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Spontaneous emission spectrum from a V-type artificial atom in a strong-coupling regime:
Dark lines and line narrowing
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We employ a time-dependent variational approach with the multiple Davydov D, ansatz and two approximate
analytical methods to study the spontaneous emission of a V-type artificial atom in the strong-coupling regime,
where the decay rate of the emitter becomes a considerable fraction of its transition frequencies, and focus
on quantum-interference-induced effects. The variational approach is found to be accurate in certain strong-
coupling regimes and is used as the benchmark to address the validity of the analytical methods: the rotating-
wave approximation (RWA) and the transformed RWA (TRWA). It is found that the TRWA is fairly accurate in
the strong-coupling regime where the RWA breaks down. By using the numerical and analytical methods, we
illustrate that there are dark lines and line narrowing in the emission spectra in the strong-coupling regime and
in a wide accessible range of the emitter parameters. We also illustrate how the emission spectrum is altered
by the counter-rotating couplings. The present results offer insights into the experimental observation of the
quantum-interference-induced effect in the strong-coupling regime and in the context of artificial atoms.
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I. INTRODUCTION

Multilevel emitters have attracted much attention in both
theoretical and experimental studies in quantum optics be-
cause of quantum interference and coherence. Such effects
play a vital role in the emission and absorption processes
of multilevel emitters and lead to a variety of interesting
phenomena such as electromagnetically induced transparency
[1-5], spontaneous emission cancellation [6], and lasing
without inversion [7]. On the other hand, the study of the
multilevel system reveals also a need for the realization
of quantum information processing, which is relevant to
quantum gates [8], quantum state transfer [9], quantum en-
tanglement [10], etc.

One of the simplest multilevel systems, the three-level
systems have been considered in many works [11-21]. Owing
to quantum interference and coherence, the time evolution of
the excited-state population is not a simple exponential decay.
The emission spectrum exhibits intriguing structures that are
absent in the case of a two-level atom, the spectrum of which
is a simple Lorentzian line. Zhu er al. have shown that there
are dark lines and line narrowing in the emission spectrum of
a V-type three-level atom due to the interference between the
two transitions [11]. However, it has been pointed out by the
authors that these effects are found to be significant in a very
limited range of atom parameters, that is, the separation of
the two upper levels of the atom is required to be comparable
with the natural decay rate and thus it is far smaller than the
transition frequencies between the lower state and the upper
states, which is not a realistic situation in real atoms. It is
therefore difficult to experimentally observe such effects with
real atoms.
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As is known, artificial atoms realizable with supercon-
duction circuits enable the realization of a broad range
of light-matter coupling from weak to ultrastrong regimes
[22,23]. Reference [24] reports that the interaction between
a superconducting qubit and one-dimensional transmission
line is so strong that the spontaneous decay rate of the
qubit becomes comparable with its transition frequency, in
contrast with real atoms. It becomes interesting to explore
whether quantum-interference-induced effects such as dark
lines and line narrowing exist in the strong-coupling regime
and in a wide accessible range of parameters. In addi-
tion, counter-rotating couplings which are neglected in the
rotating-wave approximation (RWA) become important in the
strong-coupling regime. Few efforts have been devoted to
studying how those couplings influence the emission spectra
of the multilevel emitter in the strong-coupling regime.

In this paper, we study the spontaneous emission spectrum
of a V-type artificial atom coupled to a radiation reservoir by
using a variational approach and two approximate analytical
methods in the strong-coupling regime where the decay rate
of the emitter becomes a considerable fraction of its transition
frequency. The variational approach is based on the Dirac-
Frenkel time-dependent variational principle and the multiple
Davydov D, (multi-D,) ansatz [25-27], which goes beyond
the RWA and Born-Markovian approximation and is shown to
be accurate in certain strong-coupling regimes. One analytical
method is based on a unitary transformation [28] which allows
us to derive a RWA-like effective Hamiltonian and is named
the transformed RWA (TRWA) method; the other analytical
method is based on the widely used RWA. By comparing the
survival probabilities of the excited state and emission spectra
calculated by the three methods, we show that the TRWA
method is capable of providing a fairly accurate description
of the spontaneous emission of the V-type artificial atom in
the strong-coupling regime while the RWA breaks down. We
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illustrate that in the strong-coupling regime significant dark
lines and line narrowing can be observed in the emission
spectra in a wide range of parameters. Particularly, it is fea-
sible to observe such effects in the case of a relatively large
separation of the two upper states of the three-level emitter,
which is accessible with artificial atoms in the circuit-QED
setups. This paves the way for experimental observation of
such phenomena in artificial atoms.

This paper is organized as follows: In Sec. II, we intro-
duce the theoretical model and the methodologies including
the time-dependent variational approach, the TRWA, and the
RWA. In Sec. III, we compare the survival probabilities of the
excited state calculated by the three methods and study the
steady-state emission spectra in the strong-coupling regime.
In Sec. IV, the conclusions are drawn.

