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Abstract: We analyze periodically modulated quantum systems with SU(2) and SU(1,1) symme-
tries. Transforming the Hamiltonian into the Floquet representation we apply the Lie transformation
method, which allows us to classify all effective resonant transitions emerging in time-dependent
systems. In the case of a single periodically perturbed system, we propose an explicit iterative proce-
dure for the determination of the effective interaction constants corresponding to every resonance
both for weak and strong modulation. For coupled quantum systems we determine the efficient
resonant transitions appearing as a result of time modulation and intrinsic non-linearities.
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1. Introduction

Effective transitions in time-dependent quantum systems have been extensively stud-
ied since the classical paper [1], later generalized in [2,3], and widely applied for the
description of atomic dynamics in external fields [4-16] and in more involved periodically
perturbed quantum systems [17-23]. Effective transitions are described by operators that:
(i) Become time-independent (resonant) in an appropriate reference frame under certain
relations between the system’s frequencies (resonant conditions); (ii) are not present in
the original Hamiltonian; and (iii) disappear in the rotating wave approximation (RWA).
Such resonant terms (later referred to as resonances) naturally appear in the effective
Hamiltonian in the weak interaction limit where the counter-rotating (CR) contributions,
rapidly oscillating in any reference frame terms, are perturbatively taken into account. The
most famous examples of time-dependent systems with an infinite number of effective
resonances are the Rabi model in classical field [1-3] and the parametric quantum oscil-
lator [24]. Even in these simplest systems, where the Hamiltonian is a linear form on the
SU(2) and SU(1,1) Lie algebras, it turns out that the general expressions for the effective
interaction constants and the frequency shifts in the vicinity of each resonance, are not easy
to obtain.

The situation becomes even more complicated when two coupled quantum systems
are subjected to time-dependent periodic perturbations e.g., as in the quantum Rabi model
with modulated coupling and/or frequency. In these types of models, CR terms (in the
absence of external fields) are responsible for several physical effects such as: Multiphoton
atom-field interactions in the Rabi model [25,26], an improvement of a qubit photodetector
readout [27], the excitation of several atoms by a single photon [25,28], and several other
effective processes now experimentally achievable in solid state circuit quantum electrody-
namics (QED) setups [29-32]. An additional periodic excitation makes the situation even
richer, leading to e.g., the enhancement of CR interactions in the Rabi model [16], the gen-
eration of specific non-classical photon states [17], the emergence of non-linear spin-boson
couplings [18], the appearance of quantum to classical phase-transitions [19], lasing with a
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single atom [20], simulation of the anisotropic Rabi model [21], or the dynamical Casimir
effect [22].

One of the possibilities to construct a perturbation theory that unveils the effective
resonant interactions, is the Lie transformation method [33,34]. Such a method consists
in order-by-order elimination of CR terms by a specific set of transformations, whose
particular form directly follows from the algebraic structure of the original Hamiltonian [25].
The advantage of this approach consists in a rather simple and systematic procedure for
obtaining the general form of effective resonance terms and the order of the corresponding
effective coupling constants.

The aim of the present paper is to provide a systematic approach to the analysis
of effective resonant transitions in quantum systems obeying the SU(2), SU(1,1), and
H (1) symmetries with periodically modulated frequencies and/or coupling constants. We
construct the Lie-type all-order perturbation theory allowing to determine the order of
every possible resonance that may emerge in the effective Hamiltonians. We consider
both single and coupled quantum systems and determine the efficient resonant transitions
emerging as a combination of the time modulation and intrinsic non-linearities, especially
relevant in interacting systems.

In Section 2 we outline the Lie transformation method in an example of a single
periodically perturbed SU(2)/SU(1,1) system and provide not only the order of the
effective resonance terms [35] but the explicit iterative procedure for determining the
effective interaction constants both for the weak and strong modulation. In Section 3 we
analyze coupled time-dependent quantum systems and discuss types of efficient resonances
proper to different symmetries of the interacting systems.

2. Single Periodically Modulated Quantum System
2.1. General Settings

Let us consider a quantum system described by the following time-dependent Hamil-
tonian (the case where only the frequency of the system is modulated is considered in
Section 2.4),

Hy(t) = wXo + 280 cos(vt)Xo + 2g1 cos(vt) (X4 + X-), w,v >0, (1)
where the operators X4, X, satisfy the following commutation relations:
[Xo, X+] = £X1, [X4, X | = £2X,, )

the signs =+ correspond to the SU(2) and SU(1,1) algebras respectively. In the interaction
picture the Hamiltonian takes the form:

Hint£(t) = 80 (eiw +€_M)Xo ®)
¢ (e”<w+’f>fx+ ity 4 h.c.), @)
where the terms ~ ¢/(“"V)!X_ + h.c. become time independent if w = v and corre-

spond to the principal resonance, while the counter-rotating (CR) terms ~ cos(vt)Xy
and ¢/ (W)X, 4 h.c. rapidly oscillate for any relation between the frequencies.

The CR terms are neglected in the zero-order approximation when g; ~ g9 < w, v
(RWA) and the Hamiltonian (3) and (4) acquires a simple form:

Hipte = g1 (ei(w_v)tX+ + h.c.).

In the opposite limit, g; < gg ~ w, v the zero-order approximation gives the diago-
nal Hamiltonian: ' ‘
Hine+ ~ 80 («‘?m + fwt) Xo,
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characterized by a trivial dynamics. The CR terms in (3) and (4) lead to the emergence of
non-trivial resonant transitions, not explicitly present in the original Hamiltonian. It is
well known that in the case of H(1) symmetry, X, =a', X_ =a, Xy = a’a, no resonances
additional to the principal one ~ ae/(“~")! appear.

