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Single-photon scattering on a strongly dressed atom
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We use the generalized rotating-wave approximation approach [Irish, Phys. Rev. Lett. 99, 173601 (2007)] to
study single-photon scattering on a two-level system (TLS) with arbitrarily strong coupling to a local mode in
a one-dimensional (1D) coupled-resonator array. We obtain the scattering amplitudes by an analytical method,
which works well in a broad parameter region, confirmed by independent numerical results. In particular, when
the resonator mode is far off resonance with the TLS, our results appear more reasonable than the ones from the
standard adiabatic approximation. The approach is further extended to cases with a 1D resonator array strongly

coupled to more than one TLS.
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I. INTRODUCTION

Recently, much attention has been paid to photon transport
in a low-dimensional array of coupled resonators [1-25] or
a one-dimensional (1D) wave guide [24—49], which plays
crucial roles in the realization of all-optical quantum devices.
In these systems, two-level or multilevel devices coupled to
the resonators or wave guides can be used as quantum switches
to control the scattering or transport of the photons.

Up to now, the single-photon scattering amplitudes in 1D
resonator arrays or wave guides coupled to a single two-level
system (TLS) [1-6,25,28-33] or a single three-level sys-
tem [15,41,47,48] or multiple quantum devices [8—12,34-38]
have been well investigated. The relevant multiphoton scatter-
ing amplitudes [21-27,42-46] have also been studied. To our
knowledge, all these studies are based on the rotating-wave
approximation, which is applicable under the conditions that
the frequencies of the two-level or multilevel system are very
close to the photon frequencies in the resonators or wave
guides, and the coupling strengths between the two-level or
multilevel system and the photons are much smaller than their
frequencies, namely, in the weak-coupling limit.

Steady progress in related experiments has also been made.
D resonator arrays or wave guides can be realized with
photonic crystals [50,51], superconducting transmission line
resonators [12-14,29,47,52], or other solid devices, while
two-level or multilevel systems can be implemented with
either natural atoms or solid-state artificial atoms. In hybrid
systems of solid-state devices, it has been predicted [53-56]
that one can realize ultrastrong TLS-photon coupling with
intensities comparable to or even higher than the photon
frequencies. Furthermore, the frequency of a solid-state TLS
can be controlled easily in a broad region. Therefore it is
possible to reach the strong-coupling and far-off-resonance
regime in a quantum network based on solid-state devices. In
these parameter regions where the conditions of rotating-wave
approximation are violated, we need to use effective methods
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for the scattering between the flying photon and the TLS, and
then investigate the possible new effects caused by the strong
TLS-photon coupling to the photon transport. Fortunately, for
the TLS-coupled single-mode bosonic field, several theoretical
methods beyond the rotating-wave approximation [57-73]
have been developed. In particular, the generalized rotating-
wave approximation (GRWA) [73] developed by Irish is a very
effective method with a clear physical picture.

In this paper, we study single-photon scattering on a TLS
which strongly couples to the local mode of a 1D single-
mode-resonator array. Using the GRWA approach we obtain
the single-photon scattering amplitudes under the condition
that the photon hopping between different resonators is weak
enough. We show that the approach works significantly well in
a very broad parameter region, including the region where the
rotating-wave approximation is applicable and the one where
the TLS-photon coupling is strong while the frequency of the
TLS is close to or smaller than the photon frequency.

In particular, in the far-off-resonance region where the TLS
frequency is much smaller than that of the flying photon,
the standard adiabatic approximation does not work well in
the current hybrid system, while the GRWA approach still
provides good results. In addition, when the photon-TLS
coupling is strong enough, the GRWA approach shows that the
single-photon scattering by the TLS becomes equivalent to the
transport of a single photon in a 1D resonator array in which
the frequency of a certain resonator is shifted. Then our results
are further simplified and one can make reasonable qualitative
estimations of the characteristics for the photon transport,
even without quantitative calculations. We also show that the
GRWA approach can be generalized to systems with a 1D
single-mode-resonator array coupled with more than one TLS.

This paper is organized as follows. In Sec. II, we apply the
GRWA approach to a hybrid system of a 1D resonator array
coupled to a single TLS. In Sec. III, we analytically calculate
the single-photon scattering amplitudes in such a system with
the GRWA approach and compare our results with numerical
results. In Sec. IV, we discuss the single-photon scattering
problem in the case of strong TLS-photon coupling. In Sec. V,
we show the GRWA approach in a system with more than one
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TLS. We give several discussions and a brief conclusion in
Sec. VL.

II. THE GRWA FOR THE TLS-COUPLED
1D RESONATOR ARRAY

In this paper we consider the transmission of a single
photon in a 1D single-mode-resonator array coupled to a
TLS located in a specific resonator. To obtain reasonable
analytical results beyond the rotating-wave approximation, in
this section we will generalize the GRWA approach proposed
by Irish in Ref. [73] for a single resonator coupled to a
TLS to our current hybrid system of a resonator array. We
will first make the adiabatic approximation in our system for
the cases where the frequency of the TLS is much smaller
than the photon frequency, and then introduce the GRWA
approach as an improvement of the adiabatic approximation.
For the reader’s convenience, in Appendix A we review Irish’s
GRWA approach for a system with a single resonator from the
viewpoint of the adiabatic approximation.

A. The system and Hamiltonian

As shown in Fig. 1, we consider a 1D array of an infinite
number of identical single-mode resonators with a TLS located
inside a certain resonator, which is marked as the zeroth
resonator in the array. We further assume that the photons can
hop between neighboring resonators. Then the total system is
modeled by the Hamiltonian

H=Hc+ Hy + Hy, (1)

where the tight-binding Hamiltonian H¢ of the resonator array
is

+00 +00
He=w0 Y daj—& Y (alaj +He). 2)

j=—00 Jj=—00

Here w is the frequency of the photons in the resonators, &

is the inter-resonator coupling strength, and a; and a} are

the annihilation and creation operators of the photons in the
jth resonator, respectively. Throughout this paper, we set
h=1.

-2 -1 0 +1 +2

FIG. 1. (Color online) Schematic configuration for the hybrid
system of a 1D resonator array interacting with a TLS. The frequency
of the photon in each resonator is w, while the intensity of the photon
hopping is &. The TLS with frequency €2 is localized at the zeroth
resonator and coupled to the photon with coupling strength A.
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In addition, we assume the weak-hopping condition
§l < w 3)

is satisfied. Therefore the term a;a; 41 T He. has been
neglected in our consideration. This condition also provides
us a small parameter £ /w which is very useful in the following
calculation.

