PHYSICAL REVIEW A 93, 043814 (2016)

Off-resonance regimes in nonlinear quantum Rabi models
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We study the nonlinear quantum Rabi model—both in the two-photon and the intensity-dependent coupling
scheme—by utilizing the perturbation method in the off- and near-resonance regimes characterized by the field
and the atomic transition frequencies. We consider the weak-coupling condition, the perturbation parameter being
the ratio between the coupling constant and the atomic frequency. For both models we determine the first- and
second-order corrections to energy eigenvalues and eigenstates, disclosing the doublet structure characterizing
the energy spectrum. Then we apply our findings to both the coupling schemes in order to calculate the time
evolution of a general initial state and the atomic population inversion for an initial state composed by a mixture

of excited and unexcited atoms.
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I. INTRODUCTION

The quantum Rabi model provides a simple but successful
paradigm of the interaction between matter and electromag-
netic fields where a matter qubit, a two-level atom, interacts
with a single field mode. After the seminal papers [1],
where radiation was considered within the semiclassical limit,
extensive use of the quantum Rabi model and its manifold
applications in quantum optics [2,3], quantum information [4],
and atom physics [5] are well documented, and include, on a
more theoretic ground, a recent considerable interest for its
integrability properties [6—11].

Two nonlinear generalizations of the quantum Rabi model
are well known in which the field-atom interaction of the model
Hamiltonian, involving two different realizations of algebra
su(1,1), can be written in a unified form resorting to the ladder
operators K of the algebra.

Selecting the Schwinger realization [12] for K. leads
to the two-photon quantum Rabi model (TPM), where the
absorption and emission mechanism, featuring two photons
rather than one, has been thoroughly studied and used in
physical applications, as reported, e.g., in [13,14]. From a
theoretical point of view, the search for analytical solutions of
the two-photon model (see, e.g., [15] and references therein)
has been significantly revamped since Braak presented his
solution scheme [6] for the one-photon quantum Rabi model,
which is based on the Bargmann representation of boson
operators a and a'.

This intense investigation includes the solution of the TPM
through the extension of Braak’s approach [7,8], the TPM
characterized by the presence of two qubits and their mutual
interaction [9], and the extension of the TPM to a multiqubit
chain via trapped-ion technology, which reveals the effect of
the coupling-induced spectral collapse [10]. A diagonalization
scheme based on a symmetric form of the rotating-wave
approximation is reported in [11].

On the other hand, using the Holstein-Primakoff realization
[16,17] for operators K. results in the intensity-dependent
Rabi model (IDM), a kind of nonlinear light-matter coupling
whose definition, within the frame of the Jaynes-Cummings
model (JCM) [18], can be traced back to works [19,20].
Numerical investigations [21,22] are usually carried out for
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analyzing this coupling, whose experimental realization has
been achieved recently by studying the light transport in engi-
neered waveguide superlattices [23-25]. The IDM, including
m-photon processes with m > 2, has been considered in [26].

Unlike the cited works, which rely mainly on numerical ap-
proaches or appropriate extensions of Braak’s semianalytical
scheme, in this work we analyze the nonlinear TPM and IDM
by resorting to the standard perturbative approach [27]. The
advantage is that implementing a fully analytic treatment of
the problem provides a description of the physical properties
that explicitly depends on the model parameters. We note in
advance that the perturbative approach implicitly excludes the
resonance condition between the atomic and the field-mode
frequencies. Then, in this paper, our attention is focused on
both the off- and near-resonance regimes of the system without
applying the rotating-wave approximation.

We determine the second-order expressions of the energy
eigenvalues and of the corresponding eigenstates, which
provides a deeper insight into the interplay among the model
parameters and suggests prospective physical phenomenology.
Based on these results we show how, for both the TPM
and the IDM, the spectrum features different energy-doublet
structures depending on the model-parameter regime one
considers. Then, we calculate the explicit expressions for
the time evolution of a generic quantum state and apply this
finding to illustrate the time behavior of the atomic population
inversion (API) in the case when the initial state of the system
corresponds to a superposition of excited and unexcited atomic
states.

While our analysis is mainly devoted to the dynamical
aspects of the TPM in view of its relevance in fully quantum
systems, we note that the very generality of the perturbative
scheme allows for a straightforward extension of this scheme
to the IDM, which we perform in the final part of the paper.

For this reason we have structured our work as follows:
First, we detail the su(1,1) framework of both models in
Sec. II, while reporting in Sec. III the relevant second-order
perturbative results (energy eigenvalues and eigenstates) in
the weak-coupling regime. In the latter section we resort
to a perturbation scheme, which proved useful already for
trapped ions [28]. For the TPM we derive the evolution
of the model quantum state (Sec. IV) and evaluate API
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in Sec. V. In our time-dependent analysis the initial state
of the system is considered to be a superposition of two
number-spin product states. In Sec. VI we report the results
for the IDM, while Sec. VII is devoted to concluding remarks.
Additional mathematical details are supplemented in the
Appendices.