In order to develop the Lie-perturbation theory that allows to describe all possible
effective resonances both in the limits gp; < w,v and g; < go ~ w, v, we introduce the
Euclidean algebra operators E, EY,Ey, obeying the commutation relations:

[Eo,E] = —E, [Eo, EY] = ET, [ET,E] =0, (5)

where EYE = EE' = I. Then, the Hamiltonian (1) can be put in a one-to-one correspon-
dence with the following time-independent (Floquet) form [35]:

HL = wXo+vEy+go(E+E")X

+g1(E+E') (X4 + X0), ©)

where the Euclidean operators (E, ET, Eg) describe a “classical” field interacting with the
X-system. The time-dependent Hamiltonian (1) is recovered from (4) by transforming it to
the frame rotating with the “classical frequency” v,

Hhw = go(e"E"+e ™ E) X
o (eif(w+V>E+ X, +elt@EX, + h.c.),

with a subsequent averaging over the eigenstates of E, E' operators (phase-states), E|¢) =

e ),

e*’”‘l’ n) 7
where Ep|n) = n|n), and setting the initial phase ¢ = 0 without loss of generality. The CR
terms are now identified with ~ (E 4+ E') Xy and ~ (EX_ + ETX ).

2.2. Effective Hamiltonian, g1 < w,v

We start with the most complicated limit gy ~ g1 < w, v, when the contributions of
diagonal and non-diagonal CR terms in (3) and (4) are of the same order. The CR terms
appearing in the Floquet Hamiltonian (6) can be removed order-by-order by applying a
set of Lie-type transformations according to the general scheme [25,33,34] as shown in

Appendix A.
The common feature of all of these transformations (small rotations) is their form:
(k) _ (k)
v, = (Z0-2Y), ®)

where ¢ < 1 are some appropriate small parameters, under the condition that the Hamil-
tonian, which is transformed by (8), should contain the term Z(gk) such that {Zék), Zf)} =

j:Zf ). The resonance expansion is obtained as a power series of the small parameters g
and only contains terms that become time-independent in appropriate reference frames.

The resulting resonance expansion in the leading order in each effective coupling
constant gj€y has the form:

[e0]
HﬁEi ~wXg+VvE + g1 Z €4k (Ek+1X+ + Ek+lx_), )
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where @ is a modified X-system frequency, €19 =1,
Bi(asq,a40,...,a
k( +1,04+2 :tk) (10)

eik = k' 4

where:
agp = —v (k= 1)thyy,

and Bi(aiq,a49,...,a4 ) are the complete Bell polynomials [36], and the constants /. are
obtained recursively according to h11 = go, hip = £2¢7/(w +v) and:

2
he@er2) = T3, :((zkk+ 2 ) (11)
1 k
S w+ (2k+ 1) n;l Pesmhs 22-m)s
1 k
ha (2k41) T m;1 himh t (k4 1-m), (12)
for k = 1,.... One can appreciate that e is a k-th order homogeneous polynomial &(¥)

(A5) on some small parameters € ~ go1/l.c.(w,v) < 1, where l.c.(w, V) represents non
zero linear combinations of w and v for any relation between the frequencies.

The resonance expansion (9) contains all possible effective resonant transitions that
may emerge in (6) and indicates that such transitions happen only at (k + 1)v = @, where
the case k = 0 corresponds to the principal resonance present in the original Hamiltonian.

In principle, the effective Hamiltonian, describing the system excitation in the vicinity
of every particular resonance, should still be obtained from the resonance expansion (9) by
removing all of the other resonances. However, as is proven in Appendix A, the elimination
of all terms in (9) that become non-resonant under the condition w =~ (k + 1)v does not
change the leading order of the effective interaction constants g€, thus the effective
Hamiltonian has the form:

F ~ ~

164k (Ek“X+ 4 Ef k“X,). (13)

The effective X-system frequency @, (1) includes small shifts that should be taken into
account up to the order of the coupling constant g1€., which determines the width of the
corresponding resonance.

The evolution operator corresponding to the effective Hamiltonian (13) under the
resonance condition @ 41y = (k+1)v is:

Ui(t) _ efivt((k+1)X0+E0)efitgleik(Ek“X++E*k+1X,), (14)
and can be disentangled in the standard way. Using (14), the evolution of any observable
can be computed without returning to the time-dependent frame. This is achieved by
transforming the corresponding X-system operator with (14) and averaging the result over
the phase states (7). Strictly speaking, the evolution operator should still be transformed
with all the transformations of the form (8) used for removing non-resonant terms in order
to obtain the effective Hamiltonian (13). Nevertheless, since the transformations (8) are
time independent, they lead only to small modifications of amplitudes and can be neglected
in the first approximation. For instance, the evolution of X operator in the resonance
@+ (k1) = (k+1)v can be easily found using (14),

i
Xo(f) = X()C(ngleik) + E(X_ - X+)S(2tg1€ik),
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where C(x) = cos(x), S(x) = sin(x) for the su(2) algebra and C(x) = cosh(x), S(x) =
sinh(x) for the SU(1,1) algebra.

The frequency shifts for the lowest resonances can be easily found by a direct applica-
tion of the transformations given in Appendix A. In order to obtain @ ;1) for the highest
order resonances the following procedure can be applied: The effective Hamiltonian (13) is
unitary equivalent to (6) up to k-th order on some small parameters. In other words there
exists a unitary transformation of the form:

O+ = exp{(lxl —ay)Xo+ BaXy — ﬁle}/ (15)

where

as(E) =Y ayE/, B+(EE")=Y byE +cyEY, (16)
j=1 j=0

such that under the condition w ~ (k + 1)v:
OlHFO:t = Hi(k+1) + O(E(k+l)>.

Taking into account the form of the perturbative action of transformations of the type (15)
on the Hamiltonian (6), as discussed in Appendix A, we realize that every coefficient in
(16) can be expanded in a series on some small parameters to be determined:

m T, "

2m+2)

here x.; = ayj, bij, c+j, except for big=cqo = Zb(i"é), with bg:é) ~ ¢l . In general,

OLHFOi = Ai (“i/ (Xl, ,B:EI ,BL)XO + VEO

1By (zxi, ot B, /31) X, +he, (18)

where the operators A+ and B4 can be easily found, see Equations (A11) and (A12) in
Appendix A.1. Expanding A+ (a4, al, B+, B.) and B+ (ay,al, B+, Bl ) in series according
to (17) and equaling to H. 411y up to ¢®) one can, in principle, determine all needed
xg_f;), m < k and eventually find @, ;.1 (see Appendix A for an explicit example). This
procedure is systematic and leads to immediate results for lower order corrections to the
frequency shift, but it becomes cumbersome for computing the higher order contributions.

