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Analytic approach to dynamics of the resonant and off-resonant Jaynes-Cummings
systems with cavity losses
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An analytic approach to investigate the zero-temperature time evolution of the Jaynes-Cummings system
with cavity losses is developed. With realistic coupling between the cavity and the environment assumed, a
simple master equation is derived, leading to the explicit analytic solution for the resonant case. This solution

is suitable for analyses not only on single-excitation states but also on many-excitation states, which enables
us to investigate the photon coherent state and to observe sharp collapses and revivals under dissipation. For
the off-resonant case, on the other hand, the present study presents an analytic, systematic method instead. We
examine the small and large detuning limits and discuss the condition where the widely used phenomenological

treatment is justified. Explicit evaluations of the time evolutions for various initial states with finite detuning are

also presented.
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I. INTRODUCTION

The Jaynes-Cummings (JC) model [1] is one of the sim-
plest models for matters interacting with a quantized mode
of the electromagnetic field and contains fertile physics such
as spontaneous emission, Rabi oscillation, and collapses and
revivals of the atomic-state probabilities [1—4]. These phe-
nomena have been observed in experiments in optical cavities
[5-8]. The JC model is now being applied to quantum infor-
matics as a way of realizing the controlled-NOT gate, which
plays an indispensable role in this field [9-12].

From the viewpoint of experiments in cavities, the noises
due to the interaction between the system that we focus on
and the environment, such as photon losses, are inevitable and
sometimes suppress expected quantum phenomena [13—16].
To discuss the effects of the noises, many attempts have
been made to formulate the JC system interacting with the
environment, especially with the GKSL-type master equation
technique [17,18].

In this context, the JC system with cavity losses has been
investigated theoretically in analytical and numerical ways
over the years [19-24], most of which have focused on col-
lapses and revivals. These publications have typically treated
the master equation of the form

f

p = —ilHc, pl +y(apa’ — 3a'ap — 3pa’a),  (L.1)

where p is the density matrix for the JC system that we focus
on, Hjc is the JC Hamiltonian, a' (a) is the field creation
(annihilation) operator, and y is the damping rate independent
of the energy levels. Since the JC system describes a Rydberg
atom interacting with a resonant cavity of a high-quality factor
and the photons are lost due to the imperfection of the cavity,
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this master equation is apparently correct. However, this mas-
ter equation is actually derived with an ad hoc approximation,
and the microscopic process of the cavity losses is obscure.
The condition where this phenomenological master equation
is justified is also unclear. Against this background, Scala et al.
[25,26] assumed a realistic microscopic interaction between
the JC system and the environment, derived a master equation
for the resonant case using the standard technique [27], and
analyzed the derived microscopic master equation. While the
microscopic master equation gives a precise description, the
expression is complicated and not easy to handle. In particular,
it is quite difficult to treat many-photon initial conditions
analytically. Although the technique used in the derivation is
also applicable to the off-resonant case, the resulting master
equation will be much more complicated.

In this paper, we present an alternative analytic method to
discuss the JC system with cavity losses on the basis of the
microscopic treatment. We derive a simpler master equation
by explicitly using the analytic solution to the JC model. In
this formalism, at zero temperature, we find the analytic solu-
tions for both the resonant and the off-resonant cases under the
approximation usually used. The obtained solutions are
suitable for analyses not only of single-excitation cases,
which were examined by Scala et al. [25], but also of
multiexcitation cases and the coherent state. In particular,
for the resonant case, we can write down the time evo-
lution for general initial states explicitly. Utilizing these
solutions, we discuss some specific cases. Furthermore,
using the formula for finite-detuning cases, we exam-
ine the large and small detuning limits and discuss the
condition where the phenomenological treatment, Eq. (1.1),
is justified.

This paper is organized as follows. In Sec. II, we review
the properties of the pure JC model and rederive its analytic
solution. In Sec. III, using the obtained expressions, we derive
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a master equation with the standard method. In Sec. IV, we de-
rive an analytic solution to the derived master equation for the
resonant case, i.e., when the detuning A is 0, and discuss the
behavior of the initially multiexcitation states including
the coherent state. In Sec. V, we derive an analytic solution
for finite A, discuss the large- and small-A limits, and eval-
uate the time evolution for some specific cases. Section VI is
devoted to discussion and a summary.

