum frequency
6 = wo + w. We have provided a comparison with plots
of the corresponding JC process in Fig. 2.

To facilitate the desired comparison of the AJC Rabi
oscillation process with the standard JC Rabi oscillation
process plotted in Fig. 2, we substitute the redefinition
6 = wo +w = 6 + 2w to express the Rabi frequency Ryo
in Eq. (16) in the form

— 1
Rgo =5 V162 + (6 + 2w)2. (20)

In the present work, we have chosen the field mode
frequency w = 2\ (A = 0.5w) such that for both AJC and
JC processes we vary only the detuning frequency 6 =
wo — w. The resonance case § = 0 in the JC interaction
now means 6 = 2w = 4\ in the AJC interaction.

For various values of § = A, 3\, 0, we use the general
time evolving state vector in Eq. (18), with R, as defined
in Eq. (20) to determine the coupled qubit state vectors
thgo) , |dg0) in Eq. (16) by setting Rgot = 5, describing
half cycle of Rabi oscillation as presented below. In each
case we have an accumulated global phase factor which
does not affect measurement results [8-10], but we have



maintained them here in Egs. (21a) - (21c) to explain the
continuous time evolution over one cycle.

§=X\ ; 0=

—iTm s 5 4 —im LT
lg,0) — e 53{—m|970>+m|e71>}—>6 9,0
(21a)
=3\ : 0=T7\
l9,0) ”3{ \ﬁlg, 0) + \ﬁle 1>} eI |g, 0)
(21b)

§=0 ; 6=4\:

1 1 .

{10+ Jsle v - e lg.0)
(21c)
The AJC Rabi oscillations for cases § = A,3\,0 are
plotted as red, black and blue circles in Fig. 1, while the
corresponding plots in the JC process are provided in
Fig. 2 as a comparison. Here, Fig. 1 is a Bloch sphere
entanglement [6] that corresponds to a 2-dimensional
subspace of C* ® C? Span{|g,0), —40|g,0) + S40le, 1)}

with €50 = ﬁ and 540 = %—:‘0 while Fig. 2 is a Bloch

lg,0) = e™*

sphere entanglement corresponding to a 2-dimensional
subspace of C? ® C? Span{|e,0), ceole,0) + seolg, 1)}
with c.g = 55— and s, = }%—, where we recall that,
in the JC interaction the initial atom-field ground state
with the field mode in the vacuum state is |e, 0).

In Fig. 1 we observe:

(i) that due to the larger sum frequency § = & + 2w
in the AJC interaction process as compared to the
detuning frequency ¢ in the JC interaction process,
the Rabi oscillation circles in the much faster AJC
process are much smaller compared to the corre-
sponding Rabi oscillation circles in the slower JC
interaction process. This effect is in agreement
with the assumption usually adopted to drop the
AJC interaction components in the rotating wave
approximation (RWA), noting that the fast oscillat-
ing AJC process averages out over time. We have
demonstrated the physical property that the size of
the Rabi oscillations curves decreases with increas-
ing Rabi oscillation frequency by plotting the AJC
oscillation curves for a considerably larger Rabi fre-
quency Rgo where we have set the field mode fre-
quency w = 10A(A = 0.1w) in Fig. 3. It is clear
in Fig. 3 that for this higher value of the Rabi fre-
quency ﬁgo the Rabi oscillation curves almost con-
verge to a point-like form;

FIG. 1. Rabi oscillations in AJC interaction mechanism.
The Rabi oscillations for values of sum frequencies are shown
by red (§ = 5X; 6 = A), black (§ = 7TA; § = 3)) and blue
(6 =4\; 8§ =wo —w = 0).
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FIG. 2. Rabi oscillations in JC interaction mechanism. Here,
blue circle is at resonance with detuning § = wo —w = 0,
red circle is for detuning § = A and black circle for detuning
6 =3\

