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Abstract— In this paper, an analytical solution of the two-qubit Rabi model for the general case is presented.
Furthermore, a comparison between the information entropies and the Von Neumann entropy S(p4) is given for
some special values of the qubit-photon coupling constants for the two qubits and the detuning parameters. It
is demonstrated that oscillations of the occupation probabilities p11, p22, p33 and p44 are equivalent to the case of
the spontaneous emission. The occupation probability p;1 reaches the case of sudden death, when the detuning

parameter A, equals zero.
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I. INTRODUCTION

The light-matter interaction is one of the fundamen-
tal problems investigated in many aspects of mod-
ern physics ranging from quantum optics to quan-
tum information processing and to condensed mat-
ter physics. The simple description of quantum
light-matter interaction, namely the interaction of a
qubit with a harmonic oscillator, is given by Rabi
model [1]. This simple model has been widely used
in atomic physics, optical physics and condensed mat-
ter physics [2,3]. In addition, it has been experimen-
tally tested in different physical systems, such as cav-
ity systems [4], trapped ions [5], quantum dots [6],
superconducting circuits [7H12] and photonic superlat-
tices [13)[14]. Finding solutions of the quantum optical
Hamiltonian has been an important topic in the ex-
isting literature [15H19]. Rabi model in the symmet-
ric case has been studied by using Fulton-Gouterman
transformation [20]], in which solutions of this model
are proposed as a function of energy [21H28]. Most
of these solutions are concentrated the model calcu-
lations mainly on the G function. However, other at-
tempts considered Rabi model solution as a function
of time. However, such attempts used either rotating
wave approximation (RWA), which leads to Jaynes-
Cummings model [29,30], or generalized rotating-
wave approximation (GRWA) of only one qubit [31].
In this work, we focus on the analytical solution of the
two-qubit Rabi model for the general case. By calculat-
ing the occupation probabilities of the the multi-qubit

Rabi model, we show that it is possible to generate
oscillations to a great extent look like the case of the
spontaneous emission in different situations. In sec-
tion [ we describe the Hamiltonian of the given sys-
tem, and obtain the explicit analytical solution of the
model describing the dynamics of multi-qubit Rabi
model. In Section [IIl we discuss the Von Neumann
entropy S(p4) and the information entropies H(oz),
H(oy) and H(cox) by changing the qubit-photon cou-
pling constants for the two qubits and the detuning
parameters.

II. Exact SorutioN ofF THE MODEL

We briefly discuss the general formalism to character-
ize the dynamics of the multi-qubit Rabi model for the
general case, for more details, see [32]. The Hamilto-
nian of the system can be written as (7 = 1):

H = waa—i—

2
a) ) (ujojx + i,

j=1

giz), (@)

where a' and a are the single-mode photon creation
and annihilation operators with frequency w, respec-
tively. 0;y, 03, (i = 1,2) are the Pauli matrices of the ith
qubit. §; is the detuning parameter of the qubit j, and
#j is the qubit-photon coupling constants.

Here we start with the two-qubit case and try to
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find an analytic solution
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may consider the following unltary transformations
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obtain H as

N

B o= wld'at gione(a + ) + gaoma(a® +0)
+A101x + Da0ooy }, @3)
where H = U'HU and U = $ ® 85 =
1 1 1 1
1 -1 1 - 1 1
1 i o= 1
2111 a4 a | WS ﬁ( 1 1 )i'
1 -1 -1 1

Then, the general solution of the eigen value problem
can be written as follows:
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Qu =3, 1 = (§+Q)Re(a), y2 = (g — 3)Re(w)
§=8118,8 =81 — 8
X1 = [+ 803+ 83),
= A7 + A7 +2[Re(w)*(g* + 3%)]
X3 = \/X2 + (—1)k(k+1 ZX1,
Z1 = [(—1)*2gRe(a) 4+ x3] and
k(k+1)
{2 = (120 + 185+ (—1) 2 (a)x1]
However, from above system @), one can note
that [¥;) = {Ki|+ +a), K|+, —a),K3|—, +,a),
K4|—,—, &)}, with |a) is the coherent state and