II. THE JAYNES-CUMMINGS MODEL AND ITS
ANALYTIC SOLUTION

A. Energy eigenvalues and energy eigenstates

We consider a two-level atom with energy separation 7wy
and a quantized single mode of the electromagnetic field with
frequency w. We denote the ground state and the excited
state of the atom |g) and |e), respectively. We introduce an
interaction between the atom and the quantized mode. In the
rotating wave approximation, the system is described by the
JC Hamiltonian

Hyc = fwoo, + w(a'a+ 1) + Maoy +a'o_) (i=1),
2.1)

where a’ (a) creates (annihilates) a quantized mode of energy
w and o} = |e)(gl, o— = [g){e| and o = |e)(e| — |g)(g| are
the operators for the atom. The magnitude of the interaction is
represented by A. Using the relation o, = 20,0_ — 1, we can
rewrite the Hamiltonian as [28]

Hjc = wN + C, (2.2)

where N =a'a+o0,0_ is the total excitation and C =
—Ao, + A(oya+ o_a") is the remaining part of Hyc. The de-
tuning A = %(a) — wy) represents the deviation of the photon
energy from the energy separation of the atom. Making use of
the fact that the operators N and C commute, we obtain the
eigenstates and eigenvalues

|Eo) =18, 0)

for Ej= A, (2.3)

|E,+) = cosb,|g, n) +sinb,le,n — 1)
for E,. =nw+ ¢, 2.4)

|E,—) = sin0,|g, n) — cosf,le,n — 1)
for E,_ =nw—¢,, (2.5)

with

&n =V A2+ nA2, (2.6)

A ole,+A . &, — A
cosf, = — , sinf, = . 2.7

[\ 2¢, 2¢e,

Note that C is also diagonal with respect to the energy eigen-
states, and the corresponding eigenvalues are given by
ClEo) = AlEy), (2.8)

ClE+y) = £en|Exn). (2.9)

B. Time evolution in the Heisenberg picture

We introduce operators in the Heisenberg picture,

a([) — elHJCtae—lHjct
— elCtethtaefletefla

— e*twtethaeftCl’

(2.10)

where we have used the fact that N and C commute in the
second equality. We can put time dependence only on the
left or right of the operator a, which makes its handling easy
in the later procedure. Rewriting the operator ¢/’ by Euler’s
formula, we obtain

) . , C .
a(t) = e cos(vC2t)ae " + e—’w’\/—_2 sin(v'C2t)ae !,
C
(2.11)

where the sign of C is expressed as C/+/C2. On the other hand,
we find the relation

f(CHa = af(C* — A1), (2.12)

where f(x) and [ are a function of x and the identity operator,
respectively. In the following, the identity operator I will be
suppressed for simplicity. Using this relation, we can put the
time-dependent operators on the right of a as

a(t) = e “acos(v/C2 — A2t)e !

. C .
+ ie~i" asin(yv/C? — A2r)e ¢,
N(eZ

Finally, we use Euler’s formula again, which yields

(2.13)

a([) — P+aei(—a)+«/C2—)»2—C)t + Piael‘(—a)—«/ CZ—AZ—C)Z,
(2.14)

where

P—llj:C 2.15
=30+ 75) =

are projection operators which project states depending on the
positive or negative eigenvalues of C, i.e.,

Pi|Eys) = |Ent), (2.16)
Pr|E,+) =0 (2.17)
forn > 1 and
PEy) = {'Eé” Ei 5 8;: (2.18)
_10 (A20),
P_|E) = {|E0> A0 (2.19)

for the ground state. Note that other definitions of Py on |Ep)
are also possible when A = 0. Similarly, we can apply Euler’s
formula to e~“’ using Eq. (2.12). Then we obtain another
expression:

a(t) zei(faH*C*m)fan_ + ei(*w+C+m)taP_. (220)
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III. MICROSCOPIC DERIVATION OF THE MASTER
EQUATION

In this section, we derive a master equation for the Jaynes-
Cummings system in the usual manner. We assume the
Hamiltonian for the environment and the interaction between
the JC system and the environment given by

HB = Z a)kb}:bk,
k

Hy = (a+a)®B,

3.1)

(3.2)

where bl (by) is a creation (annihilation) operator for a boson
in the environment with wave number &, wy is the energy of a
boson, and B is given by

B=7 sulbi+b). (33)
k

with g, characterizing the coupling between the JC system and
the environment. We denote the density matrices for the JC
system, the environment, and the total system pjc (), pp(%),

and py (), respectively. The first two density matrices are
written in terms of the total density matrix as

pic(t) = Tre oo (1), (3.4)

pB (1) = Trycpio (), 3.5)

where Trg and Trjc stand for partial traces taken over the
degrees of freedom for the environment and the JC system,
respectively.
Here we assume that the environment is always at thermal
equiblium, i.e.,
py(t) = pp = e P /Trge MM, (3.6)

where B = 1/kgT, with kg and T being the Boltzmann con-
stant and the temperature, respectively. The time development
of the total system is described by the von Neumann equation