The Hamiltonian H,4 of the TLS and the interaction H;
between the TLS and the photons in the zeroth resonator
are

Q
Hy = 50 4)
and
H; = )o,(a} + ap), (5)

respectively. Here Q is the energy difference between the
ground state |g) and the excited state |e) of the TLS, A is
the coupling strength, and the Pauli operators o, and o, are
defined as o = |e)(e| — |g)(g] and o = [e)(g| + g){el.

B. The GRWA approach for a TLS-coupled
1D resonator array

Now we apply the GRWA approach to a system of a TLS-
coupled 1D resonator array. To this end, we first briefly recall
the original GRWA for the single-mode bosonic field coupled
to a TLS. As shown in Appendix A, in the GRWA for that
system, the Rabi Hamiltonian

Q
Hgavi = wa'a + EUZ + roc(a’ +a) (6)
is approximated as
o0
Her = Uk [Z [Pé';ii(UElHRabiUR)Péﬁii]} Ug'. (D
n=0

Here a and a! are the annihilation and creation operators
of the single-mode bosonic field, respectively. The unitary
transformation Uy, is defined as

Ug = exp [—gax(af - a)]. (8)

It can be used to remove the linear term Aoy (af + a) of a and a'
in the Hamiltonian wa'a + Ao, (a’ + a) for the single-mode
bosonic field, i.e., we have

U,;l[a)aTa + )»ox(aT +a)|Ug = wad'a. 9
The projection operator 1315';])31 in Eq. (7) is defined as

P _ {|0g><0g| ifn =0,
Rabi —

itn>1. (10

In,g)(n,gl+In — le){n —1.e|
where |n,g(e)) is the direct product of the Fock state with
n photons and the atomic state |g(e)). Therefore, in Eq. (7)
the ‘“counter-rotating-wave” transitions between the states
|n,g) and |m,e) with m # n — 1, or the transitions between
the eigenstates of the total excitation operator a'a + |e)(e|
with different eigenvalues, are removed by the operation
00,28 B ] for the rotated Hamiltonian Uy ' Hyapi U.
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In this sense, the GRWA can be understood as “the rotating-
wave approximation for the rotated Hamiltonian.” It is pointed
out that, as shown in Appendix A, the GRWA converges to the
normal rotating-wave approximation under the near-resonance
condition |w — Q| < |w + 2| and the weak-coupling con-
dition |A| <« Q,w. In addition, under the far-off-resonance
condition 2 < w, the GRWA becomes the adiabatic approxi-
mation. Therefore, the GRWA smoothly connects the adiabatic
approximation and the rotating-wave approximation, and thus
can be used in a broad parameter region.

For our system with a resonator array, we can also develop
the GRWA approach with a similar scheme. In the GRWA
approach the total Hamiltonian H is approximated as Hg,
which is defined as

Hg = UHRYAU!. (11)
Here the operator HX™A is defined as
oo
H{™ =3 [P,(UT HU)P,] (12)
n=0
and the unitary transformation U is given by
~+00
U= l_[ exp[ajdx(a; —aj)], (13)
j=—00
where
2 1l
0= i (14)
262 — wwy \ W
with
w1 = (0 + Vw? — 482)/2. (15)

A straightforward calculation in Appendix B shows that this
unitary transformation can remove the linear terms of a; and

a} in the Hamiltonian H¢e + H; of the photons, i.e., we have

U~Y(Hc + H)U

+00 +00
=w Y aa;j—& Y (alaj+He)—C,  (16)

j=—00 j=—00

with C an unimportant ¢ number. The operator P, is defined
as
10)(0] ® [g)(g] if n=0,
3 iy T 1) mal © 18)481857, o
+ 2y Ll Ima)iimi] ® le)(eldy, myn—1 if n #0.
a7

By =

Therefore, in Eq. (12) the counter-rotating-wave transitions
between the eigenstates of the total excitation operator

> i a}a i + le)(e| with different eigenvalues are removed by

the operation ZZOZO[IS,, . P,] for the rotated Hamiltonian
U~'HU. In this sense the GRWA approach can also be
considered as “the rotating-wave approximation for the rotated
Hamiltonian U"'HU

Obviously, the GRWA Hamiltonian Hg in Eq. (11) is
a direct generalization of the original GRWA Hamiltonian
Hgr. Furthermore, a straightforward calculation shows that,
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the GRWA Hamiltonian Hg also converges to the normal
rotating-wave approximation under the near-resonance and
weak-coupling conditions. In addition, under the far-off-
resonance condition 2 < w, as shown in Appendix C, the
GRWA becomes an improved adiabatic approximation. There-
fore, the GRWA approach smoothly connects the adiabatic
approximation and the rotating-wave approximation, and thus
can be used in a broad parameter region.

III. THE SINGLE-PHOTON SCATTERING AMPLITUDES

In the above section we applied the GRWA to a hybrid
system with a 1D resonator array coupled to a single TLS.
The single-photon scattering amplitudes in such a system
have been calculated analytically under the rotating-wave
approximation [2]. In this section we calculate the single-
photon scattering amplitudes with the GRWA approach, which
is applicable in a broader parameter region.

A. The single-photon scattering amplitudes
The single-photon scattering amplitudes can be extracted
from the asymptotic behavior of the eigenstate of the Hamilto-
nian H, which is approximated as H in the GRWA approach.
To this end, we need to solve the eigenequation

He |V (k) = E(k)|W(k)) (18)

with boundary conditions

(W (k) = (™ + e KED) 1) _;10) ;19 (k))
+ 1™ 10)_;|1) ;1D (k) + 10)_;10) ;| Dk))  (19)

in the limit of j — +oo. Here [0)_;|0); is the vacuum
state of the resonator modes in the jth and — jth resonators,
and |1)_;]0); and |0)_;|1); are defined as aij|0)_j|0)j and

aj|0)_j|0)j, respectively. |®(k)) and |®'(k)) are the quantum
states of the TLS and other resonators except the =+ jth ones.
rr and f; are the single-photon reflection and transmission
amplitudes, or the single-photon scattering amplitudes.