II. PERTURBATIVE APPROACH TO
NONLINEAR RABI MODEL

In units 2 = 1, the TPM and the IDM are both embodied in
the Hamiltonian

H = it + woS3 + g(K_ + K1 )(S4 + S-), (D

where g is the coupling constant, and @ and wy denote the
energy of the bosonic-field mode and the atomic transition
energy, respectively. In Eq. (1) pseudospin operators S3 and
S+ act on the two-dimensional atomic space, K_ and K
are ladder operators acting on the field Fock space, and
i = a'a with [a,a’] = 1. Operators S, S+ and K3, K4
represent the standard generators of algebras su(2) and su(1,1),
respectively, obeying well-known commutation relations [29].
Hamiltonian (1) comprises both nonlinear quantum Rabi
models and their explicit expressions, depending on the
realization of operators K. one works with. Resorting to
the single-mode Schwinger realization [30] of the su(1,1)
generators,

K-=1a® Ki=K', Ky=1(+})), 2)
model (1) yields the TPM, while in the frame
of the single-mode Holstein-Primakoff realization
[16,17]

K.=vi+2ka, Ki=K., Ki=i+k, @3

with « the group-representation index, the IDM is retrieved
from Hamiltonian (1).

The general form of Eq. (1), suitable to a perturbative
approach, is

H = Hypy + €W, @)

where Hyyp is the unperturbed Hamiltonian, € the perturbation
parameter, and the perturbative term W assumes different
expressions depending on the coupling scheme. We identify
the perturbation parameter of model (1) with the dimensionless
ratio ¢ = g/wy, so that in Eq. (4)

Hunp = wil + 0y S3, @)

and
W= %(cﬂ +at) S, + 50), (6)

W = wo(Vi +2ka+a'VA+2)(Ss +S52), (1)

in the coupling schemes corresponding to the operator re-
alizations (2) and (3), respectively. Following the station-
ary perturbation theory [27] for the eigenvalue problem
H|E(n,s)) = E(n,s)|E(n,s)), one expands both eigenvalues
and eigenstates E(n,s) and |E(n,s)) in powers of ¢, where
s = =£I is the quantum number associated to the atomic
states, i.e., S3|s) = (s/2)|s), while index n € Ny labels the

PHYSICAL REVIEW A 93, 043814 (2016)

field-mode states such that 7i|n) = n|n). For completeness,
we report here the standard formulas of perturbation the-
ory which we have utilized in our first- and second-order
analysis,

Ei(n.s) = (Eo(n,s)|W|Eo(n,s)), 8)
_ (m,r|Win,s)
|E1(n,5)) ‘%Z Eons) = oy ™ ©

- [(m.r|Win.s) P
B0D=2 0 5 —Rmn 0

m#n 1

) WI|E ) 2
(Eatn,) = 30 Y0 R TIRIE L, )y
man 7 Eo(n,s) — Eo(m,r)

In the previous formulas the spin index r takes the value
41, while the eigenvalue Ey(n,s) and the relevant eigenstate
|Eo(n,s)), entering the unperturbed problem Hy,p|Eo(n,5)) =
Ey(n,s)|Eo(n,s)), are given by

Eo(n.s) = on + jwos, |Eo(n.s)) = |n.s).  (12)

Note that the unperturbed eigenstates simply represent the
direct product of a photon state and an atomic state, namely,
In,s) = |n)|s), |m,r) = |m)|r).

III. PERTURBATIVE RESULTS FOR THE
TWO-PHOTON MODEL

The first-order contribution to the eigenvalues and eigen-
vectors of the TPM are easily found to be

Ei(n,s) =0
and
o[ baln —2)  byyaln+2)
Ei(n,s)) = — — — ), 13
|E1(n.5)) 2 |:2a) + wos 2w — wps =) (13)

with b, = /n(n — 1), respectively. Determining second-order
contributions requires a longer but straightforward calculation,
leading to the expressions

2
Ex(n.s) = %[q(s)@ - q(—s)(";r )} (14)

where
q(£s) = 20 %+ wys’ as)
and
L wo 2 2
|Ex(n,s)) = g;[q(S)K_ + q(—=s)K{1n)ls),
1 w(
= R—[Q(S)Cnln —4) + q(=s)curaln + Hls),
w
(16)

with ¢, = /n!/(n — 4)!.
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A. Spectrum properties in the off-resonance regime

The energy eigenvalues including correction (14) have the
form

E(n,s) = Eo(n,s) +

&2 w} |:n(n — DQw — wys)

2_ 2
4w N

a7

(4 D+ 2)Q2w + a)os)]
40? — 0} ’

which implicitly defines two off-resonance regimes, 2w < @y
and 2w > wy. Both can exhibit doublet structures of energy
levels, even if originated differently. Indeed, in the first case,
by assuming wy = pw with integer p > 2, one naturally finds
the degeneracy condition

Eo(n, + 1) = Eo(m, — 1)

of the unperturbed levels, if p = m — n. Eigenvalues Ey(n, +
1) and E¢(n 4+ p, — 1) are thus grouped into a s = +1 band
and s = —1 band, respectively, whose lowest levels n =0
and m = 0 are shifted of wy. The resulting spectrum, formed
by levels E(n,s) including the second-order corrections, is
characterized by interband level doublets with E(n, + 1) and
E(m + p, — 1), whose gap
2.2

Em, — 1) —Emn, +1) = —20 3 (n.n)
’ T T e — )Y
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with m = n + p and y(m,n) = wom> +n*> +m+n+2) —
4wp, is controlled by the perturbation parameter &.