Prot(t) = —i[Hiot, Prot(t)], 3.7

where Hyc = Hjc + Hg + Hjy is the total Hamiltonian. After
the Born and the Markov approximations, we obtain a time
evolution equation in the interaction picture,

prc(t) = — / dtTrg[Hyy, (1), [Hiy (t = ©), pic(t) ® ps]],
’ (3.8)
where the superscript I denotes the interaction picture,
O(1) = ¢/Hic+Hs )t piHic+Hy )t (3.9)

for an operator O in the Schrodinger picture.
Using the explicit form of H;,, and tracing out the degrees
of freedom for the environment, we obtain
ety == [ drgide) +a )
0
x [d'(t — 1) +d" (t — D)]pjct)
oo
+/ drg(m)la'(t — 7) +a" (¢ — )]
0

x pje®la'(t) +a ()] + Hee., (3.10)

where g(t) = Trg[B'(7)B'(0)pg] is the two-time correlation
function. In each term in Eq. (3.10), we can put together the
time dependence of a(¢)’s at one place using Egs. (2.14) and
(2.20) and the completeness condition,

I'=|Eo)Eol+ )Y |Ens)(Enzl,

n=1 =+

(3.11)

on both sides of pl-(¢) in the second term. Carrying out the
secular approximation, we obtain

1
pJIC = — E Z {PiaTy(a) —C=* m)apiv p}c(t)}
+

{Pray(—0 — C£/C? = 32)a'Py, pjc(1)}

+

y(@—C £+/C2 +22)P¥E[aPypje(t)Pra’]

_|_

y(—w — C £/C2 — A2)P¥[a" Py pjc(t)Psal,

(3.12)

_|_

H'M H'M =

where P42 is a projection operator for a density matrix
onto the diagonal eigenbasis with respect to the Hamiltonian,
which is defined by

Pdiag[p] :lE()) <EO|/O|EO> <EO|

+ ) B ) (Ens|plEns) (Epsl.  (3.13)
n,+
The damping rate y (2) is given by
y (@) = / " dre®g(r)
=21 ) &l8(Q — w)(N(w) + 1)
k
+ 8(2 + w)N (@], (3.14)

where N(w;) = (e — 1)1 is the average boson number
of the environment, and we have omitted the unitary part
since it is usually negligibly small. The argument €2 is an
operator, and thus y (€2) is also an operator. Note that the gen-
eral formula, Eq. (3.12), is still valid for finite temperatures
and finite A.

IV. DYNAMICS OF THE RESONANT JC
SYSTEM WITH CAVITY LOSSES

A. General formalism

In the following, we consider zero-temperature cases
and assume a cavity in the one-dimensional space with an
electromagnetic field. This cavity is characterized by g; =
ey 2L (y > 0), where c is the speed of light, ! is the
lifetime of the cavity mode, and L is the size of the one-
dimensional space. The operators b and b' are for photons, and
the dispersion relation w; = c|k| is assumed. Substituting this
for Eq. (3.14) and carrying out the k summation, we obtain

(2> 0),

_[r
v = {o (@ <0), “-1)
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This condition after all results in the effective Lorentzian
coupling between the atom and the external electromagnetic
field [29]. We further assume w >> A, A. Then the excitation
number-raising terms in Eq. (3.12) (the second and fourth
terms) vanish. These conditions simplify the master equation,
Eq. (3.12), and we obtain

ple(t) = _% > {Ped’aPy, pic(1))
+

+y ) PUaPipic(Pra’l.  (4.2)
+

Let us examine the dynamics described by Eq. (4.2) in
the case of A =0. To solve Eq. (4.2), we decompose the
density matrix /O}C into the Hjc-diagonal and Hjc-off-diagonal
sectors as

pic(t) = Pyt () + oy E D), (4.3)

with
P (1) = Y[ pl(1)], (4.4)
AR (1) = plo () — P pl(0)]. (4.5)

Note that the equation is closed in each sector. For each sector,
the master equations are given by

p]lcdmg(t) _ —)/Apl dmg(t) 4 deiag [ap}cdmg(l)af], (4.6)
p}coff dlag(t) (Apjcoff—diag(t) + p}‘c()ff'diag(l‘ )A), (4'7)

with

A= ZPiaTanE =N — %(1 —Py) (4.8)

and Py = |Ep)(Ey|. For the Hjc-off-diagonal sector, Eq. (4.7)
is easily solved and we obtain the solution

l off-diag (t) = ——Az Off -diag (0)e —SAr 4.9)

In the followmg, we concentrate on the Hjc-diagonal sec-
tor. Applying the transformation [30]

I,diag

PR () = e M B (), (4.10)
we obtain
~I dlag (t) = y,Pdiag [eyAzae—yAr ﬁ}éﬁag (t )aT]
= yK1OBE @), @1

with Ky(¢) being the linear operator for a density matrix
defined by

Ki0)lp] = e 70 0P e apa’],  (4.12)

where we have used the relation [a,A] = (1 — %Po)a. The
solution to Eq. (4.12) is formally written as

DI () = Ter i 10 pliee ), (4.13)
where T represents the time-ordered product. Since aPy = 0

and the product of /C,’s at different times is written as

Kit)Ki(t). .. = (I,
4.14)