The physical meaning of the boundary condition (19) can
be understood as follows. For the scattering state with respect
to a single photon input from the left of the 1D resonator
array, there are three possible relevant states for the — jth and
Jjth resonators with large |j|, i.e., |0)_;|0);, [1)—;]0);, and
|0)_;11) ;. Furthermore, the probability amplitude with respect
to |1)_;]0); is e*P 4 re~* =N since the photon in the
— jth resonator can be either the input one or the reflected one.
Similarly, the probability amplitude with respect to |0)_;[1);
is #,¢'™ . It is easy to prove that the boundary condition used
in the calculation of the single-photon scattering state with
the rotating-wave approximation [Eq. (5) of Ref. [2]] can be
reexpressed as the one in Eq. (19).

Usually the expression of Hg in Eq. (11) is complicated and
it is difficult to solve the eigenequation (18) directly. However,
dueto Eq. (11), the Hamiltonian Hg is related to HEWA through
a unitary transformation. Then the eigenequation (18) of Hg
is equivalent to that of HX™A:

H YA Wr(K)) = E(R)|Wr(K)) (20)
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and the eigenstate |Wg(k)) of HXVA is given by
|Wr(k)) = U~ |W(k)). 2D

More importantly, with the aid of Eq. (13) and the fact that
lim |, o &; = 0, the boundary condition (19) for |W(k)) is
transformed to the one of |Wg(k)), i.e., in the limit of j — o0
we have

|Wr(k)) = (€7 + ree ™ M 1) _;|0) ;| DR (k)
+ 1™10) 1) ;| DR (k) +]0) - |0) ;| D r(K)), (22)
where |®(k)) and [P, (k)) are defined as

1Pr(k) = [] expl—oi0s(a] —al| @) (23)
i#E]

and

19 0) = [] expl-aion(a] —al|®'®).  (24)
i#t]
respectively. Therefore, the scattering amplitudes r; and #; can

be obtained from the solution of the eigenequation (20) of
HEWA with boundary conditions (22).

B. The perturbative approach for the single-photon
scattering amplitudes

In this section we solve the eigenequation (20) of H};WA

and calculate the single-photon scattering amplitudes. To this
end, we first use the explicit result about the unitary operator U
shown in Appendix B to calculate the Hamiltonian U~'HU.
The result is

UT'HU =0 Y alaj—& Y (alajq +He)

j=—00 j=—00
Q . .
+3 cosh ZZvi o, — i sinh 221)[ oy
(25)
with v; = —ot,'(al.T —a;). In principle, we can derive the

explicit expression for HRWA with Egs. (12) and (25).
Here, for simplicity, we expand HX™A as a power series of
the parameter &£ /w and keep only the low-order terms under
the weak-hopping condition £ < w. Then we can analytically
solve Eq. (20) with the approximated HX™* and derive the
single-photon scattering amplitudes.

Now we calculate the single-photon scattering amplitudes
with a first-order approximation where only the zeroth- and
first-order terms of & /w are kept in HR"A. As shown in the
following, in most cases, this approximation is enough to give
good results for the scattering amplitudes. A straightforward
calculation shows that, up to the first order of & /w, HR" is
approximated as

HEWA ~ HII;WA(I) = a)Za;aj - Z(ajﬂaj +H.c.)
J J
+ o (10g)(0g] + 3 11;8)(1,8]) + iy [0¢) (Oc|
Jj#0
+ 00 110g) (1og] + JO(l0e)(1og] + H.c)
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+oi)(1118)(logl + 11-18){log| + H.c.)
+ JD(j0e)(1,g] + |0e)(1_1g| + H.c.) (26)

with the parameters

Q A2
© Q 22 A2
C()lg = —5 eXp —ZJ 1-— 4& s (27b)
0 QA 22
JO =2 exp (—2—2>, (27¢)
w w
2Q0%¢E A2
 _
Wy =~ exp (—2;), (27d)
QA 22
J = —j exp < - 2—2>. (27e)
w W

In Eq. (26) the states [Oe), |0g), |1;e), and |1;g) are defined
as |O)e), [0)[g), |1;)|e), and |1;)|g), respectively, where |0) is
the vacuum state of all the resonators.

The physical meaning of Eq. (26) is very clear. In the
zeroth-order terms of & /w, or the terms proportional to w(()(?,

a)gz,), w(l(;,), and J©, the effective couplings occur between the

TLS and the photon in the zeroth resonator in which the TLS
is located. Nevertheless, in the first-order terms proportional
to JU, effective couplings appear between the TLS and the
modes in the =£1st resonators. These terms imply that the
non-rotating-wave effects from the coupling between the TLS
and the zeroth resonator can indirectly influence the behavior
of the modes in the £ 1st resonators. Furthermore, the hopping
intensities between the zeroth and =£1st resonators are also
tuned by the terms with a)ﬁl).

As shown above, the single-photon scattering amplitudes
are approximately derived from the eigenequation

HEO10 ) = B () 29

of H,?WA(I) with boundary condition (22). It is apparent that
the solution |Wx(k)) of Eq. (28) takes the form

+00

W) = Y u'()I1;g) + ul”|Oe) (29)

j=—00
with the coefficients ug)( j) given by

1 eikj —+ rlgl)e_ikj if ] < _11
u() = Y ui(0) it j=0, (30)
t}gnezk_; it j>1.

Substituting Egs. (29) and (30) into Eq. (28), we obtain
the linear equations for the reflection amplitude r,ﬁl) and
transmission amplitude t,il). These equations can be solved
analytically. Then we obtain the scattering amplitudes r,El) and
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1" given by the first-order approximation of HRWA:
e F22Q{A02E Q% cos(k) + 2™/ w3 [w? + 2Ew cos(k) — 4E2 — 482 cos(2k)]
2P0 QIBAZE? 4 2022 — o — AEW(2A? + w?) cos(k) + 2E2(4A2 + w?) cos(2K)])

O _
rk —_— . 2 2 . ’ (3 1)
{—4e¥*AAE QP 4 047197 (—1 + ¥ Ve wO[w — 2£ cos(k)]
+ ¥ P QIBIAE? + 2FA2(AE? — ) + Ew(2A? + @) — XK Ew(6A + )]
+ 2KHR/0" 3202148 (202 + @?) + (w* — 4E20% — 16A2E2) cos(k) — iw* sin(k)]}
i =r 41, (32)
|