2.3. Examples
2.3.1. Semi-Classical Rabi Model

The semi-classical Rabi model describes the evolution of an S-spin system in a periodic
field and the corresponding time-dependent Hamiltonian has the form:

Hy(t) = wS; +2g(5- + S+ ) cosvt, (19)

where S, + are generators of the 25 + 1 dimensional representation of the su(2) alge-
bra, with:
[S2,S+] = £S5+, [S4+,5-] =2S,.

The Floquet form of (19) is:

HE = wS, +vEy + g(EJrS, + h.c.) + g(E+S+ + h.c.),



Quantum Rep. 2021, 3

178

where Ey, Et, E are the generators of the Euclidean algebra (5). The Hamiltonian (19)
corresponds to go = 0in (4), so that h +(2k+1) = €4(2k+1) = 0, and thus only odd resonances
in (9) survive,

Hhp, = @S, +vEo+g Y € n (E?—k“s+ + h.c.),
k=0

where € 5 are given in (10) and @ is the shifted atomic frequency. In the vicinity of the
resonance w ~ (2k + 1)v, the effective Hamiltonian takes the form:

Hi(Zk-&-l) R @4 (ok11)Sz + VE + 84 (2k41) (}Ez"“SJr + h.c.).

The spin frequency shifts 0w, (o5 11) = @4 2k41) — W + O(eZ+1)) and effective cou-
plings g (2x+1) are givenin Table 1 for k = 0,1, 2.

Table 1. The frequency shifts 6w (pry1) = @4 2pp1) — @ + O(e+1) and effective couplings
8+ (2k+1), k = 0,1,2 for the semiclassical Rabi model in terms of the small parameter ¢ = g/ w.

Interactions 8eff 5w+(2k+1)
ESy +hec. g ge
E3Sy +h.c. —9g¢? 38e+0O(%)
5
E5S. + hec. %(%) get 2—65g£< - %£2> +0(&%)

2.3.2. Quantum Parametric Oscillator
For the quantum parametric oscillator,
2 2
H_(t) = % + w?(1+ 2y cosvt)%,
corresponding to go = g1 = § = wy/2, and X4 — K4 = at2/2, X_ — K_ = a2/2,
Xo — Ko = (a'a+aa')/2 where , K+, Ky are generators of the SU(1,1) algebra, the
expansion (4) is reduced to:

[e0)
HE: = @wata +vEy + % Y ek (a*z}s"+1 + h.c.),
k=0

where e_j are given in (10). As in the classical case, the effective couplings corresponding

k+1

to resonances at 2w =~ (k + 1)v are proportional to ~ w(g/w)"" " and:

Hf(k+1) R @ (418 8 +VEo + 8 (k1) (Ek“a’r2 + h.c.).

The oscillator frequency shifts dw_ (1) = @_ 1) —w + O(e**t1) and effective
couplings are given in Table 2 for k = 0,1, 2.

Table 2. The frequency shifts 6w _ 1) = @_(41) —w + O(e*+1) and effective couplings & (k+1)s
k = 0,1, 2 for the parametric quantum oscillator in terms of the small parameter ¢ = g/w.

Interaction 8eff Sw_ (k+1)
Ea*? + h.c. %g —%ge
E?2a™ + h.c. —ge —4ge+0(e3)

E3a'2 4 hec. 8l ge? —3ge+0O(e3)
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2.4. Effective Hamiltonian, g1 < go ~ w, v

The situation is less involved in the limit g1 < g9 ~ w, v if the expansion of the
effective coupling constants is restricted by the leading order in the expansion of the
effective coupling constants. Applying the transformation:

— (gt _
V = exp [ - (E E) XO}, (20)
where € = 2g( /v, to the Hamiltonian (6) the following expression is obtained:
2
Hiy = wXo+vEy— % Y (=1 ki (e) (EkX+ + E*kx_)
k=1

4281 Y kJi(e) (E*kx+ n Ekx_), 1)
€ =1

where J(€) are the Bessel functions. Removing all CR terms in (21) in the weak interaction
limit g1 < w, v, results in the following resonance expansion:

Hige = wXp+ I1+(€)Xo+vEg

—% Y (= 1)*kJi(e) (Ekx+ - E*kx,) (22)
k=1
where g, = ¢1/(w + kv) and:
Ii(e) = isg% Y elkPTi(e). (23)
k=1

In the vicinity of each resonance w ~ mv, the effective Hamiltonian takes the form:

2
Hogfam ~ @Xo+ Le(€)Xo + vEg + S (=1)" mu(e) (E"X, + EMX_), (24

where the frequency corrections,

16810 g KJEe) , Sgim)ule)
e H Wk e(w+my)
k#m

Iim (5) = (25)

appear as a result of eliminating all the other transitions in (22).

2.5. Modulated Quantum System with Intensity Dependent Coupling

Our approach can be easily extended to Hamiltonians non-linear on the algebra
generators when only the frequency of the system is modulated. Let us consider the
following Hamiltonian:

Hi(t) = w[l+4ycos(vt)]Xo+ Hiy (26)
Hipe = g[X4f(Xo) + f(Xo0)X-], (27)

where f(Xj) is a function of the “diagonal” operator Xy, in the strong modulation limit,
w7y < v. The interaction Hamiltonian in (27) describes a wide class of quantum optical
systems as atom-photon interactions, parametric processes [37-40]. It is clear, that only
assisted transitions, i.e., induced by the external field, can be generated by (26) due to the
presence of the term wXj.