K = Z exp(—iAgt)Qjr- Then we obtain [¥) as fol-

~

lows |‘I’> uly).
The density matrix operator of the whole system,

p(t), can be written as p(t) = |[¥)|¥). Hence, the

density operator of the two qubits, pr(t), is given by:
bR = Tre(p) = vV, ©)

Ky + Ky + K3+ Ky

Ki — Ky + K3z — Ky

Ki+ Ky — K3z — Ky

Ki—Ky—Ks+Kq

In Fig. (), we investigate the effect of the qubit-
photon coupling constants for the two qubits ( g; and
g2 ) on the atomic occupation probabilities p11, P22, 033
and p44. The occupation probabilities p11, p22, p33 and
p44 have regular and periodic oscillations. We show
that when the qubit-photon coupling constants for the
two qubits are equal ( g1 = g2, § = 0 ), the occu-
pation probability pq; starts from its minimum value,
p11 = 0, and it has maximum value at p;; = 0.75.
While g1 = 3g2, § = 1, the occupation probability
p11 starts from the value, p;; = 0.3,and it has maxi-
mum value at p1; = 0.5. Also, when g1 =7¢2, § = 1.5,
the occupation probability p;; starts from the value,
p11 = 0.35,and it has maximum value at p1; = 0.5, and
the number of periodic oscillations increases. When
the qubit-photon coupling constants for the two qubits
are equal ( g1 = g2, § = 0), the occupation probability
P44 starts from its maximum value, pys = 0.7, and it
has minimum value at pg4 = 0. While g1 =3g2, § =1,
the occupation probability p44 starts from the value,
P44 = 0.3,and it has maximum value at pg4 = 0.5. Also,
when g1 = 7g2, § = 1.5, the occupation probability
P44 starts from the value, py4 = 0.35,and it has maxi-
mum value at pgq = 0.5, and the number of periodic
oscillations increases. So, we see that the second and
the third cases of pj; and p44 are the same. When the
qubit-photon coupling constants for the two qubits are
equal ( g1 = &, § = 0), the occupation probabilities
022 and p33 start from minimum value, p» = p33 = 0.1,
and they have small oscillations. While g1 = 3g»,
¢ = 1, the occupation probabilities py; and pz3 start
from the value, pyp = p33 = 0.15,and the oscillations
increase. Also, when g1 = 7g2, § = 1.5, the occu-
pation probabilities py and ps3 start from the value,
p22 = p33 = 0.2,and the oscillations increase.

In Fig. @), we investigate the effect of the detun-
ing parameters ( A; and A; ) on the atomic occupa-
tion probabilities p11, p22, p33 and pss. The occupa-
tion probabilities p11, p22, p33 and pss have regular
and periodic oscillations. We observe, when A; = 0.5,
Ay = 0, the oscillations of the occupation probabili-
ties to a great extent look like the case of the sponta-
neous emission. The occupation probability pq; starts
from its minimum value, p11 = 0, and increases until it

with V =
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Figure 1: These figures show the the cases in which w = 1,A1 = Ay = 0.5, = 2, where solid, blue and dot curves correspond,
respectively, to § =0(g1 = g2), 8§ =11 =3¢ and § =15 (g1 = 7¢2).