The above procedure can be straightforwardly general- a similar approach. In the limit of n — o0, the results r,i") and

. . . _ . . RWA .
ized to cases with high-order approximations of Hp™". t,ﬁ") would converge to fixed values r; and f; or the precise

For instance, in the second-order approximation, Hg"" is  yalues of the single-photon scattering amplitudes.
approximated as H}?WA(Z) which includes the zeroth-, first-,
and second-order terms of &/w. It can be found that in
H};WA(Z) the TLS is effectively coupled to the zeroth, +1st,
and £2nd resonators. We can also solve the eigenequation

of H};WA(Z), and obtain the analytical expressions for the

relevant scattering amplitudes r,Ez) and t,Ez). In general, for

any integer n, the scattering amplitudes r,E") and t,E") from

C. Results and discussion

In Figs. 2 and 3, we illustrate the single-photon scattering
amplitude r; given by the GRWA approach in the first-
and second-order approximations, i.e., r,El) and r,Ez), the one

given by the rotating-wave approximation and the result from

. . RWA . .
the nth-order approximation of Hp™" can be obtained with  the pumerical diagonalization of the rotated Hamiltonian
1fO00 00000 Gea48g) OO0 OO0 OO O]
(b) & RN
M d \.é\%ﬁ
0.8 Aoe o]
o 0.6
Lx
041 Q=0.40;
A=w;
02 o = 02 £=0.040
Q=m;A=£=0.040 . e
0= : : : ‘ ‘ : Olooo00000¢ 24040090000
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 -03 -0.2 -0.1 0 0.1 0.2 0.3
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(d)
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@2
N
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Q=0_4(,0; ° Num.(C =2)
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0 @ ——PLP 8P4
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 -03 -0.2 -0.1 0 0.1 0.2 0.3
k/(2m) k/(2m)

FIG. 2. (Color online) The single-photon reflection rate |r¢|* given by the GRWA approach with the first- and second-order approximations
for (§/w), i.e., |r,£])|2 (red solid line) and |r,((2)|2 (black empty triangles), |r|> from the rotating-wave approximation (RWA) (green empty
circles), |rx|* from the adiabatic approximation (green filled diamonds), and the numerical calculations with cutoff excitation number C,, = 2
(blue filled circles) and C,, = 3 (blue empty squares). Here we consider the cases of § = 0.04w and Q = w, A = 0.04w (2), 2 = 040, A =
b), 2 =w, A = 1.6w (c),and Q2 = 0.4w, A = 2w (d).
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FIG. 3. (Color online) The real (a)—(d) and imaginary (e)—(h) parts of the single-photon scattering amplitude r;, given by the GRWA

approach with the first-order approximation for (§/w), i.e., r,El)

in Eq. (31) (red solid line), the rotating-wave approximation (green empty

circles), and the numerical calculations with cutoff excitation number C,, = 2 (blue filled circles) and C,, = 3 (blue empty squares). Here we
consider the cases of £ = 0.04w and 2 = w, A = 0.04w (a),(e), 2 = 0.4w, A = w (b),(f), 2 = w, A = 1.6w (c),(g), and 2 = 0.4w, A = 2w

(d),(h).

U~'HU. In our numerical calculations the total excitation
Zj a}aj + |e){e| is cut off at a given number C, for the
Hamiltonian U~'HU, and the results with C p =23 are
shown in our figures.

In Fig. 2 we calculate the reflection rate |r¢|?. It is clearly
shown that the results |r{"|2 and |r”|? from the first- and
second-order approximations for (§/w) are very consistent
with each other. Therefore, in most of the cases with |§| K w,
the first order approximation is good enough for the GRWA
approach.

Furthermore, it is shown that in the case of Fig. 2(a) where
the weak-coupling and near-resonance conditions are satisfied,
both the results from the rotating-wave approximation and
the GRWA approach fit well with the numerical calculations.
Nevertheless, in the cases of Figs. 2(b)—2(d) where the rotating-
wave approximation is not applicable, the results from the
GRWA approach are also significantly well consistent with the
numerical calculations. This observation is further confirmed
by Fig. 3 where the real and imaginary parts of r; given by
different approaches are illustrated.

In Figs. 2(b) and 2(d) with 2 = 0.4w, we also compare our
results with the ones given by the adiabatic approximation. Itis
shown that, as we argued in Sec. II, the adiabatic approximation
may not be applicable even when Q2 < w, while the GRWA
approach can still provide reasonable results.

Therefore, the results in Figs. 2 and 3 show that the
GRWA approach with the first-order approximation for & /w,
or our results r,il) and t,il) in Egs. (31) and (32) can be
used as a good analytical approximation for the single-photon
scattering amplitudes in the parameter region with || < w and

IV. THE SCATTERING AMPLITUDES IN THE
STRONG-COUPLING CASE

In the above section we derived the single-photon scattering
amplitudes with the GRWA approach. It is pointed out that our
results in Egs. (27a)—(27e) are applicable for arbitrarily large
coupling between the TLS and the photon. Now we consider a
special case where the TLS is strongly coupled to the photon
in the resonator array, so that the condition

2

k—ze—”z/ﬂf <1 (33)

1)
is satisfied. We further assume that the frequency 2 of the
TLS is equal to or smaller than the photon frequency w,
i.e., 2 < w. In this strong-coupling case the expressions in
Egs. (27a)—(27¢) can be significantly simplified and then one
obtains simple pictures for both the quantitative calculation
and the qualitative estimation of the single-photon scattering
amplitudes.