A different type of doublet structure appears, in the second
case, when the condition 2w > w( becomes a strong inequality
2w > wy. The latter, in fact, implies a quasidegeneracy
condition in that Eg(n, + 1) — Eo(n, — 1) = wy < w. The
energy gap of perturbed levels reads

2
Emn, +1)— E(m, — 1) = w0[1 _ EZM]
Hw/w)? — 1

when second-order contributions are considered. In this
limiting regime the occurrence of level doublets represents
a property of the unperturbed energies. Second-order terms
simply represent perturbative corrections of the level separa-
tion wy.

IV. TIME PROPAGATION OF STATES FOR
THE TWO-PHOTON MODEL

The scheme we use for determining the time propagation of
a generic unperturbed eigenstate |Eq(m,r)) = |m)|r) and in-
cluding second-order corrections is described in Appendix A.
By exploiting the expressions for Ey(n,s), E>(n,s), |E(n,s)),
and | E»(n,s)), Eq. (A1) can be reduced to the form

. . 82
W (m.r)) = e H m)|r) ~ e’”““"”)“z&(m'r)]’[l + 5 Vilrm.e) + V/<r,m»8>)]lm>|r>

2

£ . .
+ E(e—‘“wuz(r,m,snm +4)|r) + U (rm,e)lm — 4)|r))

7

1
& m\? : .
+ _zq(r)<2> [1 _ e—lszAEz(m—z,—r)fe+l(2w+w0r)l]|m _ 2)| _ r>

1
2\ 2 2 ) )
_ i (m + ) [1 — e AEz(n1+2,—))te—l(Zw—wor)t]|m + 2)| _ r>’ (18)

ﬁq(—r) 5

where AEy(m £¢q, £r) = Ex(m £ q, £r) — E,(m,r), with g = 2,4 (note that the double signs of  and of g are independent

from each other), and the time-dependent quantities

1
4\ 2 , , .
U,(r,m,e) — \/6<m + ) [Z?)(ethq(_r) + e—tezAEz(m+4,+r)tq(r)) _ e—tszAEg(m-‘rZ.—r)t Wy

4

ol—

U/ (rm.g) = JE('Z)

[:)_j)(e—éh'wzq(r)+e—i82AE2(m—4,+r)tq(_r)) _ i A (m=2,—1)t wpe

2€i(2w+wgr)t i|
2 _ .2 ’
dw* — wj
2 —i(2w—w0r)t]
- 5 A5 9

> 2
4w on

Vi(r.m.g) = qZ(r)<’Z>(e—iszAEz(m—Z,—r)tei(ZaH-wgr)t — 1,

m—+2

V/(r,m,e) = q2<—r>< )

>(e—iszAEz(m+2,—r)te—i(2w—a)0r)t -1

E)

have been introduced. It is worth noting that both formula (18) and the subsequent definitions feature two time scales corresponding

to

21
1.

2w (19)

" Rotwl

&

T SAENmtq, £1)

043814-3



V. PENNA AND F. A. RAFFA

The fact that Ty < T, implies that the exponential terms
depending on AE,(m £ g, £ r) essentially exhibit no time
dependence for times r ~ 7.

Within this time scale, formula (18) shows that the main
perturbative contribution to the time evolution of a state with
definite spin r (atomic level) is a first-order term corresponding
to a state with opposite spin —r. If one assumes, for example,
r = —1 and considers w of the same order of wy/2, the
main perturbative contribution in [i(¢)) corresponds to the
state |m — 2)| + 1) exhibiting a slowly oscillating coefficient
containing the term ¢(—1). The latter can be significantly larger
than g(+1) included in the rapidly oscillating coefficient of
|m + 2)| 4+ 1). The atomic excitation through the destruction
of two photons thus represents the favored process with the
initial state |m)| — 1). On the other hand, consistent with
this reasoning, state [m + 2)| — 1) (emission of two photons
from an excited atom) is the principal perturbative contribution
when assuming r = +1, namely, the initial state |m)| + 1).

In passing, we note that, owing to formula (18), one can

calculate the time propagation
Y3 fus@n)ls),

W) = 'H'Zmem ls) =

of the more general initial state ) > " fu sIn)|s), representing
a superposition of photonic and spin states.