(ii) that Rabi oscillations in the AJC interaction pro-
cess as demonstrated in Fig. 1 occur in the left
hemisphere of the Bloch sphere while in the JC in-
teraction process the oscillations occur in the right
hemisphere as demonstrated in Fig. 2. This demon-
strates an important physical property that the
AJC interaction process occurs in the reverse sense
relative to the JC interaction process;

(iii) an interesting feature that appears at resonance
specified by § = 0. While in the JC model plot-
ted in Fig 2 the Rabi oscillation at resonance § = 0



FIG. 3. Rabi oscillations in AJC interaction mechanism. The
Rabi oscillations for values of sum frequencies are shown by
red (6 = 21X ; 6 = A) and black (6 =231 ; § = 3)\).

(blue circle) lies precisely on the yz-plane normal to
the equatorial plane, the corresponding AJC Rabi
oscillation (blue circle in Fig. 1) is at an axis away
from the yz-plane about the south pole of the Bloch
sphere. This feature is due to the fact that the fre-
quency detuning § = 2w takes a non-zero value un-
der resonance 6 = 0 such that the AJC oscillations
maintain their original forms even under resonance.

We note that the qubit state transitions described by
the Bloch vector in the AJC process (Fig. 1) are blue-
side band transitions characterized by the sum frequency
6 = wo +w = 6 + 2w according to the definition of the
Rabi frequency Ry in eq. (20).

The geometric configuration of the state space demon-
strated on the Bloch-sphere in Fig. 2 determined using
the approach in [4] agrees precisely with that determined
using the semi-classical approach in [11] corresponding
to a 2-dimensional subspace of C? Span {|e),|g)}. In
the approach [11], at resonance where detuning § = 0
the atomic population is inverted from |e) to |g) and the
Bloch-vector 7 = (sin(f) cos(¢) ,sin(f) sin(¢) , cos(6)) de-
scribes a path along the yz-plane on the Bloch-sphere.
For other values of detuning, the atom evolves from |e)
to a linear superposition of |e) and |g) and back to |e)
and the Bloch-vector 7 describes a circle about the north
pole of the Bloch-sphere.

IV. ENTANGLEMENT PROPERTIES

In quantum information, it is of interest to measure or
quantify the entanglement of states. In this paper we ap-
ply the von Neumann entropy as a measure of entangle-
ment. The von Neumann entropy [12-16] of a quantum
state p is defined as

ﬂm=4wmwb—2)mmi (22)

where the logarithm is taken to base d, d being the di-
mension of the Hilbert space containing p and ;s are the
eigenvalues that diagonal p. It follows that 0 < S(p) < 1,
where S(p) = 0 if and only if p is a pure state.

Further, the von Neumann entropy of the reduced den-
sity matrices of a bipartite pure state pap = [Yap){¥aB]
is a good and convenient entanglement measure E(pap).
The entanglement measure defined as the entropy of ei-
ther of the quantum subsystem is obtained as

E(pap) = —tr(palogy pa) = —tr(pplogy pp)  (23)

where for all states we have 0 < FE(pap) < 1. Here
the limit 0 is achieved if the pure state is a product
[) = |¥a) ® |¢p) and 1 is achieved for maximally en-
tangled states, noting that the reduced density matrices
are maximally mixed states.

In this section we analyse the entanglement properties
of the qubit state vectors and the dynamical evolution of
entanglement generated in the AJC interaction.

A. Entanglement analysis of basic qubit state
vectors [¢g0) and |¢,4)

Let us start by considering the entanglement properties
of the initial state |¢40) which according to the definition
in Eq. (16) is a separable pure state. The density opera-
tor of the qubit state vector |¢40) = |g,0) is obtained as

Pg0 = 19,0)(g,0| (24a)

Using the definition |g,0) = |g) ® |0), we take the par-
tial trace of py0 in Eq. (24a) with respect to the field
mode and atom states respectively, to obtain the respec-
tive atom and field reduced density operators pa, pp in
the form (subscripts A = atom and F = field)

pr =1tra(pgo) = [0)(0]
(24b)

pa =trr(pgo) = 9){g]

which take explicit 2 x 2 matrix forms

{00\ . (10
pA—Ol 7PF—00

The trace of pa,p% and pr,p% of the matrices in
Eq. (24c) are

tr(pa) =tr(p3) =1 ;5 tr(pr) =tr(py) =1 (24d)

The unit trace determined in Eq. (24d) proves that the
initial qubit state vector |140) = |g,0) is a pure state.