Applying the transformation:

V = exp E (E* - E) XO], (28)
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where € = wvy/v < 1 to the Floquet Hamiltonian corresponding to (26):
HE = wXo + vEy + %w'y(E +E) Xo + g[X+.£(Xo) + f(X0)X-], (29)
we obtain the following exact expression:
VHEVT = wXo+vEy + gJo(e)[ X4 f(Xo) + f(Xo)X_]
+gk21]k(e) [(E™ + (—1)FE) X4 £ (X0) + hc.. (30)

The Hamiltonian (30) contains all the possible resonances ~ E¥X f(X;), along with
CR terms ~ E'*X, f(X;), which can be perturbatively eliminated in the weak coupling
limit, ¢ < w, v, by a set of transformations:

Wi = exp (enhn(€) [P X f(Xo) ~ FRQE"X. ).

where ¢, = g/ (w + mv) < 1. This leads to corrections of order ¢(!) ~ ¢/l.c.(w,v) in the
2

frequency, and (2 ~ (8(1)) in the coupling constant, and, in addition, to new CR terms

of the form eV (E* + h.c.)K+(Xp)), where:

K+ (Xo) = £2X0f2(Xo) + X, X_ (fZ(XO —1) - fz(Xo)),

which can be also removed with an appropriate transformation. As a result we arrive at
the following resonant expansion:

Hbr. ~ @Xo+vEy+ gl(e)K+(Xo)

+8 i (=1 k() (EkX+f(Xo) + h.c.), @31)
k=1

where @ = w(1 +0(eM)) and:

= w+ kv (32)
The expansion (31) is similar to (9), exhibiting possible effective resonances at w = kv.
However, the non-linear term ~ gs(l)Ki (Xp) generates an intensity dependent frequency
shift, which makes the resonances with k 2> M, where Jji(€) ~ I(e) inefficient.
It is easy to find that the effective Hamiltonian in the vicinity of m-th resonance,
w ~ mv, m < M, has the form:

H:lf:m ~ @wXy+VEy “l‘gfm(e)K:t(XO)

+(=1)"gJm(e)(E" X+ f(Xo) + h.c.), (33)
where ) . 5
In(e) = LI&EG) +2gw kZl wzjk_(?zvz + w]rj—(j;zv (34)
K

It is worth noting that in the weak modulation limit, € < & < 1, only the first resonance
w = v survives in the non-linear case, since the effective coupling is of the order of the
intensity dependent shift,

2
w
HE, ~ wXo + vEy + %Ki(XO) - ngv (EX1f(Xo) + f(Xo)ETX- ). (35)
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Observe, that in the particular case, f(Xy) = 1, the resonant expansion for linear
Hamiltonians is recovered. For instance, for the Dicke model [15],

H = wy[1 + ycos(vt)]S; + g(S+ +S-). (36)

in the strong modulation limit, wyy > g, the resonance expansion has the following form:
2
HgEzwosZH%]o €)S. +g2 (Ek5++hc)

3. Two Periodically Modulated Coupled Quantum Systems

The application of Lie transformations in order to determine the effective interaction
constants, corresponding to effective resonances emerging in the case of two coupled
and periodically modulated systems, becomes a quite involved task. We will analyse the
situation where the coupling between the systems is significantly smaller than the bare fre-
quencies of both systems. Thus, for consistency, all CR terms in the interaction Hamiltonian,
appearing even in the absence of time-dependence, should be taken into account.

Let us consider two interacting quantum systems, X and Y in dipole approximation,
where the frequency of one of those is harmonically modulated. The corresponding
Hamiltonian is:

H(t) = wp[l 4+ ycos(vt)]|Xo + w1 Yo + §(X+ + X ) (Y+ +Y-), (37)

where the operators describing X or Y systems can be from SU(2), SU(1,1) or h(1) algebras.
The commutation relations have the following generic form:

[X+, X,] = Px(XO) = vx¢x(X0)r [Y+,Y,] = Py(YO) = Vy¢y(Y0)r (38)

where ¢.(Zyg) = Z+Z_ is a second degree polynomial for SU(2) and SU(1,1) algebras, and
is a first degree polynomial for the Heisenberg-Weyl algebra (1); the discrete derivative is
defined as:

Viuzz(Zo) = ¢2(Zo) — ¢=(Zo +n)

where n € Z.
The resonance expansion in the limit of strong modulation, wvy < v and weak coupling,
g < wy is obtained in Appendix B and has a generic form:

HEr ~ woXo + w1 Yo + vEg + gK(Xo, Yo) + Hipt, (39)

The intensity dependent frequency shift K(Xj, Yy) explicitly given in (A28)-(A31),
leads to the inhibition of higher-order transitions in X and Y systems. For the considered
symmetries /1(1), SU(2), and SU(1,1), the effective interaction Hamiltonian H;,,; has the
following structure:

Hipy = Z Z ank nk ’

=1m=0n=

where H,SZO are given in Appendix B.
The form of the intensity dependent shift K(Xp, Yy) (A28)—(A31) depends on the
degree of the polynomials ¢ (Xp) and ¢, (Yp):

(i) Both X and Y systems are described by the /(1) algebra. In this case K(Xp, Yp) is a
linear form on Xy, Yp;

(ii) One of the systems is described by /(1) and another by SU(2)/SU(1,1) algebra. In
this case the leading term in K(Xj, Yp) is a second degree polynomial on Xj and Yp,
and the first correction is of a third degree one;

(iii) The leading term in K(Xp,Yp) is a third degree polynomial if both systems have

U(2)/SsU(1,1) symmetry.
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3.1. Modulated Quantum Parametric Amplifier

Let us start with a non-degenerated parametric quantum amplifier with modulated
frequency [41], described by:

H(t) = wy(1+ ycos(vt))a'a + wyb'h + g(zfr + a) (b* + b). (40)

In this case Xy = a', X_ = a, Xo = a'a, Y, = b', Y_ = b, Yy = b'b and no intensity
dependent shift (A28) (A31) appears in the resonant expansion:

t, bt A — 2 t + (3) ___ &8
K(a%a,b'b) gkgl)sk]k(e)@ a+b b—|—1)+O(£ ), ek pr—
since ¢(ata) = a'a and V¢(ata) = 1. The resonance expansion (39) is reduced to

the following:

Hie ~ (wa—gl(e))a'a+ (wy — gly(e))b'd (41)
+gJo(e€) (ab* + h.c.) +g Z Ji(€) [(E*k + (—1)"Ek)ab+ + h.c.}

+g Z Jk(€) (E*kab + h.c. ) +9 Z ( E’Lka2 + s( )( )Eﬂ‘b2 + h.c.),
k=1

where I(€) is defined in (32) with w = w,; + wy, and:

éVe)~ g Y (_1)k+l]l(€)]l+k(€)/ £V(e)~ gy Ji(€)Ji1x(€)

= wetwytlv lzowa+wh+lv'

The effective two-photon resonances have a significantly smaller width than the
assisted transitions already present in the Hamiltonian (40), ab*, ab. The effective Hamil-
tonians describing the principal, ~ ab and side-band ~ E™*ab*, Efab®, E*kab transitions
acquire a frequency correction of order O(¢?@) in the vicinity of each resonance. However,
the frequency shift and effective coupling constant in the vicinity of two-photon transitions
2w, ~ kv (obtained by removing all the other resonances) are significantly modified. The
frequency shift takes the form:

Toy(e) = zg“;b a]O 2 wa + @) ooy Jale) (wb,az_ Wap) (12)
wg =1 (wyq + wy)? — n2v2 i1 (wg — wy)™ — n?v?

where the values of the summation index satisfying |w, £ wp| = nv are excluded.
For instance, in the case 2wy, =~ vy w,; = wy/2, the effective Hamiltonian:

Hepr ~ wo(1 = Io(€))ata+ wy(1 — I, (€))b™b + vEo + geff (ElfL2 + E*bz), (43)

where:
Ji(e)Ji41(€) (44)

~ 2020 )
Seff = 2g°wy, l;()(Zl + 1)603 — (wb n l1/)2,

describes the b-mode squeezing.

In Figure 1, we plot the time-averaged transition probability |(0,,05|U(t)|04,2;) %,
where, for ¢ = 0.1, wy = 10, and € = 0.9, the value v = wy;, — I, ~ 20.0011 is obtained,
which perfectly coincides with the numerical calculations.

In Figure 2, we compare the exact evolution of the average photon number in the b-
mode, starting with the initial vacuum state |0,, 0,) with the results of analytical calculations
using the effective Hamiltonian (43),

(b™b) app ~ sinh? <2gefft). (45)
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Figure 1. Time averaged transition probability |(0,, 0, |U(t)|04,2;)|? as a function of the modulation

frequency v generated by the time-dependent Hamiltonian (40); v ~ 2wy, wy, = 10, ws = wy/2,
g=01ande=09.
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Gesrt
Figure 2. Evolution of the average photon number in mode b for the initial vacuum state in both
modes in case of effective two-photon transition, v ~ 2w, where wj, = 10, w, = wp/2, g = 0.1, and
€ = 0.9. The solid (blue) line corresponds to the analytic approximation (45), the dashed (black) line
results from numerical calculation with the Hamiltonian (40).

3.1.1. Dicke Model with Modulated Frequency

The dynamics of the quantum Dicke model, describing the interaction between an
effective S-spin system and a single mode of a quantized field with harmonically modulated
atomic frequency [16,17,20,22,42] is governed by the following Hamiltonian,

H = wp[1 + ycos(vt)]S; + wiata + g(a* + 11) (S++5S-), (46)
where ¢ < wp and, 0 < € = wpy/v < 1, which corresponds to (37) with X4 = S4,
Xo = S;and Yy = a', Y_ = 4, Yy = a'a. In this case the intensity-dependent shift

(A28)-(A31) takes the form:

K(S,,ata) = geM(e) (S% —+ <1 + 2a+11) SZ) +e®)(e)(ata)?s, + 0(8(3)),
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k) ok

~ &

where & ,e~g/lc.(w,v) < 1, are some homogeneous polynomials on the Bessel
functions Jx(€), 0 < € = wpy/v < 1 (A32). In particular, (i) the dynamic Stark shift term
~ s]({l) (€)a’aS; suppresses all transitions between the field and the atomic system with
an exchange of more than one excitation; (ii) the atomic Kerr term ~ sgcl) (€)S? does not
allow to efficiently absorb more than one excitation by the atomic system; and (iii) the field
Kerr term ~ s,((3) (€)(a*a)? makes the generation of more than four photons by the quantum
field inefficient. Thus, the resonance expansion containing only efficient transitions takes
the form:

Hip ~ woS:+wia'a+vEy+K(Sz,a'a)+glo(e)(aSy + h.c.)
+g Z Je(e) [(E™ + (~1)"EF)aS, + E¥a's, + hc|

+g 2 8(1) (EkS2 + h.c. )

+g 2 ey (€) (Efa®s, +he.) +¢ Z ey () (afs. +he). @)

3.1.2. Non-Symmetric Excitation of an Atomic System in a Vacuum Field

The resonant expansion (47) reveals the existence of effective processes consisting in
the excitation of two atoms in the symmetric configuration, described by:

gs(l}() (€) (E"S%r + h.c.).

However, this process is rapidly suppressed by the atomic Kerr term ~ S2, which is of the
first order on the small parameters. Thus, the symmetry of the atomic system should be
broken in order to render the two-atom excitation process efficient.

Let us consider the following generalization of the Hamiltonian (46) to the two-
atom case,

2
Z w; + gocos(vt))s,; + wea'a

+2 (a* + a) Z QiSi, 48)
i=1

of which the corresponding Floquet form is:
2

HY = Y wis,+wea'a+vE (49)
i=1

+g0 (E + E*) iszi + 2(11Jr + a) igisxi.
i= i

For simplicity, we also assume that € = go/v < 1. In this case we obtain a resonant
expansion, which up to the second order on the small parameters is given in Appendix B.1,
Equation (A33). Instead, the Kerr term Equation (A33) contains the spin exchange operator
S_1542 + h.c., which can be taken out of resonance under appropriate frequency conditions.
For instance, choosing;:

We = witw=xv,
g < |wy—wa,
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Imposing appropriate conditions on the frequencies all of the first order transitions in (A33)
can be removed thus arriving at the following effective Hamiltonian for the initial vacuum
field mode:

HgFff A 01871 + @2822 + VEo + gefp(Es 1842 + hc.), (50)

where @; = w; + gi(e1; + 61;) + O(e®)), € = g0/v, e1; = gi/ (we + wj), 61i = i/ (Wi — we),
and ey; = g;j/w.. The effective interaction constant is:

Seff = €(g1€12 + 2811 — 1612 — §2011).

The Hamiltonian (50) describes an effective excitation of two different atoms mediated
by a vacuum field in the modulated Dicke model [43].

In Figure 3, we plot the time-averaged probability of two-atom excitation
(01,02 |U(t)|11,12)|? from the vacuum as a function of the modulation frequency v, at
wy = 3w with wy =10, g9 = ¢1 = g2 = § = 1. The evolution operator U(t) is generated
by the exact Hamiltonian (48). The position of the resonance is well described by our
approximation, giving v = @1 + @, ~ 4wy — 104¢/ (105w ) = 39.90095.