V. ATOMIC POPULATION INVERSION FOR
THE TWO-PHOTON MODEL

If the time evolution of the previous state |, ) is known, one
can determine the expectation value of the atomic population

J

q(=1)

1
(S3(1)) = §(|05| \/_

1B + ¢
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inversion (¥, |S;|V;). However, in view of the analytical com-
plexity of such state, a numerical approach would be required.

Here, as an application of our perturbative study of
the TPM, we consider the simple case where the atomic
population inversion involves the two states |n)| + 1) and
|m)| — 1). The system constituted by either excited or un-
excited atoms, each one corresponding to one such states, is
then described by

|D(n,m)) = a|n)| + 1) + lm})| — 1), (20)

with 1 = |«|?> + |B|?, whose time evolution is reported in
Appendix B. The choice m =n + 2 is made when con-
sidering the characteristic excitation/deexcitation processes
described by the TPM interaction. Based on state (B1) one
derives the time-dependent formula for the API (S3(¢))nm =
(D;(n,m)|S3|D;(n,m)) whose final form is

(S3(Dum = SlaP (AP — [Co > — |C_*)
+ HBP(=IA +ICL P+ IC 1)
+ 1aB(AC!, (nlm +2) + AC' (n|m —2)
—A'Ciin+2im)—A'C_(n —2\m))
+ 3aB(—A'Co(m|n +2) — A/C_(m|n —2)
+AC (m+2n) + AC'_(m —2|n)).  (21)
By exploiting the coefficients reported in Appendix B, the

latter reduces, for m = n + 2, to the final form (we set, for
brevity, (S3(1)n n+2 = (S3(1)))

2 ; ) !
<I’l + )[C_(ﬂ (efltw()Ezn,l + e*ltwoazr}n*_z)(ele(wfwo/z)t _ 1) + C.C.] _ 282!]2(1)

[|a| ( ) |ﬁ|2(”+4>} sinz[(wwo/z)r]—2e2q2(—1)<”;2)<|a|2— BI) sit’l(@ — wo/2)0],  (22)

where n, = wo(n +n+1)/(4e? — o ) In view of prospective experimental studies, we emphasize that the significant time
scale in Eq. (22) is given by t ~ T4 < T. In this case, formula (22) considerably simplifies, since the exponential terms

depending on AE,(m % q, £ r) essentially reduce to 1. One finds

o> — 181> eq(=1)

(S3(0) = > G

) (] (5

where & = |€|e% & = o,B,and AO = 0, — 0. As areference
case, we illustrate Eq. (23) in Fig. 1 for the simplest possible
choice of the population parameters |«|> = |8|? (equal popula-
tions) and Af = 0 (coherent phases). Next, we show in Fig. 2
the results corresponding to a parameter choice where, due
the assumption of different populations, both the second-order
contributions are present. In all figures, on the time axis the
rescaled time wyt is represented.

(n er 2) (@B + ap* — 2lap] cosl(wy — 2w)t — AG]} — 2¢°g

2(1) sin? (M,)
2
2
r)(”; )<|a|2— 1B, (23)

Discussion. Various interesting cases relevant to Eq. (23)
can be found by varying the field frequency w with respect to
the atomic transition energy wo.

In the near-resonance regime w is close to wy/2 so that,
remembering definition (15), the quantity |¢(—1)| can be made
significantly larger than g(+41). The choice of 2w — wy is
made, of course, to avoid affecting the perturbative character
of £2q(—1) by the potentially diverging behavior of ¢(—1)

(
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when @ — wy/2. Then, by neglecting the g(+1)-dependent
term (this, in addition, is fast oscillating with respect to the
q(—1)-dependent term) the API reads

P18 eq(=1) [(n+2
(S0 = = == <2>x4|aﬁ|

o s (22 o= 20 = 207)
2 2

_ 22_ ) M n+2

2e°g°( 1)sm< . t)( : )

x(la|* — |87,

where the cosine term of (23) has been rewritten according to
the formula cosn = 1 — 2sin?(5/2). The new expression of
(S3(2)) still exhibits an explicit dependence on the coherence
property of the atomic population through the parameter Af
and features an evident phenomenon of collapses and revivals.

The time scale of the latter is controlled by the period T =
41 /12w — wp| to both the first and second perturbative order.
However, the pulses of the first-order term are characterized
by the delay time T Af/4m with respect to that emerging
from the second-order term. If, in addition, coherent atomic
populations are considered, namely, if 6, = 6g, the API
remarkably simplifies, giving

P =1 - [(@0 —20)
(S3(1)) ~ — —2eA, sin [T}
with
@I JaBlVel e 2}
Ay =q(=D)— [m+2q( D(el*= 1817 |-

°
o
a

o

©
o
a

©
o

API and 1st order correction
o o
o o

S
o
o1

0.012

©
=4

2nd order corrections
o o o
o o (=]
o o o
S o ©

0.002

®
ol
o
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t

FIG. 1. API for the TPM. Upper panel: API [red (light gray)
line] and first-order contribution [blue (dark gray) line] described by
Eq. (23) for |a|> = |B> =05, w=2,g=0.1, A0 =0andn =5
(energies in units of ). Lower panel: since |a|> = |B|* only the first
second-order term of Eq. (23) contributes.
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This sensitivity to the changes of parameter A6 should be
interesting in view of experimental observations.