II. MODEL AND METHODOLOGIES

We consider that a V-type artificial atom is strongly cou-
pled to a multimode radiation field, which is described by the
Hamiltonian (&2 = 1)

H = Hs + Hr + Hi, (D
where
2
Hs =" Q;lj)l. )
j=0
HR = Za)kbzbk, (3)
k
Ak .
Hy=)  S-Lbi+b)). )

k

Here, Hs is the free Hamiltonian of a V-type three-level ar-
tificial atom, where |0) is the ground state with the energy
ho = 0, and [1) and |2) are the excited states. 2;(j = 1, 2) is
the transition frequency between the excited state |j) and the
ground state |0). Hy is the free Hamiltonian of the multimode
radiation field. by (b/t) is the annihilation (creation) operator of
the kth bosonic mode with frequency wy. H; is the interaction
Hamiltonian between the three-level artificial atom and the
reservoir, where A is the coupling constant. L = L' is the
transition operator of the V-type artificial atom and reads

2 2
L= r0){jl+1)oh =)V 5)
j=1 j=1

where r; is the matrix element for the transition: |0) < |j).
The dissipation effect of the reservoir is characterized by
the Ohmic spectral density

J() =) 138wy — 0) = 2000 (0, — o), (6)
k

where « is the dimensionless coupling constant, ®(-) is the
Heaviside function, and w, is the cutoff frequency. This spec-
tral density is frequently used for the circuit QED [29-31].
For the Ohmic reservoir, when « is close to 0.1, the usual
second-order master equation or the RWA is inadequate and
a strong-coupling regime is achieved [24,32].

Note that the present model can be physically realized with
superconducting circuits [24]. A key feature of such systems

is that their potentials can be manipulated to have a strong
anharmonicity. This makes it possible to isolate the few lowest
levels from other higher levels [24,33,34]. In this scenario,
transitions from the lower-level subspace to the higher-level
subspace should be negligible even in the strong-coupling
regime. Consequently, a few-level model is still applicable to
artificial atoms in the presence of a strong atom-field interac-
tion [22,23].

A. Time-dependent variational approach

In this section, we use the Dirac-Frenkel time-dependent
variational principle with the multi-D, ansatz to solve the
time-dependent Schrodinger equation. To simplify the formal
calculation, we use the interaction picture governed by the free
Hamiltonian of the reservoir Hg, i.e.,

d - N -
id—llﬂ(t» =H@®)|Y@)), (7N
t
where

- A b )
A()=Hs+ Y ?kL(b,Le”"k’ + e~ ), (8)
k

The Dirac-Frenkel time-dependent variational principle states
that with a given trial state |1/ (¢)) the optimal solution to the
Schrodinger equation can be found via [35]

(8¥@lio, = HOIY 1)) =0, )

where (8v/(t)| is a variation of (i/(¢)|. In this paper, we use
the multi-D, ansatz, which is more feasible to treat the “off-
diagonal” coupling than the multi-D; ansatz (which requires
a diagonalized system operator L) [27,36]. The former reads

M 2

DY) =" " (Aujlidlf)- (10)

n=1 j=0

Here | f,,) is the multimode coherent state,

£} = exp [Z(fnkbz - f:kbu} 0). (11)
k

where |0) is the multimode vacuum state of the reservoir. In
the trial state, the amplitudes A,; and the displacements f,;;
are the time-dependent variational parameters.

The equations of motion for the variational parameters can
be obtained via Eq. (9) and read

i1 |DY @) = GIAIH@O|DY (1), (12)

2 2
iy AL GIAIB DY ) = D AT GIfilbH ()] DY (1)),
j=0 =0

J J (13)

These equations of motion can be written in a matrix form and
be integrated with the fourth-order Runge-Kutta algorithm
[26,32]. We present the technique details in Appendix A.

To perform the simulation, we use a finite number of
bosonic modes and specify the initial state as follows. The
coupling constants A; and the frequencies wy are obtained by
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the linear discretization of the spectral density, that is, they are
determined by the following integrals [37]:

A2 = / " I, (14)

Xk—1

Xk
o = A0 / xJ (x)dx, (15)
Xk—1
where x; = kw./N, (k=0,1,...,N,) and N, is the total
number of modes. In addition, we should also specify the
initial state of the whole system, which is chosen to be a

product state |\W(0))|0), where

|W(0)) = cosf|1) + ¢ sin0]2) (16)

is the initial state for the V-type artificial atom.

On solving the equations of motion, we can calculate the
physical quantities of interest such as the survival probabil-
ities of the interested states and the emission spectrum. For
the V-type artificial atom, we mainly calculate the survival
probability of the state [10) = |1) ® |0), which is relevant to
the spontaneous emission process and is given by

Pu(t) = |(10|DY (1))

v 1
> Anexp <—§ > |fnk|2)
K

n=1

2

a7

This time-dependent quantity will be used as a benchmark for
addressing the validity of the analytical approaches developed
in the following. For the field dynamics, we calculate photon
numbers of each mode at time ¢, which are obtained as fol-
lows:

N(wx, 1) = (DY ()| b b | DY (1))

M2
= Z ZAijf;SlnAnjfnk, (18)

n,l=1 j=0
with
Sim = (filfn)

1
= exp {Z [fi;fnk — Sl + |fnk|2)} } (19)
k

It is evident that N(wy) = lim,_, o N(wy, t) as a function of
w 1s just the steady-state spontaneous emission spectrum.