Next, we substitute the matrix form of p4 and pp from
Eq. (24c) into Eq. (23) to obtain equal von Neumann
entanglement entropies

E(pgo) = S(pa) = S(pr) = 0

(24c¢)

(24e)



which together with the property in Eq. (24d) quanti-
fies the initial qubit state vector |¢40) = |g,0) as a pure
separable state, agreeing with the definition in Eq. (16).

We proceed to determine the entanglement proper-
ties of the (transition) qubit state vector [¢y) defined

in Eq. (16). For parameter values § = A, § = 5\ we ig-

nore the phase factor in Eq. (21a), to write the transition

qubit state vector in the form

— 4

0="5A\: —le, 1

v e
(25a)

The corresponding density operator of the state in
Eq. (25a) is

0=A ; )+

— )
|¢gO> = _EL%O

N 25 20 20
Poo = —19,0 0| — —1g,0 1| — —le, 1 0
ng 41 |ga ><gv ‘ 41|g7 ><67 | 41|6, ><ga |

16
+H|671><631| (25b)
which takes the explicit 4 x 4 matrix form

0 0 0 0

2 0 -330
ho=|g B b, (25¢)

a1 41
0 0 0 0

with eigenvalues \; = 1, Ay = 0, A3 = 0, Ay = 0.
Applying Eq. (22), its von Neumann entropy

S(ﬁg()) =0

quantifying the state |¢,) in Eq. (25a) as a bipartite
pure state.

Taking the partial trace of ﬁgo in Eq. (25b) with respect
to the field mode and atom states respectively, we obtain
the respective atom and field reduced density operators
I A,ﬁF together with their squares in the form

(25d)

ha=tre(hg) = oladol + ledel
P = o lg)lgl + o clelel
P = tralbg) = 2I0)0] + 10|
P = T 0){0] + 2o 1] (25¢)
The trace of ﬁi and ﬁiﬂ in Eq. (25e) gives
() = tr(pe) = 1o < 1 (25f)

demonstrating that 5, and 7, are mixed states. To
quantify the mixedness we determine the length of the
Bloch vector along the z-axis as follows

Ty = tr(ﬁA&Z) = tT(ﬁF&Z) = (25g)

4

which shows that the reduced density operators p A,ﬁF
are non-maximally mixed states.

The eigenvalues (A1, A2) of p4 and pj are (18, 22) and
(%, %) respectively, which on substituting into Eq. (22),

gives equal von Neumann entanglement entropies
E(pg) = S(pa) = S(op)

——Elo E —§lo
BT AVT AT

Taking the properties in Eqgs. (25d), (25f) - (25h) together
clearly characterizes the qubit state @go> in Eq. (25a)
as an entangled bipartite pure state. However, since
S(p4) = S(pp) < 1 the state is not maximally entan-
gled. Similarly, the transition qubit state vector |$gO> =
—\/%|g,()> + \%|e,1> obtained for § = 3\,d = 7\ in
Eq. (21b) is an entangled bipartite pure state, but not
maximally entangled.

Finally, we consider the resonance case § = 0, charac-
terized by 0 = 4\ in the AJC. Ignoring the phase factor
in Eq. (21c) the transition qubit state vector |¢,) takes
the form

25
— | =0.964
2o <41> 0.964957

(25h)

— — 1 1
d=4A: |¢gO>:_ﬁ|g7O>+ﬁ|e7l>

(26a)
The corresponding density operator of the state in
Eq. (26a) is

o 1 1 1 1
Pgo = §|g,0><g,0|—§|g,0><e, 1|—§|€, 1><g,0|+§|e, 1><ev 1|

(26b)
which takes the explicit 4 x 4 matrix form
00 0O
N o ¥ 19
Do = 2 2 26¢
g0 0 7% % 0 ( )
0 0 0 O

with eigenvalues A\y = 1, Ao =0, A3 =0, Ay = 0. Ap-
plying eq. (22) its von Neumann entropy

S(y0) =0 (264)

quantifying the state in Eq. (26a) as a bipartite pure
state.