Under the condition (33), we keep only the leading term

proportional to (A2/w?)exp(—21%/w?) in wgge, wg(i;l), and
JOD defined in Egs. (27a)—(27¢). Then we have
o ~ 2217 ex —2k—2 (34a)
g T P 22 )’
§
WA ol (34b)
why 0D & 0. (34c)

Therefore, in Eq. (26) of the Hamiltonian Hx"*, we need to
keep only the first two terms and the terms proportional to

w(l(? and a)(llg). This simplification implies that, in the strong-
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coupling regime, our system is equivalent to the simple 1D

resonator array with the frequency of the zeroth resonator
shifted from w to @ + wﬁ?, while the photon hopping intensity
between the zeroth and the = 1st resonators is shifted from & to
&+ a)(llg). Since we have also assumed 2 < w, itis apparent that
w(llg) « £ in the strong-coupling regime. Then the shift a)gg) of
the photon hopping intensity is negligible. We need to consider
only the effect given by the frequency shift wﬁ‘? of the photon in
the zeroth resonator. Namely, our system is ﬁnally equivalent
to a 1D resonator array, in which the zeroth resonator has the
frequency w + wﬁ(i,), while all the other resonators have the

same frequency w. In this case the Hamiltonian H };WA(I) is

approximated as

RWA(1 t f Va
Hy"V ~ 0y Jajaj —§ ) (a)a; +ajaj) + ofYaga,

J J
(35)
which leads to the single-photon scattering amplitudes
(0)
!
T = —@%, (36)
Wiy — 2i& sin(k)
th ~rp + 1. (37)

A straightforward result given by the above expressions for
the scattering amplitudes is that, when the effective frequency
shift a)(l(i,) of the zeroth resonator is much larger than the
bandwidth 4£ of the free Hamiltonian H¢ of the array of
resonators with the same frequency w, the zeroth resonator will
be far detuned from a photon with any incident momentum &,
and thus every photon will be reflected. Namely, in such a limit
we have ry = 1, #, & 0. Likewise, if the effective frequency
shift a)(&) is much smaller than 4£, the frequency of the
zeroth resonator will be approximately the same as that of the
other resonators, and then every photon transmits through the
zeroth resonator. In this limit we have r;, ~ Q0 and #, ~ 1.

In Fig. 4 we plot the photon reflection rate |r¢|* in the
strong-coupling case and compare the results given by Eq. (36)
and from numerical diagonalization of the rotated Hamiltonian
U-'HU with cutoff excitation number C » = 2,3, respec-
tively. It is clearly shown that our results in Eq. (36) fit well
with the numerical results. Furthermore, it is illustrated that in
the case of Fig. 4(a), where we have a)g? /& = 15, the photon
reflection rate |r;|? is almost unity for all incident momenta k.
In the case of Fig. 4(c) with wj‘?/ﬁ; = 0.06, we have |r;|*> ~ 0in
the region with nonzero momentum k. All these observations
are consistent with our above qualitative analysis.

At the end of this section, we remark that, since all the
quantities defined in Egs. (27a)—(27e) exponentially decay
to zero with (A/w), for any given values of @, w, and &,
when the TLS-photon coupling intensity A is large enough,
we can always neglect all these parameters and approximate
the Hamiltonian HIEWA(D as the free Hamiltonian Hc for
an array of identical resonators. Therefore, when the TLS-
photon coupling is strong enough, the photon scattering effect
becomes negligible and we have r;, = 0, 7, = 1 for a photon
with any incident momentum k.
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FIG. 4. (Color online) The single-photon reflection rate |r¢|* in
the cases with strong TLS-photon coupling. Here we show the results
given by Eq. (36) (red solid line), rotating-wave approximation (green
empty circles), and the numerical calculations with cutoff excitation
number C,, = 2 (blue filled circles) and C,, = 3 (blue empty squares)
for the cases with 2 = w, A = 1.6w, & = 0.002w (a), 2 = 0.4w, A =
14w, & =0.03w(b),and @ = w, A = 2w, £ = 0.04w (c). Inthe three
cases we have a)g /& = 15,1,0.06, respectively.

V. THE GRWA FOR A RESONATOR ARRAY
WITH MULTIPLE TLSs

In the above sections, we generalized the GRWA to a
system with a 1D resonator array coupled to a single TLS,
and calculated the single-photon scattering amplitudes with
the GRWA approach. In this section, we extend the GRWA to

023824-7



WANG, LI, ZHOU, SUN, AND ZHANG

more general cases with m two-level systems coupled to the
resonator array. For simplicity, here we assume that each TLS
is individually located in a resonator. Then the Hamiltonian of
the total system is written as

Hy = Hc+ Ham + Him (38)

with the Hamiltonian H¢ of the resonator defined in Eq. (2),
the Hamiltonian H 4y, of all the TLSs given by

Q m
HAM = EZUZ(‘B), (39)
p=1
and the interaction Hamiltonian H;,, defined as
m
Hip =2 oPa g+ acp). (40)
p=1

Without loss of generality, here we assume that the Sth TLS
is located in the c(B)th resonator.

In such a general system, we straightforwardly develop the
GRWA approach with the unitary transformation procedure in
Secs. IT and I1I. To this end, we first write the Hamiltonian H,,
as

Hy = Hy1 + Hu
with Hy;; and Hy;, defined as
Hyy = Hc + Hpy, (41)
Hyy = Ham- (42)

Then we find a unitary operator Uy, which can eliminate the
linear terms of (a j,a;) in Hy;, and satisfies

Uy Hyn Uy

=0 Y ala;—& Y (alaj+He)—Cy  (43)

j=—00 j=—00

with Cj; a constant ¢ number. The analytical calculation of Uy,
is obtained in Appendix E.

With the operator Uy, we apply the unitary transformation
to the total Hamiltonian H, and make the rotating-wave
approximation to the transformed Hamiltonian U AT,IHM Uy.
Finally we perform an inverse unitary transformation. Then
the GRWA Hamiltonian for the resonator array with multiple
TLSs is

oo

Hy ~ Hyc = Uy Z [pMn(U&IHMUM)ﬁMn]} Uy
n=0

(44

which is a direct generalization of the result in Eq. (11). Here
Py, 1s the projection operator to the eigenspace of the total
excitation operator

m +o0o )
D1y Pel+ Y ala; (45)
p=1 j=—00

with respect to the eigenvalue n. With a similar analysis as
in Appendix C, one finds that in the case of 2 < w, such
an approach also includes the intraband transitions which are
missed in the adiabatic approximation. On the other hand,
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under the weak-coupling and near-resonance conditions, this
approach converges to the rotating-wave approximation.

VI. CONCLUSIONS

In summary, we apply the GRWA to a hybrid system of
a 1D single-mode resonator array coupled to a single TLS,
and obtain analytical results for the single-photon scattering
amplitudes under the conditions |§| < w and Q < w. It is
shown that in comparison with the rotating-wave approx-
imation, the GRWA approach can give better results in a
much broader parameter region. In particular, in the far-off-
resonance case with 2 < w, the adiabatic approximation is
no longer applicable for our current system, while the GRWA
approach still works well. We also discuss how to apply the
GRWA approach to a 1D resonator array coupled to multiple
TLSs.