The accuracy of the variational results is measured by the
scaled squared norm of the deviation vector [38]

_ |t — Aan|pY o))

o?(t) i
(DY |H* )| DY (1)) — (DY ()| DY (1))

where wg = min{2;, 2,}. The detailed calculation of this
quantity is presented in Appendix A. Typically, the variational
results are numerically accurate as long as o(t) < 1072 [32].
More specifically, in the benchmark calculation for the well-
known spin-boson model, we find that provided o-2(¢) < 102
the present variational approach is able to yield the accurate
results predicted by other methods such as the hierarchical

equations of motion [32] and the quasiadiabatic propagator
path integral [25].

B. Unitary transformation

In this section, we analytically calculate the survival prob-
ability of the excited state and the steady-state emission
spectrum by making use of the unitary transformation [28] and
resolvent-operator formalism [39]. The former allows us to
go beyond the RWA and the weak-coupling regime while the
latter allows us to calculate the transition amplitudes easily.

We begin by transforming the Hamiltonian with a polaron-
like unitary transformation [28],

H =éSHe ™S,
=H+[S, H]+ 3[S.[S, H]] + - -, 1)
where
S0 2 by, @2)
Pl 2(1)k k SN

with & ; being the parameters to be determined later. By
neglecting the higher-order terms, we derive an effective
Hamiltonian in the transformed frame

H' ~ H| + H], (23)

where Hjj and Hj are the free and interaction Hamiltonian,
respectively. The free Hamiltonian Hj) is given by

2
Hy =Y Qi)+ ) aubiby, (24)
j=0 k
where
2 2 2
~ i Qi c c
QO = Z ﬂ Q,’ In o - @ - e s
i1 2 Q,‘ we + Q,‘ we + Q,‘
(25)

. ar? [ Q;
Q;=Q; 1——L(In jr@e @

ariw?

__ M%), 26
oray =12 (26)

Note that the transition frequencies of the excited states have
been renormalized due to the system-reservoir coupling.
The interaction Hamiltonian H| reads

2
Hi =3 3 Jua(bL10) il + bili) (0])

k i=l

= W) 2+ 12)(1]), (27)
where
X o r,-Q,-kk (28)
k,l - (,()k + Qia
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where U (t) = exp(—iHt) and
w1200, o b |50 0, o) i S i
S-22_821 92(91 +wL) Aj(a))za)—(Qj—Qo)—Ajj(w)+iFjj(a)), (31)
2 - ~ -
+ Y nigzm 2ot 29) Bw) =W + Ap(0) — il ). (32)
— Q;
. 20202 oo + Q) 0+ Q
Clearly, At ; is the effective coupling constant between the Ajj() = J |:a) ’ < i - wc—f:l’
state |i) and the bosonic mode k, and W is the reservoir- (0 +Q;)? Qj(w — o) e + 82
induced exchange coupling strength between the two excited (33)
states. It is worthwhile to note that the system-field interaction
takes the rotating-wave form and the renormalized parameters - 12 Ty
are responsible for incorporating the effects of the counter- Pjjw)=n (w+ Q) (0 +Q ',)J(a)), (34)
rotating couplings. The present treatment is referred to as the ’ !
TRWA since we have constructed a RWA-like Hamiltonian in A @) 2ury 1y Q323 Q1w + )
the transformed frame. The detailed derivation of the above [PACY (@ + Q)@+ ) (2 — Q) n Do + 1)

effective Hamiltonian is presented in Appendix B.

Although the unitary transformation used resembles the
well-known polaron transformation [40-43], there are three
differences between them. First, in the transformation gen-
erator S, we have introduced parameters & ; and they are
determined by requiring the first-order system-reservoir cou-
pling to take the RWA-like form and are found to be less
than 1. When & ; = 1, the unitary transformation becomes
the same as the standard polaron transformation. Second,
the operator V; in the TRWA treatment is not required to
be diagonal while it is taken to be diagonal in deriving the
polaron-transformed master equation [41-43]. Third, we use
the transformation to reformulate the interaction term Hj
while the polaron transformation eliminates the interaction
term H;. In addition, we should point out the fact that the
standard polaron-transformed master equation is not applica-
ble to the spin-boson model with the Ohmic spectral density
due to the infrared divergence; however, a variational master
equation may be used to study the present problem [44]. Nev-
ertheless, since we are interested in the spontaneous emission
and there are only few states involved in the problem, it is
much easier to use the resolvent-operator formalism or wave-
function approach than the master-equation approach because
the latter captures only the reduced dynamics and should be
combined with the quantum regression theory to calculate the
emission spectrum [45], which is not as convenient as the
resolvent-operator formalism.

We use the effective Hamiltonian and resolvent-operator
formalism to calculate the survival probability of the state
[10) when the initial state is given by |W(0))|0). The survival
probability is found to be given by

Py(t) = [(10]U (1) W(0))[0)|?

cosf f"’ [ Ay(w) ] it
~ Im| = = ~ e “dw
7 Jo A (0)Ar(w) — BX(w)

% sin 6 fwc [ B(w) } it
+ Im|—= - - e “do
b4 0 A(w)Ar(0)—B*(w)
(30)
|

2

)

N(wy) = [P +v”1

| — Z+|2

log — z—|?