Taking the partial trace of ﬁgo in Eq. (26b) with respect
to the field mode and atom states respectively, we obtain
the respective atom and field reduced density operators
D, Dp together with their squares in the form

S = 1 1
pa=1trr(pg) = 5l9)gl + Sle)lel 5

2 71 1
Pa= 4|g><g|+ 4|6><€\
1
2
o1 1
Pp = Zl0><0l+1|1><1|

P = traliye) = 510001+ 50|

(26e)



The trace of ﬁi and ﬁiﬂ in Eq. (26e) is
<1 (26f)

which reveals that the reduced density operators 5 A ﬁF
are mixed states. To quantify the mixedness, we deter-
mine the length of the Bloch vector along the z-axis as
follows

(26g

~—

Tz = tr(ﬁAa'Z) = tr(ﬁF6Z) =0

showing that the reduced density operators p 4 and ﬁF
are maximally mixed states.

The eigenvalues (A1, A2) of 54 and pp are (1, 1) respec-
tively which on substituting into Eq. (22), gives equal von
Neumann entanglement entropies

E(Bg) = S(pa) = S(pp)
= Loy (1) - by () =1 o

The unit entropy determined in Eq. (26h) together with
the properties in Egs. (26d)-(26g) quantifies the tran-
sition qubit state determined at resonance § = 0 in

J

Eq. (26a) (or Eq. (21c¢)) as a maximally entangled bi-
partite pure state. Due to this maximal entanglement
property, we shall use the resonance transition qubit
state [¢,) in Eq. (26a) to implement teleportation by
entanglement swapping protocol in Sec. V below.

Similar proof of entanglement of the AJC qubit states
is easily achieved for all possible values of sum frequency
parameter 6 = wy + w, confirming that in the initial
vacuum-field AJC interaction, reversible transitions oc-
cur only between a pure initial separable qubit state vec-
tor [¢40) and a pure entangled qubit state vector [¢,q).
This property of Rabi oscillations between an initial sepa-
rable state and an entangled transition qubit state occurs
in the general AJC interaction described by the general
time evolving state vector |U,(¢)) in Eq. (14).

B. Entanglement evolution

Let us consider the general dynamics of AJC interac-
tion described by the general time-evolving qubit state
vector [Wy, (1)) in Eq. (14). Substituting [¥y,(¢)) from
Eq. (14) into Eq. (15a) and using the definitions of |¢)g,),
|¢gn) in Eq. (5) the density operator takes the form

ﬁgn(t) = {cos®(Rynt) + 63n sin®(Rgnt) } |9, n){g,n| + {i Sgn cos(Rgnt) sin(Rgnt) — CgnSgn sin®(Rgnt) } [g,m) (e, n + 1|
+{—i Sgn cos(Rynt) sin(Rynt) — CgnSgn sin®(Rynt)} le,n + 1) (g, n| + {Efm sin®(Rgnt) } le,n + 1) (e,n + 1]

The reduced density operator of the atom is determined
by tracing over the field states, thus taking the form

Pa(t) = Py(t)lg){gl + Pe(t)]e) el (28)

after introducing the general time evolving atomic state
probabilities Py(t), P.(t) obtained as

P,(t) = cos®(Rynt) + Egn sin®(Rynt)
P.(t) = 52, sin®(Rynt) (29)

=5,
where the dimensionless interaction parameters €y, Sgn
are defined in Eq. (6) and the Rabi frequency takes the
form

_ 1 .
Ry = 5\/16A2(n +1)+5 (30)