In this paper, we assume the resonators in the 1D array are
single mode. However, the resonators used in the experiments
usually have more than one photon mode. Especially in the
cases with strong TLS-photon coupling the multimode effect
may be important. Likewise, it may also be necessary to go
beyond the two-level approximation and include the higher
excited states of the artificial atoms in the strong-coupling
cases. These effects will be discussed in a future presentation
for the calculation of the photon scattering in a multimode-
resonator array or a multimode waveguide beyond the rotating-
wave approximation.
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APPENDIX A: GRWA FOR A TLS-COUPLED
SINGLE-MODE BOSONIC FIELD

In this appendix, we reformulate the GRWA approach
proposed by Irish in Ref. [73] from the viewpoint of the
adiabatic approximation. To this end, we begin with the simple
Rabi Hamiltonian for the TLS-coupled single-mode bosonic
field:

, Q

Hgai = wa'a + 70+ roy(al + a). (A1)
Here a and a' are the annihilation and creation operators,
respectively, of the single-mode bosonic field with frequency
w. Q2 is the energy level spacing between the excited state |e)
and the ground state |g) of the TLS, and A is the coupling
intensity between the TLS and the bosonic field. The Pauli
operators o, and o, are defined in Sec. II.

Since the Hamiltonian Hgapi does not have simple invariable
subspaces, the exact diagonalization of Hg,p, is rather compli-
cated [74]. However, Jaynes and Cumming showed that [75],
under the near-resonance condition

lo — Q| K |w+ Q| (A2)
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and the weak-coupling condition
A <€ 0,9, (A3)

the term |e) (g|a’ + H.c can be safely neglected. Then the
Hamiltonian Hg,p; is approximated as Hjc, which is defined
as

Hyc = wa'a + r(le)(gla + H.c.). (A4)

That is the so called rotating-wave approximation. After this
approximation, the Hamiltonian Hg,, becomes invariant in
the two-dimensional subspaces spanned by the states |g,n) and

le,n — 1) forn = 1,2, ..., as well as in the one-dimensional
subspace spanned by |g,0), and thus can be diagonalized
easily.

For the convenience of our discussions on the GRWA, here
we introduce the projection operators Pl({;:,i defined as

ifn=0,
ifn > 1.
(AS)

pm . _ 10g) (Og|
Rabi ™ |n7g) (nag|+|n_ 1,6) <I’l—1,€|

Then the Jaynes-Cumming Hamiltonian Hjc in Eq. (A4) is
rewritten as

[e.¢]
Hyc =) Py Hrai Py (A6)

n=0
Now we introduce the GRWA approach, which is developed
as an analytical approximate method to diagonalize the
Hamiltonian H in Eq. (A1) in a broad parameter region beyond
the rotating-wave approximation. The GRWA is closely related
to both the rotating-wave approximation and the adiabatic
approximation [76-78] for the TLS-coupled single-mode
bosonic field [72,73,79] which is used in the far-off-resonance

case:

QKL w. (A7)

Therefore, before introducing the GRWA, we first introduce
the adiabatic approximation in the system of a TLS and a
single-mode bosonic field [72,73]. In such an approximation,
the bosonic field is considered to be the fast-varying part and
the TLS is considered as the slowly varying part. Then the
Hamiltonian Hggyp,; is rewritten as

HRavi = Hrabit + HRabizs (A8)
where
Hravit = wa'a + roy(a' + a) (A9)
is the self-Hamiltonian of the fast-varying part together with
the interaction between the fast-varying and the slowly varying
parts, and

HRapvio = <0, (A10)

5
is the free Hamiltonian of the slowly varying part.

The Hamiltonian Hggpyi i easily diagonalized with the
eigenstates

|£.n) = [£) @ |n4) (AT1)
and the relevant eigenenergies
E,s = o(n — A2 /o). (A12)
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Here |£) are the eigenstates of o, with eigenvalues =1 and
|n) are defined as

Ins) = explFr/w@ —a)lln). (A13)

In the Rabi Hamiltonian the states |a,n) and ‘a’,n’) are coupled
by the term Hgapiz-

The spirit of the adiabatic approximation is described
as follows [76-78]. Under the far-off-resonance condition
Q2 < w, the motion of the fast-varying part or the bosonic
field adiabatically follows the slowly varying part or the TLS,
and can be frozen in the adiabatic branches with fixed quantum
number #, or the two-dimensional subspaces spanned by |+,7)
and |—,n) for n = 1,2,.... We neglect the Hgapiz-induced
transitions between the states |a,n) and |a’,n’) with n # n'.
Then the eigenstates and eigenenergies of H are approximated
as

1
Wi n) = —=(+.n) £]—-.n) (A14)
+ NG
and
2 2,2
Ey, = ﬂz;(ﬂ—lm) + wn — A7 /@), (A15)
respectively.

Now we introduce the GRWA. In the “adiabatic basis”
{|{W. )}, the Hamiltonian H is rewritten as

Heavi = Y > (Hrai)o0 [Wan) (Waror|

n,n' a,a'==+

(Al6)

with the matrix elements
(Hrabi)g,, =

In the GRWA, the Rabi Hamiltonian Hg,p; is approximated as
Hgr which is defined as

(qja,n |HRabi|q‘a’,n’)~

“+o00
Hor =Y 3 (Hrai)eh W) (W

n=0 a==%

+ > (Hrao) T (W) (W 1| + He. (A17)

n=1
Namely, only the matrix elements (Hggp;) ;1”/ inside each
two-dimensional subspace spanned by the states |W_ ,) and
|V, ,—1) as well as the one in the one-dimensional subspace
spanned by the state |W_ ) are kept in the GRWA. In other
words, in the GRWA one takes into account only the quantum
transitions between the states |V, ,) and [V /) with

o
o,

n+ Ny =n' + Ng, (A18)

where N, = 1 for@« = + and N, = O for « = —. Then, as in
the rotating-wave approximation, the Hamiltonian is reduced
to a 2 x 2 block-diagonal matrix in the GRWA.