1
ICl(tn) — e*}/(lszo)tl e*)’(f2+

with
Kalpl = P**¥[apa'], (4.15)
the “commutation relation,”
Kit) ... Ki@t).. . Kity) ... Ki(t,)
=Kit)... KKi(tj) ... K@) ... Ki(tn), (4.16)

holds for 1 <i < j < n. Then we can carry out the time-
ordered product and we obtain

t ’
Tev K@t :1+y/ At e 7 (=5 = K e
0
4.17)

Performing the remaining integral, we obtain the time evolu-
tion of the Hyc-diagonal sector,

o0
o) = e M [1 + ch(t)(/Cz)"+l:|pféag(O), (4.18)
n=0
where
n (—l)k 1 _ e—(1+k—%Po)yt
n(l) = 4.19
“O= 2 Fa—mi Tk A 19

B. Multiexcitation cases

Our formulations Eq. (4.17) and Eq. (4.18) are suitable for
handling multiexcitation cases. To consider the time evolution
of these cases, it is convenient to see the behavior of ', acting
on the Hjc-diagonal states. Let us introduce a basis for the
Hjc-diagonal sector of the density matrix,

s = |En )(Eng | £ |En-)(Ea-|  (n21),
o = |Eo) (Eol. (4.20)
Then we can show
KoMy = (0= Dy 022), @20
Kol = y/n(n— DI,y (n 2 2), (4.22)
KoMy = o, (4.23)
Kol = = KTy = 0. (4.24)

This recurrence equation is easily solved and we obtain

(ICQ)ZHrH— — (I’l — [+ %) Hn—l,+’ (4.25)
l
/ . nl(n —1)!
(C)'m, = \/(n Sy e 426)
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for n > 1 4+ 1, where (n); is the Pochhammer symbol defined by (n); = n(n+ 1)...(n + [ — 1). Back in the original basis, we

obtain

1 1
(K) | Epa ) (Epat| =5 [(n —1+ 5)1 + \/(

forn > 1+ 1and

(’CZ )n |Eni> <Eni | =

nl(n—1)!

n—Din—1—1)!

:| |Enfl,+) (En71,+|

1 1 nl(n—1)!
+ §|:<n -1+ 5)1 ¥ \/(n T—— 1)!:||Enl,)(Enl,| (4.27)
Qn— Dl
o o) (ol (4.28)

forn =1(=1).

Using these relations, we evaluate the time evolution pg,(¢) for the multiphoton initial state p,,(0) = |g, n){g, n| with

Egs. (3.9), (4.10), and (4.17), which is given by

n—1

1 1 1 —evtyr=—m 1
Pen(t) = Eewmf%)xl—m +5 Z e—y(m%)t# (m + _> jy
m=1 n—m

L - 1)!!3( 1

(n— 1)12n 2

where

B(a, b;z) = / XN =) ax (4.30)
0

is the incomplete beta function. Let us discuss the probability

that we observe the ground state of the atom, P,, and the

average photon number, (nphoton), Which are defined by

Py(t) =Y (g klp()lg, k) (4.31)
k=0
and
(nphoton) = Y _ k(g klp()lg, k) + Y kie, klp(@)le, k),
k=1 k=1
(4.32)

respectively. Substituting Eq. (4.29) for Egs. (4.31) and (4.32),
we obtain

1 @n—D 1
Po=rt " plp, 1=
=2t D (" 2 ¢ )

1
+ —e 72 cos(24/nAt)

> (4.33)
and
Qn—1D!I .
(Mphoton ) =m€ yt/z(l —e !
1 1
x-Fill,1—n, —;—
2 evt —1
1
+ Ee*“"*%” cos(2y/nt), (4.34)
where
o0
(@)n(b)n 2"
Fi(a,b,c;z) = _— 4.35
2Fi(a, b, ¢;2) ; ©n nl (4.35)

(n—m)!

1 .
n, =31 — eV’)|Eo><Eo| + Ee‘”"‘%”(e‘z’ﬁ“|En+><En_| +H.c.),

2

(4.29)

(

is the Gaussian hypergeometric function. Figures 1(a), 1(b)
and 1(c) show P, for the initial states |1, g)(1, g, |3, g)(3, gl,
and |5, g)(5, g|, respectively. Several remarks on the above
results follow.

1. The period of oscillation becomes shorter as the initial
photon number increases. |n, g){n, g| (n = 1,3,5) contains
the Hjc-off-diagonal part, which oscillates with the period
inversely proportional to the energy difference between the
two energy eigenstates with the total excitation number 7.

2. The decay of the oscillation becomes faster as the initial
photon number increases. This is because the oscillatory part
is typically suppresed by the factor 74, and the eigenvalues
of A are almost proportional to the total excitation number
[see Eq. (4.8)].

3. The times that the initial states take to decay into the
ground state |Ep)(Ep| are not much different with different
initial photon numbers. However, as the initial photon number
increases, the period for which P, stays around 0.5 becomes
longer.