2
b2 Z(—l)fszjln‘—‘”(w”+9f) (35)
j=1

9192 — Qj(a)—a)c)

Moreover, the steady-state emission spectrum can be calcu-
lated as follows:

N(we) = lim [(01|U ()] %(0))[0)?

~
~

co0s 0 |: M 1Az (wr) + A2 B(awy) h}
A(w)Ar(w) — BXay) 29

2

I

. M1 B M oA A
+e"”sin9|: k1B(wr) + M 2A 1 (wr) k,2:|

Al(0Ay () — Brax) | 22

(36)

where |01;) represents that the emitter is in the ground state
and a photon appears in the kth mode. The detailed derivation
of Egs. (30) and (36) can be found in Appendix C.

The TRWA spectrum (36) is too complicated to offer
insights into the spectral features. We acquire a simpli-
fication of the TRWA spectrum by using the following
approximation:

Aj(w) > 0—(Q;—Q)—Aj;+iljj=w—a;, (A7)
B(a)) — —W + Alg — if]z = 1;, (38)

where Ajjr and f‘jjr are the values of Ajj/(a)) and f’jj/(a))
at w = @1y, respectively, and @, = %(Ql + €)= Qo is the
average transition frequency between the upper levels and the
lower level. The above approximation is equivalent to replac-
ing H) + PR(z)P in Egs. (C5—(C8) with Hj+ PR(wi» +
Qo + i07)P, which corresponds to Markovian approximation
and can be justified when A jj(w) and r jj (@) are slowly
varying functions of w [39]. Furthermore, we also neglect the
constant terms 1/(2€2;) in Eq. (36). In doing so, we obtain a
simplified TRWA spectrum

1
7R (+), *(—) , 39
* e[”" U ar — ) (@ —27) ©9

S 08Oy 1 (2 — @) 4 Axab] + €% sinO[Ay b+ Ay 2(ze — 1))
& =
I+ —2—

) (40)
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where v,ﬁi) are the weight factors, and z are the solutions of

the equation (z — @, )(z — a2) — b? = 0 for the variable z and
read

1 . -
Zx =0+ E(A” + Axn) F /p cos <%>
|1 = -~ . (¢
—1i §(F11+F22):|:\/58m )| (41)
The quantities p and ¢ are given by

- . R b
p* = [8122 + W —Ap)y? T}, - Z(F” - Iﬁ22)2i|

+ 2T W — Ap) = 81p(T — o), (42)
MW — Ap) — 81T — Ta)
¢ = arctan - = = = = ,
8+ W —Ap)? —TL — (T —Typ)?
(43)
where
S =3 =S+ Ay — Ayp). (44)

We now discuss the physical implications of the simpli-
fied TRWA spectrum. It is clear that the first two terms in
the spectrum formally contribute to two peaks, the positions
and widths of which are determined by the real and imagi-
nary parts of z4, respectively. The last term in the simplified
TRWA spectrum is the interference term. It turns out that z4
play a fundamental role in the formation of the spectrum.
The physical significance of z+ can be understood by noting
that z. + € are the eigenvalues of the effective Hamiltonian
Hj+ PR(®w1» + Qo + i0T)P of the resolvent operator in the
subspace. This suggests that the formation of the spectrum
should be understood as a consequence of transitions from
two corresponding eigenstates of the effective Hamiltonian
in the subspace instead of the two bare upper states to the
ground state. The two eigenstates mathematically arise from
the superposition of the two bare upper states due to the
indirect coupling between them, which is fully captured by
the numerator in Eq. (C12). The indirect coupling phys-
ically results from the exchange of either real or virtual
photons.

C. RWA emission spectrum

To examine the effects of the counter-rotating couplings as
well as the improvement of the TRWA over the RWA, we also
analytically calculate the survival probability of the excited
state and the steady-state emission spectrum with the RWA
Hamiltonian, which is obtained by replacing H; in Eq. (1) with
the following one:

2
Y .
HY =% er(b,;|0> (il + bl (o). (45)
k=1

By using the RWA Hamiltonian and the resolvent-operator
formalism, we derive the survival probability of the state |10},

which is given by

P = |25 /w m[ Ay () } o g
= e w
0 7 Jo o LA(@A ) - B2 (w)
N €' sin 6 /“"“ Im|: B(w) ]e—iwzdw 2’
T 0 Aj(0)Ar(0)—B?*(w)
(46)
where
Aj(@) = o — Q) — r}[A@) — iT(o)], A7)
B(w) = rin[A(w) — il'(w)], (48)
2
A@=PY —wkf/ik _ %(a)ln — _w‘ - wc), (49)
A2 T
Fw)y=m) FHr— ) = (). (50)
k

The RWA steady-state emission spectrum is

cos(Q)ri(wr — 22) + e sin(0)ry(wr — 21)
Ay (wp)Ar(wr) — B ()

A
4

2

N(wy) =

(SD

It follows from Eq. (51) that N(w;) = 0 may occur under
certain conditions. For instance, when 6 = 0, N(w; = ;) =
0; when 6 = 7 /2, N(wr = €21) = 0. In other words, when the
V-type artificial atom is initially prepared in one of the excited
states, N (wy) becomes zero at the transition frequency of the
other excited state [11]. This may result in a dark line in the
emission spectrum. It is interesting to examine the influence of
the counter-rotating couplings on such dark lines in the strong-
coupling regime.