It can be shown that, under the weak-coupling and near-
resonance conditions, the GRWA returns to the rotating-
wave approximation. In addition, under the far-off-resonance
condition, the results given by the GRWA converge to those
from the adiabatic approximation. Therefore, the GRWA
smoothly connects the ordinary rotating-wave approximation
and the adiabatic approximation, and thus works well in a
broader parameter regime, especially the region with strong
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TLS-photon coupling and far-off-resonant Q < w (see, e.g.,
Ref. [73] and Fig. 8 of Ref. [80]).

It can be proved with a straightforward calculation that the
Hamiltonian Hgg defined in Eq. (A17) could also be rewritten
as [73]

o]

HGR = UR {Z [Plg;:n(U HRdb‘UR) Rabl]} U_ (A19)
n=0

with the unitary transformation U defined as

Ug = exp [—&UX(aT — a)i| ) (A20)
w

Comparing Eq. (A19) with Eq. (A6), one can see that the
GRWA is nothing but the rotating-wave approximation for the
rotated Hamiltonian U,;l HraviUg.

APPENDIX B: THE UNITARY TRANSFORMATION U

In this Appendix, we calculate the unitary transformation U
determined by Eq. (16). It is obvious that U can be expressed
as the product of the displacement operators for each resonator
mode, i.e., we have

+00
U= 1_[ exp[ajax(aj: —aj)l. (B1)

j=—00
Then the Hamiltonian H- + H; is transformed into
U~'(Hc + H)U
— L ) ) t )
= Hc + ) _[wo; — (@41 + ;Do) +a))
j#0
+ [wag — (o + 1) + k]ax(af) +ap)—C. (B2)

The exact expression of C is not required here. Comparing the
result Eq. (B2) with Eq. (16), we get the equations for the
parameters {c;}:

—é@jp1+ta;-)=0, j==+1,+2,... (B3)
wog —E(@; +a_1))+1 =0, j=0. (B4)

Now we solve Egs. (B3) and (B4) in two steps. First, we
introduce a cutoff for the equations at j = £N, and solve the

equations
wol" — (@ +alM) =0, =%, EW -1,
(B5)
wof” — £ +a)+1=0, j=0 (BO
)=o) =0. (B7)
A straightforward calculation shows that
[j1-1 w \1J1+1
a(N)_[(g 5) (N)+)‘:|(wi|) - (%)
i )2
2% o 26 - (2)
1Jl
n (i) o (B8)
w1

with w; given by

= (o + Vw? — 4£2). (B9)
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Therefore, under the weak-hopping assumption |§| < w, we
have &£ /w; < 1. Substituting Eq. (B7) into Eq. (B8), we obtain

a(N): —hw [( )2|N‘ 1]
0 252(%)2% +wwl(%)2w|
(B10)

—ww; + 207 —

and then we obtain all oz( ) from Eq. (BY).
Second, we consider the solutions of Egs. (B5)—(B7) in the
limit of N — o0 as a trial solution of Eqgs. (B3) and (B4):

2 1l
a; = lim ™ = L(i> .

N—oo 7 282 — ww; \ w

Substituting Eq. (B11) into Egs. (B3) and (B4), we find that
the latter are exactly satisfied. Therefore, {o;} from Eq. (B11)
are realistic solutions of Egs. (B3) and ((B4). Then the unitary
transformation U defined in Eq. (16) takes the form Eq. (13)
with o; given by Eq. (14).

We emphasize that, as shown in Eq. (B1), U is the product of
the displacement operators for each resonator; the magnitude
of the displacement for the mode in the jth resonator is
described by |a;|. Furthermore, since &§/w; < 1, Eq. (B11)
implies that |« ;| exponentially decays with | j|. Then we have

—aj)] =1.

(B11)

lim expla;ox(a) (B12)
[jl—00

Therefore, for the resonators far away from the TLS, the
relevant displacements in U would be negligible, which is
consistent with our considerations above.

APPENDIX C: THE RELATIONSHIP BETWEEN THE
GRWA APPROACH AND THE IMPROVED ADIABATIC
APPROXIMATION

In this Appendix, we show that under the far-off-resonance
condition 2 < w, the GRWA approach developed in Sec. II
becomes an improved adiabatic approximation for our TLS—
coupled-resonator-array system. To this end, we first develop
the improved adiabatic approximation for our system. Under
the far-off-resonance condition 2 < w, the TLS is considered
to be the slowly varying part of the system, while the 1D
resonator array is the fast-varying part. Then we decompose
the total Hamiltonianas H = H; + H,,where Hy = Hc + H;
is the Hamiltonian of the fast-varying part together with the
interaction and H, = H, is the Hamiltonian of the slowly
varying TLS.

A straightforward calculation shows that H; has the
eigenstates

|+, 1) A)™P10) ® |£). (Cl)

=U
H vn (k)'
Here the TLS states |+) are the eigenstates of the operator
o, with eigenvalues %1, and |0) is the vacuum state of the
resonator array. The photon momentum k can take any value
in the region (—,7], the creation operator A(k)' for a photon
with momentum k is given by

At = T Z eaf, (C2)
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FIG. 5. (Color online) (a) The energy spectrum of the Hamilto-
nian H, of the 1D resonator array and the interaction between the
resonator array and the TLS. The low-excitation spectrum has clear
band structure. The intraband transitions are missed unreasonably
in the adiabatic approximation. (b) The energy spectrum of the
Hamiltonian H; of a single-mode bosonic field and the interaction
between the single-mode bosonic field and a TLS. In such a simple
system there is no band structure in the spectrum of H,, and then the
adiabatic approximation is applicable when Q2 < w.

and n =(n(k;),n(ky), ...) is the set of all the numbers n(k).
The operator U in Eq. (C1) is defined in Eq. (13).

Obviously, the eigenenergy of H; with respect to the
eigenstate |+,7) is

E(.7) = N(i)w + 2§ Y n(k)cosk +C (C3)
k

with

NGi) =Y n(k). (C4)

k

As shown in Fig. 5(a), in the weak-tunneling case with § < w
the low-excitation spectrum E(%,7) of the eigenenergies of
H, has a clear band structure. Each energy band includes all
the energy levels with the same total photon number N (1) and
different photon-momentum distribution 7. The Nth energy
band is centered at Nw with bandwidth 4 N&. Therefore, in the
low-excitation cases the interband energy gap has the same
order as .