1

(1

0 . . . .
39.89 39.895 39.9 39.905 39.91 39.91E

v

Figure 3. Time averaged transition probability |(01,0,|U(t)|11,15)|* as a function of the modulation
frequency v generated by the time-dependent Hamiltonian (48); v =~ wy + wy, w1 = 10, wy = 3wy,
and we = w1 +wrwithgo =91 =g =1.

In Figure 4 we compare the evolution of averages (s_1541) and (s_15_»542541), de-
scribing the excitation of the first atom and the joint excitation of both atoms [28], and the
corresponding approximate evolutions, generated by the effective Hamiltonian (50), for
the initial non-excited atoms and the cavity mode in vacuum |01,0;). The approximate
expressions, immediately following from (50),

<S_1S+1>upp = <S_1S,25+2S+1>upp ~ cos> (gefft)/ (51)

describe the dynamics of the observables fairly well for v = @1 + @y, wy = 3w1, we =
w1+ wywithw; =10,and go=g1 = =9=1
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Figure 4. Evolution of the averages (s_151) (above) and (s_15_35425+1) (below) for the initial non-excited atoms and

the cavity mode in vacuum [01,02); v = @1 + @2, wy = 3wy, we = wy +wy withwy = 10, and go = g1 = g2 = 1; the

continuous (blue) line corresponds to the numerical calculation for the exact Hamiltonian (48), the dashed (black) line

corresponds to the approximation (51).

4. Conclusions

Even the simplest periodically modulated quantum systems exhibit a rich resonance
structure captured by the expansion (9). This resonance expansion is obtained by a specific
Lie-type perturbation theory where the coupling constant is small with respect to the bare
system’s frequencies both for weak and strong modulation amplitude. In the framework
of this approach the order of each resonance, which determines the width of the related
transition, and consequently the Rabi frequency of corresponding oscillations can be found.
In the case of single modulated linear systems, we have been able to obtain the principal
contribution to the effective interaction constant corresponding to each resonant term.

Effective Hamiltonians, describing all possible resonant transitions, can be extracted
from the resonance expansion by establishing some particular frequency conditions. It was
observed that in the case of a single modulated system the order of effective Hamiltonians
in the vicinity of each resonance is exactly the same as that of the corresponding terms in
the resonance expansion.

The common feature of modulated linear (on Lie algebra generators, in our case SU(2)
and SU(1,1)) Hamiltonians is the absence of the dynamic Stark shift and Kerr-like terms
in the resonance expansion. Thus, all of the resonances appearing in this expansion are
efficient i.e., there are always frequency conditions such that the transition probabilities
between energy levels, described by the corresponding effective Hamiltonian, are close
to unity. In contrast, the effective Hamiltonians of periodically perturbed non-linear
quantum systems (effective as in Section 2.5) and coupled (as in Section 4), always contain
non-linearities that “select” the efficient transitions among all those present in the formal
resonance expansion. The present approach can be immediately generalized to quantum
systems with higher unitary symmetries, in particular, to multilevel atoms described by
generators of SU(N) algebra.
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Appendix A. Single Periodically Modulated Quantum System

Here we detail the procedure outlined in section for obtaining the higher order cor-
rections to the frequency closed to the k-th resonance. Expansion corresponding to the
Floquet Hamiltonian (6) by removing CR terms with adequate small Lie transformations
and keeping only the principal order on g1 < w, v.

The CR term g1 (E" X + h.c.) can be exactly eliminated by the transformation:

Vi = eXp{sil (E*X+ - EX,) } (A1)
where 5
_ 2
T(2e1) = — t (A2)

and T(x) = tan(x) for SU(2) case, [X4,X_] = 2Xp, and T(x) = tanh(x) for the case
su(1,1), [X4,X_] = —2Xp. The Hamiltonian (6) transformed with V. takes the form
Hy =V HEVE,

2
Hy = vEy+wiiXo+ g0 (E* + E) Xo + ﬁ (E+2 n EZ) Xo (A3)

2 Agq — &0 WitV

81 2 2 a1 13 3
—9g—=>—(E™X E“X_ e~ ——1)(E™X E°X_ ),
gowﬂ+u< +F )+2(Ai1 >( +F )

1
+& <1+ ) (EX+ +E*X,) 8 (x4 X))

where Ay = \/1 +4¢%/(w+v)? and wyq = (w +V)A4;.

The elimination of the CR term ~ X + X_ only produces corrections to the terms
already present in (A3), and thus can be neglected, since we are interested only in the
principal order of the effective interaction constants. On the contrary, the elimination of
the CR term ~ E*2X, + h.c. leads to the appearance of ~ E3Xy + h.c., ~ E*X, + h.c.and
~ E®X, 4 h.c., and in addition to the modification of the coefficient of ~ E3X, + h.c..
Such an elimination procedure of CR terms ~ f. (Eﬂ‘XJr + h.c.), k =1,2,... can be
systematically carried out by applying the transformations:

V:I:k = eAik, A:l:k = €4k (E+kX+ — EkX_), (A4)
with 2f
T(2 _ +k )
(2e4x) w + kv

An important observation should be made here about the order of fj and e_:

Fik ~ 8016V, e~ el

where e), is a homogeneous polynomial of order k on some small parameters g ~
g01/1.c(w,v) < 1,being l.c.(w,v) a linear combination of w and v,

(k) _ . . " s
e =Y g el (A5)
J1--s)s

where nj +---+n; =k, and ¢; ;i are real numbers.
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Once the principal orders of CR terms ~ (EJrkXJr + h.c.) are removed, we arrive at
the following form:

Hiy = @Xo+vE+g1 (EX+ + E*X_)

+ :21 m (E+k + Ek) Xo,

where @ is the system’s modified frequency. The couplings .y are obtained from the
following recurrence relations:

hi1 = 8o, fr1 =81,

fik 1) (k— 1)
hye = izé’lm 818
fork=2,...,and
1 2
frorsy = ng(hi(kH))
f:l: 2k+1—m) (2k)
_2 ot 2kt 1—myy 8
_ f@k—m) (2k—1)
fo = - Zhime) 81€ ’

fork =1,.... The CR terms of the form ~ EXX + h.c commute with each other and can be
removed altogether with the transformation:

Us = exp

7

i:il(sik@*k - Ek>X0

where

obtaining the expansion:
~ T + Ykt 05k (EF—EF)
His~wXg+vEy+ g1 EX+e + h.c.).