III. DYNAMICS AND STEADY-STATE EMISSION SPECTRA

In this section, we use the aforementioned three methods to
calculate the spontaneous emission dynamics and spectrum of
the V-type artificial atom in the strong-coupling regime. In nu-
merical calculation, we set the cutoff frequency as w, = 5.
We will first address the validity of the analytical methods
by comparing the survival probabilities of the excited state
calculated by the three methods, which also provides insights
into the spontaneous emission dynamical process. We then
illustrate the dark lines and line narrowing of the emission
spectra from the V-type artificial atom in the strong light-
matter coupling regime and explore how such phenomena are
affected by the counter-rotating couplings, which are expected
to have non-negligible effects in the strong-coupling regime.

A. Time evolution of the survival probability of the excited state

We first discuss the validity of the variational multi-D, re-
sults, which is measured by the deviation o2(¢). It is found that
the deviation o2(t) of the present variational approach with
the multi-D, ansatz takes on a relatively small magnitude,
i.e., 02(t) ~ 1073, as long as M is large enough and « ~ 0.1.
More details on the behaviors of o2(¢) with the variation of
time are presented in Appendix A. It is therefore reasonable
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FIG. 1. Survival probability as a function of ¢ calculated by the three methods for & = 0.05. The other parameters used are shown in each
panel. “4-D,” represents the variational results with the multiplicity M = 4.

to choose the variational results to be the benchmark in this
paper. In addition, the convergence of the variational results
has been carefully tested by increasing M for fixed N, and by
increasing N, for fixed M. The number of bath modes used in
the numerical simulation is N, = 300. The multiplicity M is
shown in the legend of each plot.

Figure 1 shows the survival probability of the excited state
[10) as a function of time calculated by the three methods
for o« = 0.05 and various configurations of the other param-
eters. It is evident that the deviation between the TRWA and
the multi-D, results is much smaller than that between the
RWA and the multi-D; results, suggesting that the TRWA has
a much better performance than the RWA and the counter-
rotating couplings have a non-negligible contribution to the
short-time dynamics in the strong-coupling regime. In addi-
tion, we should emphasize that in the long-time limit the three
methods coincide, that is, the survival probability tends to zero
due to the fact that the excited state dies out because of the
spontaneous emission.

Figure 2 shows the survival probability of the excited state
[10) as a function of time calculated by the three methods for
o = 0.1 and various configurations of the other parameters.
We note that the deviation among the three kinds of results
becomes significant for the larger «. Nevertheless, the TRWA
provides approximate results with acceptable deviation from
the multi-D; results. In contrast, the RWA results significantly
differ from the multi-D, results, suggesting the inadequacy of
the RWA.

To summarize, it turns out that the TRWA is applicable to
the strong-coupling regime and has a considerable improve-
ment over the RWA when o & 0.1. On the other hand, Figs. 1
and 2 show that the spontaneous decay of the excited state is
not the simple exponential decay, which possesses oscillatory
behaviors and can be attributed to the bath-induced exchange
interaction between the two upper levels and quantum inter-
ference [12]. Moreover, it is worthwhile to note that Figs. 1(i)
and 2(i) show that the spontaneous decay of the excited state
is relatively slow, indicating that the decay rate is relatively
small in spite of the strong system-reservoir coupling and thus
the emission spectrum may exhibit a narrow line even in the
strong-coupling regime.

B. Dark lines in the emission spectrum

Having compared the short-time evolution of the survival
probability of the excited state, we move to study the emis-
sion spectra of the V-type artificial atom in the long-time
limit. For the variational approach, we propagate the equa-
tions of motion for the variational parameters to a final time
of t = 350521_l and use N (@i, 1)|;_3500;1 to approximate the
steady-state emission spectrum. This treatment is found to be
sufficient in most cases except for some intractable cases. For
instance, in the case of a spectrum exhibiting a significant dark
line or line narrowing, the field may need a long time to reach
a steady state, which becomes quite numerically demanding.
Nevertheless, the quantity N(wx, ?)],_3s0q; provides a good
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FIG. 2. Survival probability as a function of ¢ calculated by the three methods for &« = 0.1. The other parameters used are shown in each

panel.

approximate description of the steady-state spectrum without spectra and the TRWA spectra agree well with each other,
essential error. which further confirms the validity of the TRWA. When com-

In Fig. 3, we calculate the steady-state emission spectrum paring the RWA spectra with the other ones, we see the two
by using the three methods for 8 =0, ¢ =0, and r; =2r, =1, consequences of the RWA on the spectra. One is that the RWA
the two values of «, and the three values of €2,. The multi-D, spectra are significantly shifted from the multi-D, spectra.

0.08F (a) a=0.05, Q =1.3Q, 0.081 (b) @=0.05, Q, =1.4Q, 0.081 (¢) 2=0.05, Q2 =1.5Q,
[ h

@y (units of 1) @y (units of Q1) i (units of Q)

FIG. 3. Emission spectra calculated by the three methods for r; =2r, =1 and 6 = ¢ = 0. “Sim. T.” represents the simplified TRWA
spectrum (39). The other parameters used are shown in each panel.
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FIG. 4. Emission spectra calculated by the three methods for r, = 1, 8 = 7 /4, and ¢ = 0. The other parameters used are shown in each

panel.