A second interesting case is found when restoring the
off-resonance condition and setting |a|?> =|B]* =1/2 in
Eq. (23). This equality amounts to assuming identical atomic
populations in (20). In this case we find

(S3(1)) = sEn{ sin?(A/2) — sin> [W“

2
+2624%(1)2n + 3) sin? (@z) (24)

with &, = v2¢(—~1)("})!/?, highlighting an oscillation
modality where the perturbative terms dictate the time behavior
of the API. Note that Eq. (24) holds as well in the extreme
regimes w > wy and o K wyp. It is worth observing that in
the latter case the API signal exhibits amplitude and period
essentially independent from frequency w. On the other hand,
for @ > wy, the amplitude of the API is proportional to
the ratio wo/2w (the second-order term becomes rapidly
negligible) while the period of the API pulses is essentially
controlled by w.

Finally, restoring the near-resonance case, we report the
numerical results obtained from the general equation (23) in
Fig. 3, where the effect of considering equal or different popu-
lations for noncoherent phases, A6 = /2, is highlighted. The
suppression of zero-order and of one of the two second-order

3.5

. N
&) N &)
T T T
T I I

APl and 1st order correction

0.5 -

0 5 10 15 20 25 30 35 40

O/_\/\/\/\/\/\/\/\/\[\/\/

12} ~ - ~
B-0.11 N . . g
@ AN L S
S » . ~
O-02 N . A
P N , N
[} ~ ,
B N .
c-03F AN ’ B
© N Rd
= N ,
[\ ~ -

041 e - 1

-0.5 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40

FIG. 2. API for the TPM. Upper panel: API [red (light gray)
line] and first-order contribution [blue (dark gray) line] described
by Eq. (23) for |a|*> = 0.52, |8]> =0.48, w = 0.4, g = 0.1, Af =
0 and n =5 (energies in units of w;). Lower panel: second-order
contributions, first (second) term in Eq. (23) corresponds to the solid
(dashed) line.
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APl and 1st order correction
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o
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APl and 1st order correction
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FIG. 3. API [red (light gray) line] and the first-order contribution
[blue (dark gray) line] of the TPM for w = 0.4, g = 0.1 and A6 =
/2 (energies in units of wy). Upper panel: |a|*> = 0.52, |8|> = 0.48.
Lower panel: |a|?> = |8|> = 0.5.

contributions, caused by |a|> = |8/, is clearly visible in the
lower panel of Fig. 3.

VI. PERTURBATIVE RESULTS FOR
THE INTENSITY-DEPENDENT MODEL

Since the unperturbed Hamiltonian Hy,p is the same for
both the TPM and the IDM, the zeroth-order eigenvalues
and eigenvectors are still given by Egs. (12). Similar to the
TPM, for the IDM the first-order contribution to the energy is
E\(n,s) = 0, while for the eigenstate one finds

Pl =1)  f20+Din+ 1>}| .

w + wos w — wos

|Ei(n,s)) =wo[

with f(n) = /n(n + 2k — 1). The second-order contributions

to eigenvalues and eigenvectors read
2[n(n + 2k — 1) + n+ D + 2«)

—w + woS

Ex(n,s) = w;

} (25)

w + wos

and
|Ex(n.s)) = ;”—;’)m(s)w —2) + g(=5)Fypaln + 2)]s).

respectively, with F,, = f(n — 1) f(n). Clearly, the presence
of level doublets in the energy spectrum also emerges in the
IDM in the two regimes wy = pw (with integer p > 1) and
wy <K w. The energy gaps relevant to such doublets are easily
calculated along the same lines of the TPM (see Sec. III A).
The distinctive feature of the IDM is the presence of param-
eter x, which presently has no direct physical interpretation.
However, in the limit k — oo, this parameter allows one to
reduce [see the ladder-operator definitions (3)] the IDM to the
single-photon quantum Rabi model (SPM). (The factor /k
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emerging from the limit can be absorbed in the interaction g.) If
one considers the eigenvalue E(n,s) = Ey(n,s) + e2E,(n,s)
with & = g/wg and k — 00, the second-order contributions of
the SPM,

n+1)
—w + wps

2 Ex(n,s) = 2(8\/;)2[ } (26)

w + wps
show a dramatic change, from quadratic to linear, in the
dependence from the photon number n with respect to the case
with finite «. Conversely, for small «, formula (25) essentially
coincides with formula (14), displaying a dependence on n? for
n > 1. Then, in this case, almost no difference arises between
the spectrum of the IDM and that of the TPM, even if the first
model involves single-photon instead of two-photon processes.
The intermediate regime where « is large enough (but finite)
becomes interesting for 0 < n < «. In this interval, Eq. (25)
shows a well-visible deviation from the quadratic dependence
on n, which assumes the n-linear form (26). The quadratic
dependence on n is recovered for n > k. This effect should
be accessible to the experimental observation in the recently
realized waveguide superlattices [23-25], reproducing the
matter-radiation coupling of the IDM for x = 1/2.