C. Coherent state

In this subsection, we consider the time evolution of the
product state of the photon coherent state and atomic ground
state, which is known to show collapses and revivals without
cavity losses. The photon coherent state is given by

(4.36)

where « is the parameter that characterizes the coherent state
and we assume « is real here and in the following. The average
photon number is given by 2. Using |a), we set the initial
state as

pa(0) = |gar) (gr| = (Ig) ® ler))((g] ® (). (4.37)
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We again decompose the density matrix into the Hjc-diagonal and Hjc-off-diagonal parts with respect to the energy eigenstates.
We first consider the Hjc-diagonal part, given by

—a? © 2k

. e o
P (0) = e |Eo) (ol + —— D~ T (438)
k=1 :
Using Eqgs.(3.9), (4.10), and (4.17), after some algebra, we obtain
A 1< o (@2n—DN 1
dlagt — —a? 1 _ B —1 = —yt I
Py E(1) =e [JFZZ(n—l)!n! 7 msil—e 0
1
(kz)y’[—1F1< +3 k+ 1021 — e"’))i|l'[k+, (4.39)

where

1Fi(a, b;z) = (4.40)

5~ @,

!
s (b), n!
is the confluent hypergeometric function. The remaining Hjc-
off-diagonal part is very easily treated and from Eqgs. (3.9) and

(a) 1.0
0.8F

Qjc 0.6
04r

0.2F
0.0+

/)JC(O): |gal> <gvl‘ ]

(b) 1.0

04F ,()]C(O) = ‘Q7 3> <(].3|

o4l pic(0) = 1g,5) (9,5 ]

0 10 20 30 40 50

pic 0) \97 5) <g,5|

? p3c(0) =1g,3) (9, 3] ]

/ p](‘(o |gv <gv 1‘ 1

0 10 20 30 4‘0 50
At

<nphoton> @
o - |\> w -l; U'I

FIG. 1. (a—c) Probabilities of observing the atomic ground-state
P, as functions of the dimensionless time Az for the initial states
|n, g)(n, g| with (a) n =1, (b) n =3, and (c) n = 5. (d) Averaged
photon number (Aphoion) as functions of dimensionless time At for the
same initial states.

[
(4.9) we obtain

[o S

o g2k
P
k=1 "

+ APV IE VB,

poti-diag () — F@k=Dr o 2ilxIVke |Eei ) (Ex_|

(4.41)

where we have omitted the different-excitation-number off-
diagonal states since these terms do not affect P,. For this
state, we obtain P, [Eq. (4.33)] as

1 2
Pt) = 31+

e i 2n — D a2
4 = (n—Dn! 2"

1
B<n, —1- e‘yt>
2

1
e 7= cog 2a4/nt,

[oe] 2
e ¢ 2n

2-n

(4.42)

n=1

which is shown in Fig. 2 for the y /A = 1074, 1073, and 1072
cases. With small y /A, we can observe clear collapses and
revivals. However, as the decay rate y becomes large, the
long-time oscillation and the revivals are supressed more.
This result is consistent with a numerical calculation for the
phenomenological master equation [20].

V. DYNAMICS OF THE OFF-RESONANT JC SYSTEM
WITH CAVITY LOSSES

In this section, we consider the off-resonant cases (|A| #
0) and assume the same interaction with the cavity as in
Sec. IV. After deriving an analytic solution, we discuss the
behavior of the time evolution for large- and small-|A| limits.
Also, we actually evaluate the time evolution for some initial
conditions using the obtained analytic solution and compare
the result with that derived from the phenomenological master
equation.

A. General formalism

We start from Eq. (4.2). The Hjc-off-diagonal dynamics is
still described by Eq. (4.9) by substituting A for A with

3 . 1 A
A:ZPia’aPi_N———i-—

c 5.1
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(@10 ‘ ‘ ., 1
08 — 104\ 1
0.4
0.2
0'00 10 20 30 40 50 60 76 Bb Qb 100

(b) 1.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

08 v =1073A ]
04 : b
0.2 :
0.0 0 1b 26 Bb 46 Sb 6b 7‘0 Bb Qb 100
(€)1.0 ‘ ‘
08 v =1072\ i
% 0.6 1
04 i
0.2 :
0.0 ]

0 10 20 30 40 50 60 70 80 90 100
AL

FIG. 2. The probability P, for the coherent initial state

|g, o) (g, | is shown as a function of the dimensionless time At for

the cases (a) y /A = 107*, (b) y/A = 1073, and (c) y /A = 1072, We
set @ = 5 (initial average photon number is 25).