The other is that the RWA peak is narrower than the multi-D,
one. This means that the counter-rotating couplings signifi-
cantly contribute to the peak positions and the linewidths of
the spectrum. On the other hand, it is clear to see that the
spectra exhibit Fano-type dark lines irrespective of the RWA.
More importantly, the present results suggest that the dark line
of the V-type artificial atom can be observed in the strong-
coupling regime and in the case of a relatively large separation
of the two upper levels, i.e., |2, — 21| ~ €2;. This is in sharp
contrast with the previous work in the weak-coupling regime
[11], where the dark lines and line narrowing are found to be
significant only in the small separation of the two upper levels,
ie., |2 — Q] ~ k K Q) where « is the spontaneous decay
rate of the natural atom.

We now illustrate the dark lines of the emission spectra
from the V-type artificial atom when it is initially prepared in
the superposition of the two upper states with equal weights,
ie., 0 = /4 and ¢ = 0. Figures 4(a)—4(c) display the spectra
calculated by the three methods for & = 0.05, 2, = 1.1y,
and r, = 1 and the three values of r;. The TRWA and multi-D,
spectra are overall consistent with each other in spite of a
discrepancy in the intensities of the dark lines. Such a dis-
crepancy between the TRWA and multi-D, spectra can be
ascribed to the fact that the latter are obtained at a finite time,
ie., N(w, 1)];_3500-1> and they have not reached a steady
state for the parameters used in Fig. 4 and can be simply
verified by plotting N (wy, t) as a function of time ¢ (the results
are not shown here). We will discuss why the variational
spectrum does not reach a steady state at t = 35091’1 under
certain conditions in the next section. Nevertheless, the two
methods on the existence of dark lines are qualitatively the
same. Specifically, when r| = r,/2, there exists a Fano-type
dark line in the spectrum, which is similar to that found in the
weak-coupling regime [11]. As r; increases, the dark line pro-
file changes into a dip. When r; = r,, the dark line becomes
a Fano-type curve again. Figures 4(d)—4(f) display the spectra
for « = 0.1 and €2, = 1.2€2, the other parameters being the

same as Figs. 4(a)—4(c), respectively. We see that the profiles
of the dark lines in the case of @« = 0.1 and 2, = 1.2,
are similar to those in the case of « = 0.05 and 2, = 1.1,
except that the dark line broadens.

In Figs. 3 and 4, we see that the simplified TRWA spectrum
is qualitatively and acceptably quantitatively correct. There-
fore, we can use the simplified TRWA spectrum to further
analyze the spectral features due to the quantum-interference
effects. It is easy to verify that the dark lines originate from
the interference term. To clarify the interference effects that
are accessible in a wide parameter regime, in Fig. 5(a), we
calculate the interference term in Eq. (39) as a function of wy
and o for Q, = 1.2Q,2ri =rn =1,0 = /4,and ¢ = 0; in
Fig. 5(b) we calculate the interference term as a function of wy
and Q, fora =0.1,2r; =r,=1,0 = /4, and ¢ = 0. We
see that there are two blue areas where the interference term
takes on considerable negative values, indicating a signifi-
cant modification to the spectrum. The present results suggest
that the dark lines may be feasible to be observed in the
strong-coupling regime and in the presence of a relatively
large separation of the upper levels, which is realizable in
superconducting circuit-QED setups.

C. Line narrowing in the emission spectrum

In this section, we illustrate the line narrowing of the V-
type artificial atom in the strong-coupling regime. Figure 6
displays the spectra obtained by the three methods for r; =
ry =1, Q, =129, and 6 = 7 /4, the two values of «, and
the three values of ¢. It is evident that the spectrum depends
on the relative phase ¢ of the upper states. Interestingly, there
exist a narrow peak and a broad peak in the spectrum. For the
special initial state |W(0)) = (|1) — |2))/ﬁ (@ =m/4 and
¢ = m), the spectrum just exhibits a single narrow peak. In
addition, we should point out that the line narrowing can also
be illustrated when the V-type artificial atom is initially in one
of the upper states for a relatively large separation of the upper
levels.
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FIG. 5. (a) Interference term in Eq. (39) as a function of w; and
o for 2, = 1.29Q;. (b) Interference term in Eq. (39) as a function
of w; and 2, for @ = 0.1. The other parameters are 2ry =r, =1,
0 =m/4,and ¢ = 0.

Similarly, we use the simplified TRWA spectrum to an-
alyze the origin of the narrow peak as well as the effects
of quantum interference on it. To this end, we calculate
the emission spectrum and its three components by using
the simplified TRWA spectrum (39) for the parameters in
Figs. 6(a)-6(c). It can be seen from Fig. 7 that the peak as-
sociated with z_ itself has a narrow width and the interference
term does not play a fundamental role in the line narrowing.
Instead, the interference term may significantly modify the
height of the narrow peak. More importantly, in Fig. 7(c), we
see that the interference term is weak, and the narrow peak
is barely modified by the interference term. We find that a
similar situation occurs for o = 0.1. This leads us to draw
the conclusion that the line narrowing in the strong-coupling
regime is due to the behavior of the imaginary part of z_ and
fundamentally arises from the photon-mediated interaction
between the two upper levels.