Expressing 54 (t) in Eq. (28) in 2 x 2 matrix form

w0 = (" ) (31)

g

we determine the quantum system entanglement degree

(27)

[
E(t) defined in Eq. (23) as
E(t) = —tr(pa(t)log; pa(t))

A
- ((Peo(t) Pgo(t)) <log2(§3 0 log, %(:g)) )
(32)

which takes the final form
E(t) = —Pe(t)logy Pe(t) — Py(t)logy Py(t) (33)

Using the definitions of the dimensionless parameters
Cgn, Sgn and the Rabi frequency R, in Egs. (6),(30),
we evaluate the probabilities in Eq. (29) and plot the
quantum system entanglement degree E(7) in Eq. (33)
against scaled time 7 = At for arbitrarily chosen values
of sum frequency § = 2\, 6\, 8\ and photon number
n =1, 2, 3, 6 in Figs. 4-6 below.

The graphs in Figs. 4-6 show the effect of photon
number n and sum frequency 6 = wo + w on the dy-
namical behavior of quantum entanglement measured by
the von Neumann entropy E(7) (min E(7) = 0; max
E(7) = 1). In the three figures, the phenomenon of en-
tanglement sudden birth (ESB) and sudden death (ESD)
is observed during the time evolution of entanglement
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FIG. 4. Degree of entanglement against scaled time for sum
frequency 6 = 2\ when n =1 and n =2

\
\
\
\ 1}
1 !
1 1
) 1
W
L 1
0.4 \ 1
\ 1
1 1
) 1
1
1
\
\
1

!
/

Y] L M A
05 1.0 1.5 20

FIG. 5. Degree of entanglement against scaled time for sum
frequency 0 = 6\ and 6 = 8\ whenn =1

similar to that observed in the JC model [17-19]. In ESB
there is an observed creation of entanglement where the
initially un-entangled qubits are entangled after a very
short time interval. For fairly low values of photon num-
bers n and sum frequency 0 as demonstrated in Fig. 4
for 6 = 2X plotted when n = 1, n = 2, the degree of
entanglement rises sharply to a maximum value of unity
(E(T)maz) at an entangled state, stays at the maximum
level for a reasonably short duration, decreases to a local
minimum, then rises back to the maximum value before
falling sharply to zero (E(7)min) at the separable state.
The local minimum disappears for larger values of sum
frequency § > 6 at low photon number n and re-emerge
at high photon number n > 4 (see Fig. 5 and Fig. 6) as
examples. However, in comparison to the resonance case
d =0 in the JC model [19] we notice a long-lived entan-
glement at F(7T)mq: = 1 in the cases of § = 6\ plotted
when n = 1 in Fig. 5 and § = 8\ plotted when n = 3

FIG. 6. Degree of entanglement against scaled time for sum
frequency 0 =8A whenn=1,n=2,n=3and n==6

in Fig. 6. The process of ESB and ESD then repeats pe-
riodically, consistent with Rabi oscillations between the
qubit states.

In Fig. 4 and Fig. 6 sum frequencies are kept constant
at 6 = 2\ and 0 = 8\ respectively and photon number n
is varied in each case. We clearly see that the frequency
of oscillation of E(7) increases with an increase in photon
number n. This phenomenon in which the frequency of
oscillation of FE(7) increases with an increase in photon
number n is also observed in the JC model [18, 19].

To visualize the effect of sum frequency parameter §
on the dynamics of FE(7), we considered values of sum
frequency set at § = 6\ and § = 8\ for photon number
n = lin Fig. 5. It is clear that the frequency of oscillation
of E(7) increases with an increase in sum frequency § =
wo + w. In the JC model when detuning 6 = wg — w
is set at off resonance § # 0 results into a decrease in
the frequency of oscillation of E(7) as seen in [18-20] in
comparison to the resonance case 6 = 0.