The term EX,e*Xi=1 0:E™ 4 . does not contribute to the principal order of the
effective coupling constants and can be neglected. Then, using the standard expansion:

(o) k 00
eXP[Z aixE 1 -y Bk(ﬂﬂ,aiz,-.-)Ek, (A6)

] ]
= K = k!

where Bi(a11,a4,...) are complete Bell polynomials [36], we finally obtain the required
resonance expansion, which contains only the resonant terms i.e., terms that become
time-independent under appropriate relations between the frequencies w and v,

o
Hips ~ @Xo+vEg+81 Y €k (Ek+1X+ + Ek+1X_), (A7)
k=0

whereeg =1,

Bi(ai1,a42,...)
€k =" 15 sk = —kloy

forn=1,...



Quantum Rep. 2021, 3

189

The resonance expansion (A7) contains all possible effective resonant transitions
(resonances) that take place only at @ ~ (k + 1)v. It is noticeable that in the vicinity of

every resonance ~ (Ek+1X+ + h.c.) the effect of all the other resonances can be neglected.

In order to see this we remove all the terms that are non-resonant at @ ~ (k+ 1)v by
applying the transformation:

W = B, By = Eam (me+ - E*mx,),
form=1,...and m # k + 1, where:

5 20161
T(26sy) = B0,

to the expansion (A7). This results in the following effective Hamiltonian describing the
resonant transition @ ~ (k 4+ 1)v implicitly present in the Hamiltonian (6),

1 ()
Hyppy = cho+on+g21[A +1] Y eik(5k+1x++5+k+1x,) (A8)
+m m—1#£k=0
g1l 1 - 2m k1 +2m ki1
IR L EETED) eik<E EHIX, + EPmE X_) (A9)
2 [ D m—1#k=0
2 o
Limg Z €ip (E’”E*k+1+E*"‘Ek+1)X0, (A10)
(W =mv)Aim , 1Zk—o

where Ay, = \/ 1+4g%2€3 ,/(w — mv)2. It can observed that the modified frequency @
is changed, but the principal order of the coupling constant corresponding to the resonant
term ~ (Ek+1X+ + h.c.) in (A8) remains the same as in (A7). All of the other terms
(A9)-(A10) generate contributions of a smaller order.

Appendix A.1. Frequency Corrections

Here we detail the procedure that can be applied for obtaining the higher order
frequency corrections in the vicinity of the k-th resonance, w ~ kv.
After some algebra we find the operational coefficients A+ and B+ appearing in (18),

C -1 S S —

Ay (0&, at, B, /3+) = An +A:|:27(17i2) + A3 (1) + Ay (Ui)3 Ui,(AU)

/s N+ /s

Clne) —1 S(n+) S(7+) — 1+

By(a,a',B,B") = Biy+Biy—"F— +Bis + Big , (A12)

( ) ks Un nt
where
Ay = w-— (54+ +5é)1/+go(E+ +E),

Asy = 4B'Blw+go(ET+E)] —20(Bp" + B'B)
2 )¢ —o) 1)

Ass = w251 (EV+E) (BT +),
Apy = —2vg,
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and

apt _ gt
By, = gl(E++E)+U‘BW/

Bio = #plw+go(E'+E)|(a —a) Fv[p(at —a) +p(a" +)]
+a1(E' +E) {2[5(/3* +B) + (af - «x)z],

s = =ploeso(EE)] wp(E ) (o0 ) ¢ op PP,
Z(at—a)
2" 7

here C(#+) = cos 4+, cosh#j+, S(+) = siny4,sinh 4, correspond to SU(2) and SU(1,1)
algebras respectively, with:

Biy = FvB

V4B F (0 — )2,
26'B(a" +&) + (a* —a) (BB* — B'B).

N+
¢

The operators & and  admit the following expansion on the small parameter &,

where ‘
xij = Zx(in;)/ x(in]Z) ~ 8(]+2m)/ xij = aijl bijl Cijr (A13)
m

except for by = cyo = Zbg:é), with b%) ~ g2m+2)

Expanding A+ and B in series according to (A13) and equaling O HF O to Hy (1 41)
up to ¢®) asin (13), one can determine the required coefficients xg.), m < k and find the
corrected frequency @ (x1)-

Let us consider, for instance, the effective Hamiltonian (13) in the vicinity of the
second-order resonance, k = 1,

HY) = @10Xo +vEy + €41 (EzXJr + E+2X_) + O(e@).

In this case it is sufficient to expand the coefficients (A11) and (A12) up to the first
order on the small parameters, obtaining;:

As (ot B,BY) = w20 (b + %) £2u (b — ") g (b7 + ) (A14)
+(30—val” ) (E+EY) (A15)
+[—2vad 281 (57 + o) F 200" c” | (B2 + E®), (A16)

and
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Bi(aa',p,7) = —20b + (val” —go) (b1 +c} ) gagm (6" - ) (A17)
+ (g1 — wbl” + b )E (81— wel” —vel?) ET (A18)

[(2v+w)c2 —al )l ])E*2 (A19)

+[(21/— w)b +g °>b(°)}E2 (A20)

Equaling HE, to O} HF O according to the general procedure (18),

@12Xo + VEy + €41 (E2X+ + E+2X,) +0(E?) = A (&i,“l,ﬁi,ﬁl)xo +vEp
1By (ai, ot B, ﬁl) X, +he, (A21)

one can immediately observe that (i) Equation (A14) gives the frequency correction; (ii)
the parameters x1 (A13) are obtained by equaling to zero Equations (A15)-(A19), giving
in particular:
p =8 [ _& (A22)
w—v w+tv

which are required for the first correction to the frequency w.

Substituting (A22) to (A14) we arrive at the first order correction, which is valid close
to any resonance except the principal one, w = kv, k > 1,

4w g1

G =wE 5 +0(e ). (A23)

The above procedure is directly generalizable to the order (%), required for determina-
tion of the frequency corrections in the vicinity of the k-th resonance.