The spirit of the adiabatic approximation [76-78] is that,
during the quantum evolution, the motion of the slowly
varying part of the system follows the motion of the fast-
varying part. Then the quantum state of the fast-varying 1D
resonator array is frozen in each adiabatic branch with fixed
quantum number 7. Mathematically speaking, in the adiabatic
approximation for our system, all the H,-induced quantum
transitions between the states |&,7) and |&,7’) with 71 # i’ are
neglected. This treatment leads to the approximate eigenstates
of the Hamiltonian H as

%(H—ﬁ)ﬂ:l—ﬁ))- (C5)

However, this standard adiabatic approximation is not a
reasonable approximation for our present system, and should
be improved even in the case of Q2 <« w. That is because,

Wy 5) =
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as shown in Fig. 5(b), the energy spectrum of H; has a
band structure, and each band includes all the states |&,7)
with the same total photon number N(ii). In addition, in
the adiabatic approximation all the H,-induced transitions
between the eigenstates of H; with different quantum number
n are neglected. It means that all the interband and intraband
transitions between the states |+,7) and |—,n’) with 71 % 7’
are omitted. In the case of Q <« w, the omission of interband
transitions is reasonable because the energy gap between
different bands is of the order of w, which is much larger than
the intensity 2 of H,. However, the neglect of the intraband
transitions is unreasonable because the energy gaps between
the levels in the same band can be arbitrarily small.
Furthermore, as proved in Appendix D, we have

(W_5H|V, ) =0 for N(n)= N(#"). (Co)
Then the intraband transition occurs only between the states
|W,.7) and |V, ;) with N(i7) = N(#'). After taking into ac-
count these intraband transitions, we can improve the adiabatic
approximation and approximate the total Hamiltonian H as

Hia=Y" Y HL|Wei)(Waildnavay.  (CT)

i a=+,—

'1(1

Here the matrix elements H- p are defined as

HES = (Wi H Wy ), (C8)

while the symbol 6§, is defined as 8,5, =1 for @ = b and
845 = 0fora # b.

On the other hand, a straightforward calculation shows that
our GRWA Hamiltonian Hg in Eq. (11) can be rewritten as

Wy i 10N G, NG

+ZH,;'7;t|w+a>< _#8n@ N1 + He.  (C9)
Therefore, it is easy to prove that, under the far-off-resonance
condition Q2 < w, we have H; ~ Hj, and then the GRWA
approach converges to the improved adiabatic approximation
developed in this Appendix.

APPENDIX D: THE PROOF OF EQ. (C6)

In this Appendix, we prove Eq. (C6) in Appendix C. To this
end, we first define the operator U [B;] and the state |n(k)) for
the 1D resonator array as a function of the number S;:

Ul Bl = exp{=2Bi[AK)! — A(K)]} (D1)
and

1
——=AK)""0),
(k)
respectively. Here |0) is the vacuum state of the resonator array,
and A(k)T is defined in Eq. (C2). We further define the function

f(B)as

[n(k)) = (D2)

£B) = [ [l () (D3)
k

with

B = (BB - - ) (D4)
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A straightforward calculation shows that

FB) = [ [l Blin' () = [ e P72 (nk)le A0 2BAD) 1y (k)

k k
n'(k)

> 2B [—2 B, |0 G)+m )
- H e PR Z [ i('[iz](k[) _ilf(]k) Y (n(k)| A()™ Ak)" |0’ (k)) | (D5)
k m=max[0,n’(k)—n(k)] : :

which gives In Eq. (E3), A is a constant column vector with the jth
f(—,é) _ (_])N(ﬁ)—N(ﬁ’)f(B') (D6) component A ; defined as
or ) . i y Ay =238 p (ES)
f(=B) = f(B) for N(n) = N(n"). (D7) p=1

On the other hand, with the above definitions and straight-
forward calculations, we have

(il =) = f(Bo), (D8) q=

Therefore, we formally have the expression for a:
1 -
A
w—E&K

(E6)

(—iil+i") = f(=Po), (DY) . . o
. ) o Furthermore, we notice that the matrix w — £K is diago-
where |+,n) are the eigenstates of the Hamiltonian H, defined nalized as

in Sec. II B and ,50 = (Bok,»Pok,> - - -). Here we have

| w—§&K = /dk(w — 2& cos k)v(k)v(k)' (E7)
Bok = — Z ae’™ (D10)
AL — with the jth component of the column vector v(k) satisfying
with «; defined in Eq. (14). Then using Egs. (C5) and (C8), "
: : i+ vik) = —e'. (E8)
we rewrite the matrix element H;' " as J N
DT = (WG H W ) = (W Ho W) Then we have
Q o o - - =N
= (A=) = (=il + ) Lo /dkM. (E9)
o w—§&K w —2& cosk
= Z[f('BO) = f(=Bo)l- (D11) Substituting (E9) into (E6), we get the expression for a?”:
Therefore, our result above in Eq. (D7) directly leads to Lo ny
Eq. (C6). o= ZfdkeXp{l =Pl g
J 27 o w — 2& cosk

APPENDIX E: THE UNITARY OPERATOR U,, .
In the case of a single TLS located at the zeroth resonator, we

In this appendix, we calculate the unitary operator Uy have m = 1 and c(1) = 0. Then a?” is expressed as
defined in Eq. (43). As in Appendix B, it is easy to prove

that Uy, is the product of the displacement operators of each oM = L dk explikj] (E11)
resonator mode: I T o w—2E cosk’
+00
. . _ M
Uy = l—[ exp [a}”ax (a; _ aj)]. (El) Qn the o.ther hand, in such a single-TLS case, the value of o
Palo is also given by (B11). Therefore, we have
To derive the expression of ozj.‘” , we define the column vector A /' explikjl ~— Aw £ 1l E12)
_ 2 w—2Ecosk 282 —oww \w
a:(...,afll,otgl,af’l,...)T. (E2) !

. . . with w; defined in Sec. II B. Substituting (E12) into (E10), we
Then a straightforward calculation shows that the condi-

. . . . finally obtain
tion (43) is equivalent to the equation
N N - m [j—c(B)I
wa —EKa = A. (E3) otj-‘/l — Z —2)%01 (i> ' . (E13)
Here K is a square matrix with the element K;; in the ith row p=1 27 - om0

and jth column given by Therefore, we get the analytical expression of the unitary

Kij =08i 11+ 1. (E4) operator Uy, defined in Egs. (43) and (E1).
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