Finally, for 6 = 8\ plotted when n = 1 in Fig. 5 and
in Fig. 6 in comparison to 6 = 6\ plotted when n = 1 in
Fig. 5, it is clear in Fig. 5 that the degree of entanglement
E(7) decreases at a high value of sum frequency a phe-
nomena similar to the JC model in [20]. The observed
decrease in degree of entanglement is due the property
that the system loses its purity and the entropy decreases
when the effect of sum frequency is considered for small
number of photons n. This is remedied when the effect of

sum frequency is considered for higher photon numbers
n as shown in Fig. 6.

V. TELEPORTATION

In the present work we consider an interesting case of
quantum teleportation by applying entanglement swap-
ping protocol (teleportation of entanglement) [21-24]
where the teleported state is itself entangled. The state
we want to teleport is a two-atom maximally entangled
state in which we have assigned subscripts to distinguish
the atomic qubit states in the form [25]

1

o)1z = ﬁ(|e>1|g>2 = lg)le)2)

(34)
and it is in Alice’s possession. In another location Bob is
in possession of a maximally entangled qubit state \qbgO)

generated in the AJC interaction in Eq. (21c) and ex-
pressed as

V2

where we have also assigned subscripts to the qubits in
Eq. (35) to clearly distinguish them.

An observer, Charlie, receives qubit-1 from Alice and
qubit-z from Bob. The entire state of the system

)30 = — ﬁ|€>3|1>m

|9)310)2 + (35)

IX) = )12 @ |®)3, (36a)



which on substituting |¢)12 and |®)s, from Eqgs. (34),
J

(35) and reorganizing takes the form

1
|X>—§

V2

after introducing the emerging Bell states obtained as

€)11)e +19)1(0)x

|\II+>1I = \/g
o lenfbe —19)110)s
|\Il >1I* \/§
@)1 = |€>10>x\;§|9>1|1>x
|(I>+>1z _ |e>1‘0>z + |g>1|1>:r (37)

V2

Charlie performs Bell state projection between qubit-1
and qubit-z (Bell state measurement (BSM)) and com-
municates his results to Bob which we have presented in
Sec. V A below.

A. Bell state measurement

BSM is realized at Charlie’s end. Projection of a state
|A) onto |¥) is defined as [26]

Py = (Z[A) |5) (38)
Using |x) from Eq. (36b) and applying Eq. (38) we obtain

a Bell state projection outcome communicated to Bob in
the form

11<\11_‘X> — 1 <|€>3|9>2\;§g>3|e>2

2
The Bell state |¥~ )32 in Eq. (39a) is in the form of Alice’s
qubit in Eq. (34). Alice and Bob now have a Bell pair
between qubit-2 and qubit-3. Similarly the other three
Bell projections take the forms

<€>3|g>2 +[g)sle)2
V2

) _ %\\p—m (39a)

1
1z<\Ij+|X> = 5

1z<(p7|X> _ % <|6>36>2\;§|g>3|g>2> _ %‘(I)i>32

) = %|‘I’+>32 (39b)

(39¢)

12(®F|x) = 7% <|e>3€>2\%|9>39>2> _ —%|<I>+>32
(39d)

), <€>3|9>2 + 9>3|€>2> ), (|€>39>2 - |g>3|€>2> s (|9>39>2 - |€>3|€>2>

V2 V2

et <|g>3|g>2j§|e>3|e>2> ] (36D)

(

For these cases of Bell state projections in Egs. (39b),
(39¢) and (39d) it will be necessary for Bob to perform
local corrections to qubit-3 by Pauli operators as shown
in Tab. I. We also see that the probability of measuring
states |1)32 in Egs. (39a)-(39d) in Charlie’s lab is p = ;.
In general, by application of the entanglement swapping
protocol (teleportation of entanglement), qubit-2 belong-
ing to Alice and qubit-3 belonging to Bob despite never
having interacted before became entangled. Further, we
see that a maximally entangled anti-symmetric atom-
field transition state |¢,0) (in Eq. (21c)) easily gener-
ated in the AJC interaction, can be used in quantum in-
formation processing (QIP) protocols like entanglement
swapping (teleportation of entanglement) which we have
demonstrated in this work. We note that it is not pos-
sible to generate such an entangled anti-symmetric state
in the JC interaction starting with the atom initially in
the ground state and the field mode in the vacuum state
[4]. Recall that the JC interaction produces a meaningful
physical effect, namely, spontaneous emission only when
the atom is initially in the excited state and the field
mode in the vacuum state.