Appendix B. Two Coupled Systems with Modulated Frequency
In this Appendix we obtain the resonance expansion corresponding to the Hamilto-
nian (37),

1
HF = woXo + Ewory(ls* + E) Xo+wiYo+vE+g(Xo + X )(Ye +Y.).  (A24)

First, by applying the transformation (28), with € = wyy/v < 1 we obtain:

VHIVY = woXo+w1Yo +vEy+ gJo(e)(Xy + X ) (Yy +Y-)
+g fj Je(e) [X+ (E”‘ + (f1)kgk) + h.c.] (Yy +he).  (A25)
k=1

Now we consecutively apply the set of transformations:
Vik = exp []k(e)ek(E”‘}gn - h.c.)}, k=0,1,...,

where ¢ = ¢/(wp + w1 + kv), to the Hamiltonain (A25) in order to remove CR terms
Jk(€) (EJ”‘XJFYJr + h.c.) in the weak coupling limit, ¢ < wy . The transformed Hamil-
tonain contains, in addition to the resonant terms, CR contributions of the form: ~
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eWE*X2 4+ he, ~ eMWERY2 4 he, ~ ePDERXY, + hec., ~ eDE*X,L Y3 4 he y ~
e(l)EH‘Vx,yCD(XO, Yy) + h.c., where:

D(Xo, Yo) = ¢x(Xo)gy(Yo), (A26)
Vinx,ny f (X0, Yo) f(Xo,Yo) — f(Xo +m, Yo +n). (A27)

After eliminating all those CR terms we eventually arrive at a resonance expansion
that contains a diagonal contribution K(Xj, Yp) as an important ingredient. The operator
K(Xp,Yy) depends non-linearly on X, and Yy, except for the case when both X and Y
systems are described by /(1) algebra and can be interpreted as an intensity-dependent
frequency shift. Up to third order on small parameters ¢; < 1, it has the form:

K(Xo,Yo) =~ eV(e)Viy®(Xo, Yo) (A28)
+6(€) Viy | @ (X0, o) V2, @(Xo — 1, Y — 1) (A29)
+e0)(e) [(T4y (%)) Var (@x(Xo)gu (X0 — 1) (A30)
() [ (Ve (X0) Vay (9 (Y0)ps (o= 1)) |, (A31)

where
€M(e)= Y (€)@, () e, (A32)

Il
ny, +...n, = m, are some homogeneous polynomials of the Bessel functions.

The intensity dependent frequency shift (A28)—(A31) automatically suppresses higher-
order transitions leading to the excitation of X and Y systems. Since we consider only h(1),
SU(2),and SU(1,1) algebras, the maximum degree of ®(Xy, Yy) on Xy and Y is four. Thus,
the resonance expansion that includes only possible efficient transitions takes the form:

Hip =~ woXo + w1 Yo + vEo + §K(Xo, Yo) + Hint,
where the effective interaction Hamiltonian Hj,; has the following structure:

Hint = ) Y Y HL,

=1m=0 n

and H }S;(”) are given in the following Tables.

Higher orders of the interaction Hamiltonians contain higher discrete derivatives
of the structural functions ¢x(Xp) and ¢, (Yp). This in particular, allows to determine all
possible resonances when both X and Y systems are described by /(1) algebras.

Table A1l. Frequency shifts dw_ ;1) = @_(j41) —w + O(e**1)) and effective couplings §_ (x11),
k =0,1,2 for the parametric quantum oscillator in terms of the small parameter ¢ = g/w.

Interaction 8eff Sw_ (k+1)
Ea' + h.c. ig —1ge
E2a'2 + hc. —ge —4ge+0O(&)

E%a'? + h.c. 8 ge? —3ge+0O(&)
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Table A2. Terms of order ~ ¢(1) and ~ ¢(2) for Hamiltonian (39).

s n ng
Jo(e)(X4+Y_ + h.c.) EFX2 V¢ (Yo) + hec. EFX3 Y. Vigy(Yo) + hec.
Te(e) (E*kx+y_ + h.c.> EFY2 V1 (Xo) + h.c. EFX, Y3 V2 (Xo) + hc.
)(Ekxgc + h.c.) E*X3Y_V2,(Yo) + h.c.

(€) <EkX+Y+ + h.c.) EFY3 X_V2¢,(Xo) + h.c.
EF*X3Y_V2y(Yo) + hc.

E*kyix,vi(px( Xo) + h.c

Table A3. Terms of order ~ ¢ for Hamiltonian (39).

3
Hy!

EFX2 Y2 V3, @(Xo, Yo) + h.c.

E*X2 Y2V 5, Vypy (X0) Var Ve (Xo) + h.c.
EFX2 Y2 V5, Vypy (X0)V 22 Vxpr (Xo) + hoc.
EFX2 Y2V 5, Vypy (X0) Vau Vepr (Xo) + hoc.
EFX2 Y2 Vo, Vyy (X0) Var Vi (Xo) + hec.
EfX2 Y2 Vo, Vyy (Xo) Var Vi (Xo) + hc.
E*X2 Y2 Vo, Vypy (X0) V —2x Vipx (Xo) + hr.c.
EFX2 Y2 V5, Vypy (X0)V 22 Vpx (Xo) + hoc.
EfX2 Y2 V5, Vyy (X0) Var Vi (Xo) + hec.
EFX2 Y2 Vo, Vyy (X0) Var Vi (Xo) + hec.
EfX2 Y2 V5, Vyy (X0) Var Vi (Xo) + hc.
E*X2 Y2 V2, Vypy (X0) Vax Vipx (Xo) + hc.
E™X2 Y2 V5, Vyy (X0) Vau Vapr (Xo) + hoc.

EXY Vi —y [0 (X0) Viy (Yo +1) | + e,

EFY3V oy [9y (Yo) V2 (Xo +1)] + hec.

Appendix B.1. Non-Symmetric Excitation of an Atomic System in a Vacuum

Applying an elimination procedure similar to that described in Appendix A to the
Hamiltonian (49) we arrive at the following resonance expansion up to the second order
on e:
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(wi + gi€1i)Szi + weata + vEy

S

m

l
I

2
+281 Z w; + gie1;)atas,; — goer1(s_1542 + h.c.)
=1
gl[( —|—e EJr E)+%(E+2+E ))asﬂ-—i—h.c}
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where € = go/v, €1; = §i/ (W + w;), and €3; = g;/ we.
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