A. Atomic population inversion within the
intensity-dependent model

In view of the different coupling scheme displayed by the
IDM, where a single photon (rather than two) is involved
in the energy exchanges, we consider the atomic population
inversion for a system whose atoms initially are in one of the
two states [n)| + 1) and |n 4+ 1)| — 1). The time evolution of
the elementary states |m,r) is required to derive the expectation
value describing the API. All relevant calculations are reported
in Appendix C.

Despite the difference in the initial state, the structure of the
API for the present model closely mimics the one obtained in
the two-photon case. By exploiting the time-evolved state (C1)
one readily obtains |D,(m,n)) = «|¢,(n, + 1)) + Bl¢,(m, —
1)), with m = n + 1, connected to the initial state «|n)| 4+
1) + Bln + 1)| — 1). Asin the TPM case, one then determines
the expectation value (S3(¢)) = (D;(m,n)|S3|D;(m,n)) whose
general expression (D2) is derived in Appendix D. By
observing that, as suggested by Egs. (C1) and (D2), the time
scales of the ID model are

2 21

To=—"  &T. ~ ,
T lmtol ST PaBmEq £1)

27

for observation times ¢t ~ 71 Eq. (D2) reduces to the simple
form

2 (p2
PP cqnfo+ Diap +ap?

—2|aB| cos[(wy — w)t — AB)]} — 4e2g>(1)

(S3(n) =

x sin’ (%t)[wf%n) BP0+ 2)]

w—wo

—4e*q*(1)sin® ( t) A+ D(lal* =81,

(28)
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with g(r) = wo/(w + ray), since the s2-dependent exponen-
tials in Eq. (D2) become essentially equal to 1.

Discussion. We note that the considerations and results
pertaining to the TPM discussion can be extended to the
IDM with slight modifications. For example, the quantity
|g(—1)| can be made significantly larger than ¢(+1) in
the near-resonance regime (w =~ wy). In this case, Eq. (28)
reads

_ el =181

(53() = ———— —eq(=1)f(n + Ddlep]

o (2) 4 [l =20}
2 2

—4&%¢*(— D sin® (w —zwot>

x f2n + D(la* = 18).

As for the near-resonance regime of the TPM, also this
expression exhibits an explicit dependence from the initial
phases 6, and 6g of the two amplitudes «, B of |D,(n +
1,n)) at t =0. The time scale characterizing the pulses
of (S3) is T' = 4n/|w — wy| (the delay time between the
first- and second-order terms is still given by T'A6/4m),
while the condition A6 = 0 for coherent atomic populations
implies

2 _ 2 _
<S3(t)) = M - 48An(’() SiIl2 [M],
2 2
with
M) = g(=D)f*(n + 1)
_ Bl e
x [f(n iy et Der ~ 1 )].

In the off-resonance condition and for equal population,
la|?> = |B|> = 1/2, the analogue of Eq. (24) is

(wy — )t — AO]}

(S3(1)) = sa;{ sin?(A@/2) — sin’ [ >

+4e2¢>(1)(2n + 2k + 1) sin? (a) —;wot>,
(29)
where ) =¢g(—1D)f(m+1), and f(n) = /n(n+2« —1).

Equation (29) discloses an oscillation modality where the
perturbative terms dominate the time behavior of the API. The
same comments made for the API of the TPM when either
w K wo/2 or w > wy/2 can be extended to the present case.

The dependence on an (in principle) arbitrary parameter «
indeed represents a new aspect characterizing the IDM. Small
values of k have an essentially negligible effect on the API of
the IDM, which displays the same linear dependence of the
TPM on the photon number n. Conversely, for large values
of «, the diversity of the TPM and of the IDM becomes
fully evident. The comparison of Egs. (24) and (29) shows
that, for n/(2k) < 1, the API of the TPM is controlled by
a factor o/(n + 1)(n + 2) ~ n, while for the IDM this factor
becomes +/«(n + 1). This behavior is illustrated in Fig. 4 for
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FIG. 4. API of the IDM for different photon numbers, n = 1 [blue
(dark gray) line], n = 5 (black line), and n = 120 [red (light gray)
line]. ¥ =20, |a|> = B> =0.5, » =2, g =0.0016 and A =0
(energies in units of wy).

small (n = 1,5) and large (n = 120) photon numbers with
kK = 20.