For Hjc-diagonal states, on the other hand, we again per-
form a transform, pJI’Cd‘ag(t) = e VA f)JI’Cd "8(¢), and obtain the
transformed master equation as follows:

~Idlag(t) Pdlag[ )/Afae yAt Idlag([) T] 5.2)

J

Ret)= )

{ir,....ix}=1,2

where each variable for the summation iy, ..., i; takes 1 or
2; oy, is the sign, +1 for i; =1 and —1 for i; =2; and

Ii(t;ay, ..., a) is the function determined by the recurrence
formula,
1
Li(t;a1) = —(1—e™7), (5.13)
ai
1
I(t;ay,...,a) = a_[1k71(7§5127a3,a4, ey Qp)
1
— L1 (t5a1 + az, a3, aa, . .., an)].
5.14)

The details of the derivation are shown in the Appendix.

B. Small- and large-|A| limits

First, let us consider the case |A| — 0. In this condition,
Eq. (5.1) reproduces Eq. (4.8), and thus the solution for |[A| —
0 is smoothly connected to the A = 0 case.

(156, (04 ENi=1)5 -+ -

Here we rewrite the time-dependent part as
eyfitaefy/it — VY %taeﬂ/ At
1
+z) aP_],
(5.3)

where we have used the relation obtained in a similar way
to Eq. (2.20),

1 1 1 1 1
e —AyAn(t——1 Ly Ar(——
=e e 27 MG C)aPJr—i—ezy e

CyAr

ae V! = eTnviiaP_ t e o aP,. 5.4)
Then the master equation for the Hjc-diagonal part reads
A0 =Y ye O 0, (55)
i=1,2
where
©=1-2(1- L (5.6)
K = —_— = — s .
1 2\C JCcr+a2
<)=1 A1 + ! (5.7)
eE et Ve ) '
Qilp] = P™¢[aP, pPya'l, (5.8)
Dlp] = PH*[aP_pP_a']. (5.9)

The formal solution to Eq. (5.5) is given by

t .
P () =T exp [ / D ye @ Qidﬂ}p}é‘lag(m.
0
(5.10)

After the series expansion and the integration, we obtain

o
PO = i O + YRl O] (511
k=1

with

Kiz (Gi18N+1)7 Kil (C))Qll .. Qiks (512)

Next, we consider the large-|A| limit. In the following, we
assume |,/fger/A| < 1, where n,, is the average photon
number of the initial state. In this limit, cos, and sin6,
[defined in Eq. (2.7)] approach unity and 0, respectively, and
|g, n) and |e, n — 1) decouple. Therefore, we can divide the
master equation into the |E,)(= |g, n)) part and the |E_)(=
—le,n — 1)) part:

Pre(t) = ye 7™MEQ [ )], (5.15)

re(t) = ye Ve Qo[ pi ()],

where pjc.(t) represents Py ,Z)Jlg 92 (1)P... Furthermore, i (ex)
and k,(—ey ) are evaluated as

(5.16)

2

ki(ey) = 1 +0<<@> ) (5.17)
2

Ko(—en) = 1 +0<<@) ) (5.18)
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TABLE 1. Regions where the phenomenological and present
master equations are justified.

[/ Maved/ Al K1

Valid
Valid

|V/Raved/ A > 1

Not valid'
Valid

Phenomenological
Present

"For the single-excitation states with A = 0, the long-time evolution
is well described by the phenomenological master equation [25].

Hereafter, we assume that the total excitation number is small
enough and we can neglect the higher-order terms with respect
to [«/NA/A|, which is regarded as the order of |/ Maver/Al.
We expect that this condition is still maintained for the co-
herent state, which contains infinitely many photons, since
there is an effective cutoff in the photon number determined
by «. By this condition, we do not need to write Py in Q; and
Q,, and we obtain the master equations for |A| — oo limit
as follows:

pie(t) = ye api(t)a’. (5.19)

In this limit, we find A — a'q, and the master equation in the
Schrodinger picture ,ojic(t) (= e v Z)Jic) is expressed by
. Y 14 i
pict) = —Za'apic(t) = Zpict)a‘a+ yapict)a’.
(5.20)

In this form, we can readily confirm the trace-preserving prop-
erty. Similarly, we obtain the Hjc-off-diagonal part,

,b;)g_diag(t) - _ i[HJC, pJo(f:f—diag(t)] _ %a%ap;)(f:f—diag(t)
— g POt ()4tg, (5.21)

The master equations, Egs. (5.19) and (5.21), are immediately
integrated, yielding

—vat _o vt
pic(t) = eV =T pi (0),

off-diag, .\ _ —iHyct—La'ar off-diag iHyct—%atar
(1) = ¢~ Hher=halar polidiee )it —Falar,

Pic (5.22)

with K3p = apa’.

Through these analyses, we find two important facts. First,
Egs. (5.20) and (5.21) are the same as the phenomenologi-
cal master equation, Eq. (1.1), apart from the jump term in
the Hjc-off-diagonal part. This fact suggests that the phe-
nomenological master equation is justified for the case of
|/Naver/A| < 1. (The region where the phenomenological
and present master equations are justified is summarized in
Table 1.) This suggestion is confirmed for some examples
in the following section. Second, |E;_)(= —|e, 0)) does not
decay to |Ey) because KC3|E|_) = 0. This reflects the fact
that |g, n) and |e, n — 1) decouple in the large-|A| limit. This
effect is observed in the numerical evaluations shown later
and Ref. [31].