A numerical calculation of the real and imaginary parts
of zy as a function of « is shown in Fig. 8 for ry =r, =1
and 2, = 1.2€22;. We find that [Imz,| > |Imz_| and their de-
viation increases with «, resulting in a broad and a narrow

peak. Moreover, it is worthwhile to note that the magnitude
of |Imz_| is on the order of 1072€2; and much smaller than
that of |Imz, |, being on the order of 10~'Q; when « > 0.03.
On the other hand, we note that Rez; < Rez_, resulting in
the broad peak appearing at a lower frequency and the narrow
peak appearing at a higher frequency. These findings explain
the formation of the spectra shown in Fig. 6 and confirm that
the spectrum in the strong-coupling regime should be under-
stood as a consequence of transitions from the two eigenstates
of the effective Hamiltonian of the resolvent operator in the
subspace to the ground state. The present results suggest that
the line narrowing in the emission spectrum of the V-type
artificial atom can be observed in a wide accessible range
of parameters provided that the system-reservoir coupling is
moderately strong. In addition, the small decay rate from z_
is responsible for the fact that the time-dependent spectra
obtained by the variational approach do not reach a steady
state at t = 350521_1 since the emitter needs a fairly long time
to evolve into a steady state.

IV. CONCLUSIONS

In summary, we have studied the spontaneous emission
dynamics and spectrum of the V-type artificial atom in the
strong-coupling regime by using the variational approach,
TRWA, and RWA. The variational approach combines the
Dirac-Frenkel time-dependent variational approach with the
multi-D; ansatz, which is found to be accurate in the strong-
coupling regime. The analytical TRWA method is based on
the RWA-like effective Hamiltonian derived from the uni-
tary transformation. The variational approach and TRWA are
found to be consistent with each other in predicting short-time
dynamics and steady-state emission spectra in the strong-
coupling regime, where the RWA breaks down. By using the
variational approach and the TRWA, we have shown that the
spectrum exhibits significant dark lines and line narrowing in
the strong-coupling regime when the separation of the two
upper levels is comparable with the transition frequencies of
the system, which is accessible in the circuit-QED setup. The
dark lines signify the quantum-interference effects. However,
the line narrowing is found to be significant even when the
quantum-interference effect is weak and physically originates
from the photon-mediated interaction between the two upper
levels. In addition, we have shown that the counter-rotating
couplings have a significant contribution to the peak position
and linewidth of the spontaneous emission spectrum in the
strong-coupling regime. The present results pave the way
for the experimental observation of the quantum-interference-
induced effects with artificial atoms in the strong-coupling
regime. The present variational approach as well as the TRWA
method provide theoretical tools for studying the dynamics,
emission spectrum, and quantum interference of the multilevel
systems in the strong-coupling regime from the numerical and
analytical views, respectively.
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FIG. 6. Emission spectra calculated by the three methods for ry = r, = 1, 2, = 1.2Q2, and 6 = 7 /4. The other parameters used are shown
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APPENDIX A: EQUATIONS OF MOTION FOR THE
VARIATIONAL PARAMETERS AND THE SQUARED
NORM OF THE DEVIATION VECTOR

One readily differentiates the multi-D, state with respect to
time ¢ and obtains

M

DY (1)) = (an,» + Arj Zf;,kb,t) DIfa)s (AL
k

2
n=1 j=0

where

(A2)

ayj = Anj - Aane (Z fnkf:k) .
k

Using Eq. (A1), the explicit forms of the equations of motion
can be obtained and further be written in a matrix form,

where S,CY, and G are M x M, M x MNj,, and MN, x MN,
matrices. The elements of these matrices are defined as fol-

lows:
C = AuiSifir. (A4)

2
Gigmk = ) ATjAnj g + feSng)Sin (AS5)

j=0
and S;, = (fi1fn). The vectors a; and F are defined as follows:

Sau), (A6)

I;=(-~~sf1k7f2k,-o',f}llka--~)T~

The components of the vectors in the inhomogeneous terms in
Eq. (A3) read

;1 = GUAIHOIDY @)

aj = (aij, azj, - -

(AT)

S CON (ao Io M M2
S e || a 7, = Ay QS+ Y Y AuSujlLli)
i = , A3 = =1 i=
S C(z) [_1,2 1"2 ( ) n=1 n=1 i=0
- )"k * iyt —iwgt
cor i @i g F I X Z ?(f,ke + faxe™ ), (A8)
k
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FIG. 7. Emission spectrum and its three components calculated by Eq. (39) for « = 0.05, ry =r, =1, 0 = /4, Q, = 1.2, and the
three values of . “P,” and “I3” represent the emission lines from the three terms in Eq. (39), respectively. “Total” represents the sum of the

three components.
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ZA (I filbgH ()IDY (1))

Jj=
M 2

ZZZ QAIJ nj ”(1+22 Al] 1L1E)Ani
n=1 j=0

X [8k,qeiwkt + (ﬁ}k{eiwkr + f;lke_iwkr )fnq] Slnv (A9)

where fj isan M x 1 vector and fp is arranged as an MN,, x 1
vector.