reaches maximum value at pj; = 1 then decreases and
increases gradually until it reaches its minimum value,
011 = 0 (sudden death) and increases again and so on.
While (A1 = 0.5, Ay = 0.5), the occupation probability
p11 starts from the value, p;; = 0.3,and it has maxi-
mum value at py; = 0.5. When (A; = 0.5, A, = 0.8),
the occupation probability p1; starts from the value,
p11 = 0.35,and it has maximum value at p1; = 0.9, and
the number of periodic oscillations increase. The occu-
pation probability p44 starts from its maximum value,
011 = 1, and decreases until it reaches minimum value
at p;1 = 0, then increases and decreases gradually
until it reaches its minimum value, p1; = 0 (sudden
death) and increases again and so on. While (A1 = 0.5,
Ay = 0.5), the occupation probability py4 starts from
the value, p;; = 0.3,and it has maximum value at
044 = 0.5. When (A1 = 0.5, Ay = 0.8), the occupation
probability ps4 starts from the value, pya = 0.35,and
it has maximum value at pyy = 0.9, and the num-
ber of periodic oscillations increases. The occupation
probabilities pp» and p33 start from its minimum value,
P2 = p33 = 0, and increase then decrease and in-
crease gradually until they reach maximum value at
022 = p33 = 1 then decrease and increase gradually
until it reaches the minimum value, p» = p33 = 0
(sudden death) and increase again and so on. When
(A1 = 0.5, Ap = 0.5), the occupation probabilities pyy
and ps3 start from the value, p» = p33 = 0.3,and
they have maximum value at p»; = p33 = 0.5. When
(A1 = 0.5, Ap = 0.8), the occupation probabilities p,»
and p33 start from the value, p» = p33 = 0.35,and

they have maximum value at p» = p33 = 0.9, and the
number of periodic oscillations increase. We observe,
the case of (A1 = 0.5, Ay = 0) to a great extent look
like the case of (A1 = 0.5, A, = 0.8). But the case of
(A1 = 0.5, Ay = 0.5) is different from the two former
cases, where the difference between A and A; is equal
Zero.

III. THE INFORMATION ENTROPIES

The probability distribution for N possible outcomes
of measurements for an arbitrary quantum state of an
operator o, is

P(oy) = (¥yil o [¥1i), (6)

where |¥.;) eigenvector of the operator ,:

oy [¥yi) = 1yi | ¥ei) Yy =%9,2i=1,2,.,N.  (7)

For a two two-level atoms, N = 4 and by using the
atomic reduced density operator pg(t), we obtain the
information entropies of the atomic operators oy, oy
and ¢, in the form [33}34]

H(oy) = = ) Piloy) InPi(oy), v = x,y,2. - (8)

-

i=1

In Fig. (3), we investigate the effect of the qubit-
photon coupling constants for the two qubits ( g and
<2 ) on the information entropies H(cz), H(cy), H(ox)



International Journal On Perceptive and Cognitive Computing

Vol 2, Issue 1 (2016)

Figure 2: These figures present the cases in which w = 1, = 2,¢ = 1.5 (g1 = 7¢2),A1 = 0.5, where solid, blue and dot curves

correspond respectively to, Ay = 0,Ay = 0.5 and Ay = 0.8.

and the Von Neumann entropy S(p4). The informa-
tion entropies H(cz), H(oy) and H(cx) have regu-
lar and periodic oscillations. We show that when the
qubit-photon coupling constants for the two qubits are
equal ( g1 = ¢, § = 0), the information entropy
H(oyz) starts from its minimum value, H(cz) = 0.85,
and increases until it reaches its maximum value at
H(oz) = 1.25. While g3 = 3g», § = 1, the informa-
tion entropy H(oz) starts from its maximum value,
H(oz) = 1.38,and it has minimum value at H(oz) =
0.75. When g1 = 7g2, § = 1.5, the information en-
tropy H(oz) starts from the value, H(cz) = 1.33,and
it has minimum value at H(cz) = 0.95, and the num-
ber of periodic oscillations decreases. When the qubit-
photon coupling constants for the two qubits are equal
(g1 = g2 § = 0), the information entropy H(ox)
starts from its minimum value, H(cx) = 1.15, and it
has maximum value at H(ox) = 1.35. While g1 = 3¢,
¢ = 1, the information entropy H(cx) has small oscil-
lations. Also, when g1 = 7g, § = 1.5, the oscillations
of the information entropy H(cx) decreases remark-
ably. When the qubit-photon coupling constants for
the two qubits are equal ( g1 = g2, § = 0), the infor-
mation entropy H(cy) starts from its maximum value,
H(oy) = 1.35, and it decreases until it reaches its min-
imum value at H(oy) = 0.5. While g1 = 3¢, § = 1,
the information entropy H(cy) has small oscillations.
Also, when g1 = 72, § = 1.5, the oscillations of the
information entropy H(cy) decrease. When the qubit-
photon coupling constants for the two qubits are equal
(g1 = g2, ¢ = 0), the Von Neumann entropy S(p4)