C. Examples
1. Single-excitation state

Using the obtained solution, we can immediately write the
time evolution for single-excitation initial states as follows.

@ pic(0) = [Er ) (Er4]:

pic(t) =e 74 |:|E1+>(E1+|+ Z Il(Vt;Ki(C))Qi|E1+><E1+[|

i=1,2

=e "ME1 ) (Er4

1 A
+ 5(1 + W)h(wm(&)l&)(%l
:e—yKI(A)l|El+><El+| +1 - e_yK'(A)t)|E()><E0|.

(5.23)
(i) pyc(0) = |E1_){E(_|:

pic(t) =e 74 |:|El—><El—|+ Z Il(Vt;Ki(C))Qi|El—><El—[|

i=1,2

= "ME, ) (E)_|

1 A
N 5(1 _ ﬁ)ll(yt;Kz(A))lEo>(Eo|
=e VOB VE|_| + (1 — e 7O Eg)(Ey|.
(5.24)

Let us compare the time evolutions described by the
microscopic master equation [Eq. (5.5)] and the phenomeno-
logical one [Eq. (1.1)]. We consider the Bell-type initial states
lg, 1)(g, 1| and |e, O)(e, O] with finite |A/A|. For these ini-
tial states, the Hjc-diagonal part is described by the linear
combination of the results above, while the Hjc-off-diagonal
part is described by Eqs. (4.9) and (5.1). The time evolutions
of the probability that we observe the ground state |Ey)(Ey|,
Py, are shown in Figs. 3(a)-3(d). In the large-|A| cases,
we find two tendencies. First, the time evolution described
by the phenomenological master equation approaches that
by the microscopic one. These results support the fact that
the microscopic master equation almost coincides with the
phenomenological one in the large-| A| limit. Second, we find
that |e, 0) (e, O] decays much more slowly than |g, 1)(g, 1]
as mentioned by Gonzalez et al. [31]. This is explained
by the decoupling as follows. While |g, 1)(g, 1| can decay
into |Ey)(Ey| by operator a directly, |e, 0)(e, 0] cannot decay
or rarely turns into |g, 1)(g, 1| by the Rabi oscillation due
to large |A|.

2. Three-photon state

Let us consider the initial three-photon state as an example
of multiphoton cases. We fix the initial condition at pyc(0) =
|8, 3)(g, 3]. The time evolution of P, [Eq. (4.33)] is shown in
Fig. 4(a) with A = 0.1, Fig. 4(b) with A = A, and Fig. 4(c)
with A = 5A. As |A| becomes larger, the oscillation becomes
faster. This oscillation derives from the Hyc-off-diagonal part
of pyc(0), and its period is dominated by the energy difference
2+/A? + 3)2. Furthermore, the oscillation is suppresed by
the factor e 74 typically, and the eigenvalue of A is almost
proportional to the total excitation number [see Eq.(5.1)].
Therefore, the oscillation is more suppresed with larger |A|.

The average photon number is shown in Fig. 4(d). The solid
(blue), dotted (orange), and dashed (green) lines correspond
to the conditions for Figs. 4(a), 4(b) and 4(c), respectively.
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FIG. 3. Comparison of the probabilities of observing the ground state evaluated by the microscopic (present) vs the phenomenological
master equations. The initial state and detuning are set to (a) |g, 1)(g, 1| and A = 0.1x, (b) |g, 1)(g, 1] and A = A, (c) |e, 0){e, O] and A = 0.1A,
and (d) |e, 0) (e, 0] and A = A. The damping rate is set to y = 0.2X in all cases. The time evolutions are shown as functions of the dimensionless
time Az. Solid [blue; denoted Pygms)] and dashed [orange; denoted Poypn] lines represent the probabilities calculated from the microscopic and
phenomenological master equations, respectively. The differences for each set of time evolutions are also shown.

Apart from the fluctuation derived from the Rabi oscillation,
the average photon number decays to O at a rate almost
independent of |A|.

3. Coherent state

Finally, let us consider the initial coherent state p5c(0) =
|g, &) (g, o|. Figure 5 shows the P, values [Eq. (4.33)] as func-
tions of the dimensionless time At for A = {A, 3A, 5A} and
y = {2 x 1073, 1072}. We can see that the collapse-revival
period becomes longer and the collapses and revivals become
clearer as | A| becomes larger. These tendencies are consistent
with that observed by Gonzalez et al. [31]. For larger y, as
in the case with A = 0, revivals are supressed more rapidly
but P, takes a relatively long time to decay into 1 compared
with the case with a few photons presented in the previous
subsection.