B. Maximal teleportation fidelity

For any two-qubit state p the maximal fidelity is given
by [27]

_ 2!

F; 3

(40)

where f; is the fully entangled fraction defined in the
form [15]

2
1 ~ .
fﬁ = ma$<\1l|ﬁ|\:[}> = {tr\/ﬁjmpectedpmeaSUTedpémpected}

[w)
(41)
From Tab. I
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TABLE I. Table showing how Bob applies an appropriate gate to his qubit based on BSM from Charlie

)12 1) 32 UNITARY OPERATION

J5(le)ilg)2 —1g)1le)2) 75 (=lg)slg)2 + le)sle)2) —Gu(atom3) ® L(atoms)
%(—|9>3|9>2 —le)sle)a) —i6y(atom3) @ Liatoma)
T5(le)slg)z + |g)ale)2) & (atom3) ® L(atoms)

ﬁea:pected = |(p12><¢12|
= 2 [Uendloa) — londlea))(fer gl — {onlteal)]
= L len on)ten g2l ler, a2,

— |91, e2)(e1, g2| + |91, €2) (g1, 62\]

00 00
_1fo 1 —10
"2 0 -1 1 0

00 00

ﬁmeasured = |1/)32><1/J32\

= 2 [estlon) — lashlea)) (sl gl — {oslieal)]

1
= 5 [less g2) s, g2l — les, g2) (93, el

— |gs, e2)(e3, g2| + |93, €2) (g3, 62\]

00 00
_1fo 1 —10
"2 0 -1 1 0

00 00

(43)

Substituting the results in Eq. (42) and Eq. (43) into the
fully entangled fraction Eq. (41) we obtain

2

00 00
o I -1o

fo=1tr 22 =1 (44)
0-3 %0
00 00

Substituting the value of the fully entangled fraction into
Eq. (40) we get
Fy=1 (45)

a maximal teleportation fidelity of unity, showing that
the state was fully recovered, i.e Alice’s qubit in Eq. (34)

was successfully teleported to Bob. We obtain an equal
outcome to all the other measured states. We have thus
achieved teleportation using a maximally entangled qubit
state generated in an AJC interaction, using the case
where the atom and field are initially in the absolute
ground state |g), |0) as an example.

VI. CONCLUSION

In this paper we have analysed entanglement of a two-
level atom and a quantized electromagnetic field mode in
an AJC qubit formed in the AJC interaction mechanism.
The effect of sum-frequency parameter and photon num-
ber on the dynamical behavior of entanglement measured
by von Neumann entropy was studied which brought a
clear visualization of this interaction similar to the graph-
ical representation on Bloch sphere. The graphical repre-
sentation of Rabi oscillations on the Bloch sphere demon-
strated an important physical property, that the AJC
interaction process occurs in the reverse sense relative
to the JC interaction process. We further generated an
entangled AJC qubit state in the AJC interaction mecha-
nism which we used in the entanglement swapping proto-
col as Bob’s qubit. We obtained an impressive maximal
teleportation fidelity F}, = 1 showing that the state was
fully recovered. This impressive result of fidelity, opens
all possible directions for future research in teleportation
strictly within the AJC model. In conclusion we observe
that the operator ordering that distinguishes the rotat-
ing (JC) component and anti-rotating component (AJC)
has an important physical foundation with reference to
the rotating positive and anti-rotating negative frequency
components of the field mode which dictates the coupling
of the degenerate states of a two-level atom to the fre-
quency components of the field mode, an important basis
for realizing the workings in the AJC interaction mecha-
nism and JC interaction mechanism.
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