VII. CONCLUSIONS

We have applied the perturbation method to both the two-
photon and intensity-dependent Rabi models, determining the
eigenvalues and the corresponding eigenstates to the second
order in the parameter g/w. Based on this analysis, we have
calculated the time evolution of the product of a photonic and
an atomic state |m)|r). We have utilized this result to derive
the expectation value of the atomic population inversions, the
latter including all the physical parameters embedded in the
Rabi Hamiltonians, as well as the phases and amplitudes of the
initial states |D(m,n)) representing the superposition of two
atomic states with appropriate photon numbers.

Our analysis highlights a strong similarity between TPM
and IDM (with finite «) as far as the eigenvalues, the
eigenstates, the time-evolved state |D,(m,n)), and the API
(S3(¢)) are concerned. For large values of « the diversity
of the two models appears both in the second-order energy
contributions and in the oscillating-term amplitude of
(S3(7)). Note that our results depend on significant physical
parameters such as (i) the frequency ratios wgy/2w or wy/w
in the TPM or IDM case, respectively, controlling the near-
and far-resonance regimes, (ii) the phase difference A8 in the
atomic components of |D(m,n)), and (iii) the fractions |a|>
and |B|? of the atomic populations. Our perturbative analysis
then offers a scheme in which the explicit dependence on
the model parameters favors the experimental study of their
interplay and of the influence on the time evolution of the
system (for example, through the API).

Finally, the results about the IDM provide new information
concerning the dynamics of the waveguide superlattices
mentioned in the Introduction, the link between the latter
and the IDM being obtained for k = 1/2. In this case, the
Schrodinger problem of the IDM coincides with the dynamical
equations of waveguide superlattices.
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APPENDIX A: TIME EVOLUTION OF UNPERTURBED ENERGY EIGENSTATE FOR THE TPM

To determine the formula describing the time evolution of a generic state |m)|r) including second-order corrections, we exploit
the completeness of the energy-state basis {| E(m,r))}. This allows one to represent the identity operator as

=D IE@s))E®m.s),

n

and thus to describe the time propagation of |m)|r) by means of
e m)|r ZZ@"E(“” (E(n.s)lm)|r) |E(n.s)).

Within the second-order approximation the eigenstates are given by
|E(n,8)) = R(,5)(| Eo(n,5)) + €| E1(n,5)) + 7| Ea(n,5))),
where the normalization factor
R(n,s) = 1/(1 + &*(E\(n,9)| Ex(n,5)))'/?
has been included, and the eigenvalues are
E(n,s) = Ey(n,s) + 82E2(n,s).
Then, by defining |, (m,r)) = e~ 7*|m)|r), one finds

. 2 2
[, (m,r)) = e—’”m*”’{|m>|r> + e|Ei(m,r)) + &*| Ex(m,r)) — %[qz(r)(”;) +cﬁ<—r)(’"2+ )}|m>|r>}

1 1
1 —iE(m —r m+2 2 —iE(m—2,—r m\?
+8—|:e E(n+2. ”q(—r)( ) ) lm +2)| —r) — e 'Em=2 )’q(r)<2> |m—2)|—">]

V2
1 1
1 —IiE(m —r m+2 ? —iE(m-2,—r m :
+szﬁ[e Emt2, ”q(—r)( ) ) |Ei(m +2, —r)) — e E2 ”q(r)(z) |E1<m—2,—r)>}
\/Ea) » m+4 : _; _ m :
82?30[6 ’E(m””)’q(r)( A ) lm + 4)|r) 4+ e~ E™ 4’r)t4(—1’)<4> |m—4)|r):|. (AD)

The final form of this state, where the contributions relevant to the first and the second perturbative order are grouped in separated
terms, is given in Eq. (18).
APPENDIX B: TIME EVOLUTION OF STATES |D(mn,n))

The evolved state (A1) is the basic element for determining the time evolution of the initial mixed state (20). This, in turn,
allows one to calculate the time behavior of the API for the TPM. The time evolution of state (20) is described by

|De(m.n)) = e~ (@ln)|1) + Blm)| — 1)) = a(A(n,0)ln)| + 1) + Bo(n.0)|n +4)| + 1)
+B_(n,0)ln —4)| + 1) + Co(n,0)ln +2)| = 1) + C_(n.0)ln — 2)| = 1)) + B(A'(m,1)|m)| — 1)
+ B\ (m,0)lm +4)| = 1) + B_ (m,0)lm — 4)| = 1) + C\.(m,0)|m +2)| + 1) + C_(m,0)|m —2)| + 1)),  (BI)

where

A(I’l,t) — e—iE(n,l)t{l _ 82[%((]2(1)(’;) +q2(_1)<n —; >>:| [ 1)<n —2i_ 2>ei(wo_2a))t +q2(1)<’;>ei(wu+2w)t} },
A1) = eiE(’"’l)f{l - 82[% <q2(—l)<';) + q2<1)<m N 2))} te —[ 2(1)(’" ; Q)e“wo”wﬁ
+q2(_1)<’;>ei(—wo+2w)t:| }’

Vo wy n+24+2 ‘

Bi(n,t) = ¢’ ~— w" PR D ( A >[q(;1)eiz4wr+q(i1)],
Jéwo _ m+2+2 .