starts from its minimum value, S(p4) = 0.25, and it
has maximum value at S(p4) = 0.45. The oscillations
of the Von Neumann entropy S(p4) has small phase.
While g1 = 32, § = 1, and (g1 = 7g2, § = 1.5), the
phase and the number of the oscillations of the Von
Neumann entropy S(p,4) increases remarkably. Also,
the maximum and minimum values of the Von Neu-
mann entropy S(p4) increase remarkably.

In Fig. (@), we investigate the effect of the detuning
parameters ( A; and A; ) on the information entropies
H(oyz), H(oy), H(ox) and the Von Neumann entropy
S(pa). The information entropies H(oz), H(oy) and
H(ox) have regular and periodic oscillations. We ob-
serve, when A1 = 0.5, A, = 0, and (A1 = 0.5, A, = 0.8),
the information entropy H(cz) has many oscillations.
While, when (A7 = 0.5, Ay = 0.5), the information
entropy H(oyz) has few number of oscillations. When
A1 =05, A, =0, and (A; = 0.5, A, = 0.5), the infor-
mation entropy H(cx) has many oscillations. While,
when (A1 = 0.5, Ay = 0.8), the information entropy
H(ox) reaches fixed value at H(cx) = 1.3. When
A1 =05, Ay =0, and (A7 = 0.5, Ay = 0.8), the in-
formation entropy H(coy) has the same maximum and
minimum value and H(oy) starts from H(oy) = 1.2.
While, when A; = 0.5, A, = 0.5, the information en-
tropy H(oy) starts from H(oy) = 1.4 and has small
phase of the oscillations. When A; = 0.5, A, =0, and
(A1 = 0.5, Ay = 0.8), the Von Neumann entropy S(p4)
starts from its minimum value S(p4) = 0 and has reg-
ular and periodic oscillations. While, when A; = 0.5,
Ay = 0.5, the Von Neumann entropy S(p4) starts from
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Figure 3: These figures present the cases in which w = 1,A1 = Ay = 0.5, = 2, where solid, blue and dot curves correspond, respec-
tively, to g =0(g1 = §2),8 =1 (g1 =3g2) and § =15 (g1 =7¢2)

its maximum value S(p4) = 0.7 and and also has reg-
ular and periodic oscillations.

IV. ConcrusioN

In this paper, we analytically proposed an exact so-
lution for two-qubit Rabi model in the general case.
We studied the atomic occupation probabilities pi1,
022, p33 and puq, also, the information entropies H(0z),
H(oy), H(ox) and the Von Neumann entropy S(p4)
for some special values of the qubit-photon coupling
constants for the two qubits (g7 and g») and the detun-
ing parameters (A; and A;). When the qubit-photon
coupling constant g, increases the phase of the oscil-
lations of the atomic occupation probabilities p11, pas
and the information entropies H(cy) decreases, but
the phase of the oscillations of the atomic occupation
probabilities py», p33 and the Von Neumann entropy
S(pa) increases. The occupation probabilities p11, P22,
p33 and pa4, also, the information entropies H(oyz),
H(oy), H(cx) and the Von Neumann entropy S(p4)
have regular and periodic oscillations. When A; = 0.5,
Ay = 0, the oscillations of the occupation probabilities
to a great extent look like the case of the spontaneous
emission. The occupation probability p;; reaches the
case of sudden death.
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