VI. DISCUSSION AND SUMMARY

Let us compare the present master equation with the
previous result for the resonant (A = 0) case, where the
present result should be equivalent to Scala’s [25]. This

is shown as follows. In the first two terms in Eq. (3.12),
we replace the projection operator Py with the sum
of the projection operators for the eigenstates, |Ey)(Ey|,
|Ey+)(Ep+|, and |E,_)(E,_|. Since the combinations a'y(w—
C+/C?2+A2)a and ay(—w —C £ +/C?—A2)a’ do not
change the total excitation number, the excitation numbers
of the resultant projection operators on both sides should
be the same. Similarly, putting the completeness condition,
Eq. (3.11), for both sides of p}c in the last two terms, we
obtain an eigenstate-based expression. After a lengthy but
straightforward calculation, we obtain completely the same
expression as Scala’s. Although the present result and Scala’s
result are equivalent, the present method is suitable for the
resonant cases with many photons and the off-resonant cases.
This difference is summarized in Table II.

It is also to be noted that we have assumed throughout this
paper that the coupling between the cavity and the environ-
ment is flat. This condition is no longer maintained for cavities
in two- or three-dimensional space. However, this condition is
not the essential assumption for obtaining a closed form of the
solution. When we set a specific coupling, the same discussion
for the resonant or off-resonant cases in the present paper will
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0.1A, (b) A =X, and (¢c) A = 5X. (d) Time evolution of the av-
erage photon number (nphewon). Solid (blue), dotted (orange), and
dashed (green) lines correspond to the parameters in (a), (b), and
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FIG. 5. Probability P, for the coherent initial state |, g)(«, gl is
shown as a function of the dimensionless time At fory /A = 2 x 1073
and 2 x 1072, We set a = 3 (initial average photon number is 9).

TABLE II. Differences between the present paper and Ref. [25].

A=0 A#0

Scala et al. [25] Solved for single- —
excitation cases
Solved generally Systematic method

developed

Present

be applied and we will be able to obtain expressions suitable
for analytic analyses.

In summary, assuming a realistic coupling between the
cavity and the environment, we have derived a master equation
for the JC system with cavity losses. The derived equation is
simple, and we can write the analytic solution explicitly for
the resonant case (A = 0) at zero temperature. This solution
is suitable for the analysis of many-photon states. Using this
solution, we clarified the many-photon effect on decay: The
more photons exist, the slower the decay rate of the atom
becomes. Also, we confirmed the clear collapses and revivals
under dissipation. For the off-resonant case, on the other hand,
we developed an analytic way to describe the time evolution.
This method is systematic, although not explicit, and we can
evaluate the time evolution similarly. As examples, we exam-
ined the single- and multiexcitation and coherent initial states
and revealed their various behaviors. Also, we have discussed
the limits of A — 0 and oo and suggested the condition that
justifies the widely used master equation, Eq. (1.1): |[A/A] is
sufficiently large and the initial excitation number is small
enough. The present analytic methods are not only exact but
also easy to handle, in particular for the resonant cases, and
will be useful for analyses of experiments.
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APPENDIX: RECURRENCE FORMULA FOR I,

Let us first consider R, (¢). The integral is given by

t 4
R2()lpl = Z/ dt1/ dtyy?e 7% ©)
370 0

{i1,i2

x Q[ "2 Q, p]. (A1)

Using the relation af(N) = f(N + 1)a for a function of the
total excitation f, we get the exponential terms out of Q’s:

1 n
R2()lpl = Z/ dt,/ dtyy eV ©)
)70 0

{i1,i2

X e*Vtszz(G(iz)SNu)Qil Q;,p. (A2)
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By the same procedure as above, we obtain

t Tk—1
Re)p]l = Z / dt . .. / dtkyke*VflKil (©) prnakiy(aliden+1) e*V’kKik(U(lk)3N+k—])Qil o Qip.
. 0 0
{i1

,,,,, i}

Therefore, the integral we need to evaluate is of the form

t t, [5)
I,,(t;al,...,an)z/ dz,,/ dt,,,l.../ dtye~ (@intFain)
0 0 0

For this integral, we find a recurrence relation,

. _ 1 —ait
Il(t,al)——a (I —e"),
1

t
In(t;al,...,an)=/ e, (tsar, ..., a)dl (n > 2).
0

(A3)

(A4)

(AS5)

(A6)

This relation is useful for numerical computation. Furthermore, to obtain an analytically handy expression, we explicitly calculate

Lty a1, ay):

1
L(t;a;, ay) = a—[h(t;az) —1i(t;a; + a)].
1

Then we obtain, for example,

(AT)

1 ! , ! ,
L(t;ay, a2, a3) = a_|:/ e L (1 ax)dt’ — / e Lt a +a2)dt’]
0 0

1

1
= a—[lz(t;az, a3) — L(t;a; + az, az)]
1

or, generally,

L(t;ay,..

1
B ail) = a_[ln—l(t;027 as, dq, ...
1

(A8)

L ay)]. (A9)

) an) - In—l(t;al + az, as, a4, ..
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