Bl (m.1) = &% == e Fm ( A )[q(il)ei’4’*”+q(:F1)],
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& —iE(n n + 1 Zl: 1 2w o
Ci(n,t) = F5¢ B2, (1) ( 5 )(ei ot _ glenty,
e . m+1=+1 . .
C' 1) = —iE(m£2,—1)t + +i2wt _ ,—iwpt )
+(m,t) ﬂFﬁe q(x) ) (e e ')

APPENDIX C: TIME EVOLUTION OF STATES |m,r) AND |D(m,n)) FOR THE IDM

The time evolution of a state |m,r) is driven by the IDM Hamiltonian. Its time evolution can be calculated along the same
lines followed to obtain state (18) for the TPM. The details of this calculation are reported in Appendix A, leading to formula
(A1). With a long but straightforward calculation the evolved state |¢;(m,r)) = e~#'|m,r) is found to be

| (m.r)) = e~ EIL + 2V, (rome) + 2V, (r.m e)]|m) )
+ &7 F I G (romg)lm — 2)|r) + e T (rm ) |m + 2) )]
+pe D] — e EARITLEON g 1) f (m)|m — 1)] = r)
— e I — e oA =g () f(m 4 Dim 4+ 1)] = 7). Cn
where
Vi(rum.e) = q*(r) f2(m)(e@Frev= e AL,

‘Z/(r,m,s) — q2(_r)f2(m + 1)(e—i(w—rwo—EZAEz(m+1,—)‘))[ _ 1)’

0y(r,m.,) = - [;”—c‘;(mr)ezm e ITARI20 G () q(—r)q(r)e“w’“’“*““z(ml-ﬂ,

U(r.m.e) = fus1 [;0—°<q(—r)e2fw’ e AR (1) — q(r)q(—r)e"“’*“"”‘eZAEZ(mH’_r»z]’
w

with x,, = f(m + 1) f(m), and
AE(nxq,—r)=Ex(nxtq,—r)— Exn,r)

[see formula (25)]. Once more, we observe that, within the second-order approximation, the energy eigenvalues are given by
E(n,s) = Ey(n,s) + 2 E»(n,s). Interestingly, we note how, in spite of the different algebraic structures characterizing the IDM
and the TPM coupling, the time-evolved state (C1) exhibits the same structure of the two-photon counterpart (18).

APPENDIX D: ATOMIC POPULATION INVERSION FOR THE IDM

The formula describing the time evolution of the API for the IDM is readily derived by using the time-evolved state
|D,;(m,n)) = e "M |D(m,n)) = e "H(a|n)| + 1) + Blm)| — 1)) and states |¢,(n,r)) = e~*# |n)|r) given by formula (C1). We
then obtain

(Dy(m,n)|S3| Dy (m,n)) = %|o5|2<|A|2 —CP—IC )+ @GC;F +[CLP— AP+ (? Qo +c.c.),
(D1)
where
Q= AC, (nlm+1) + AC_(nlm — 1) — A'Cy(n + lim) — A'C_(n — 1|m)
and

An.1) = e UL = (@7 () () + g2 (=D f2(n + 1) = (=D f2(n + D™ — > (1) f2(m)e 1),
Al(m.t) = e FTL = 2[(g* (=D f2m) + (D) 2 + 1) = * (D) f20m + De™ T — g2 (=1) f2m)e =]},

Bi(n.t) = 2"V fn £ ) f(n + 1% 1){ ;”—j)[q(—l) +q(+1De™ ] — g(1g(= e }

Bi(m.t) = e?e "D fon £ 1) f(m + 1 £ ”{%Wi” +q(FDe™ ] — q(l)q(—l)e—”wm},

Ci(n,t) = +e e HECMFD (Qil@FO) _ g(x1) f(n+1/2+1/2),
Clo(m,t) = Fe e "EMD(emi1@0E0) _ 1)g(£1) f(m +1/24+1/2).
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By means of straightforward calculations the API (D1) takes the final form

_ _ el = 18P
(S3(1)) = (Dy(m,n)|S3|D;(m,n)) = —

— 4g? [(|oc|2 — 1BPG(=1) f2(n + 1) sin? (“’ _2“"%)

+g2(1) sin? (#t)ﬂaﬁﬁ(n) — 1BPf A+ 2))}

+ {ga*ﬂe—i(a)—wo)le—[ngEg(n-Fl,—l)tq(_l)f(n + 1)2[1 _ ei(w—wo)t] + C.C.}, (D2)

with AE;(n+¢q, —r) = Ex(n £ ¢q, —r) — Ex(n,r) [see formula (25)], r = 1, and ¢ = 1. It is worth noting how these time-
dependent quantities exhibit the same form characterizing the analogous quantities of the TPM case defined below Eq. (B1).
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