(H*@t)) = (DY (t)|H* ()| D5 (1))

We state briefly how to numerically integrate the equa-
tions of motion. First, one solves the equations of motion
as a set of linear equations for the variable vector to obtain
the information of the derivatives of the variational param-
eters. Note that the derivatives of A,; are calculated via
Eq. (A2). Second, the obtained derivatives are used to update
the variational parameters with the fourth-order Runge-Kutta
algorithm. Third, one can repeat the above two steps to obtain
the time evolution of the variational parameters.

The scaled squared norm of the deviation vector depends
on the mean value of H?(¢) and the squared norm of |D’2"’ @®)),
which can be straightforwardly calculated as follows:

2
A )
Z ZA*A QDD AL GIHs LA™ + fue™) | Sin

n,l=1| j=0 k i=0

+ Z ZAU (GIL?|i)A

n,l=11i,j=0

(DM(I)‘DM(t)> (—>T =T —>T FT)

In Fig. 9, we show the behaviors of () as a function
of time ¢ for the results shown in Figs. 1 and 2 in the main
text. One readily notes that o>(t) < 1072 is satisfied in each
variational result. This suggests that the present variational
results are numerically accurate. In addition, we have tried
to calculate the deviation in the case of « = 0.2 and find
that o2(z) increases to a magnitude of about 0.02 for either
M = 12 or 14, indicating that the improvement of the ansatz
may be needed for a higher accuracy.

APPENDIX B: UNITARY TRANSFORMATION
FOR THE V-TYPE ARTIFICIAL ATOM

The unitary transformation can be done as follows:

1
¢SHse™s ~ Hs + [S, Hs] + 518, 1S, Hs]l

= Hs + Z Z_a)k(bk —by)
k

2
x Y EiQiri((0) (il — 18)(0])

i=1

)"2
-5 [E P22 (i) (il — 10)(0])
k k

1
+ 3 Z rirS2 &k ik i (1) (J] + Ij)(il)}
ij=1

|:Z?k fe ™ + fuxe” ”"”):| +Z Sins
p

cOf ot c@f G F

(A10)
S cON (do
S ch |l a

s colla (A11)

hp i .
+ D o byb, + biby — bk — bby)
v Wi,

2
x [Zsk.is,,,isz,-rf(|i> (il — 10)(0)

i=1
1 2
5 D riri iy 1) G+ Epibi L)) |

i#j=1
(BD)

2
_ A
SHye™S ~ § ‘woiblbi — Y :Ek(bz +b0) Y &V
i=1

k

+ Z Z _%_kz%-k ]VV

kljl

kp i
-3 Z T Db, — biby + bibi — biby)
k,p @p

2
XY Eikp Vi Vil (B2)

i,j=1
S =S ~
e HIe ~ HI + [S HI]

= Hi— Z Zsk,{v,,V}

z/l
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We construct the diagonal part of the effective Hamiltonian

by collecting the diagonal terms of the decoupled artificial
atom and the reservoir in Egs. (B1)—(B3), which leads to

MN
QO

Hy = )Gl + Y by

k

(B4)
j=0

The energies of the three states are renormalized and given by

2 2 2
W 2 WY
"L [4w,% R

2€k,i)], (BS)

The interaction Hamiltonian can be constructed by collecting
the off-diagonal terms associated with the zeroth- and first-
order bosonic processes, that is,

2
A .
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k
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—ZZ
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FIG. 9. Scaled squared norm of the deviation vector %(¢) as a function of ¢ for the variational results in Figs. 1 and 2 of the main text.
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where we have used Eq. (B7) to simplify the system-reservoir
interaction terms, and

Q4+ Q
Z—rlrz[:fk 1€, 2( 1 +k 2 - 1> + &k +§k,2]-

(B9)

APPENDIX C: PROBABILITY AMPLITUDES AND
THE RESOLVENT-OPERATOR FORMALISM

Without loss of generality, we show how to use
the effective Hamiltonian and resolvent-operator formalism
to calculate the probability amplitudes (10|U(¢)|10) and
(01U (®)]jO) (j = 1,2). It is straightforward to derive the
relation between the probability amplitudes in the laboratory
frame and those in the transformed frame as follows:

(101U (1)]10) = (10le 35U (1)eSe 5|10)

~ (10|U'(1)|10) +Z [(01,]U'(1)]10)
+ (10|U"(1)[01,4)], (C1)
x
(01 ]U ()] j0) ~ (01U (1)] jO) + Z 2;1.2’ (01U (1)]01,)
2 ~
=30 2o )0y, )
29, /

i=1

where (10|U'(#)[10) and (01,|U’(t)|10) are the probability
amplitudes in the transformed frame. These quantities can
be calculated with the resolvent-operator formalism, which
relates the time evolution operator with the resolvent operator
via the following integral [39]:

1 - .
U'(t) = 5 / G(w~+ i0Me ™ dw, (C3)
400

where

G(z) =

z—H )
is the resolvent operator defined with the effective Hamilto-
nian H’ and a complex variable z. To compute the probability
amplitudes, we should first calculate the corresponding matrix
elements of G(z). To this end, we introduce the projectors
P and Q, where P = |10)(10] 4+ |20){(20| and Q =1 — P.
We then use the algebra method to evaluate the projections
PGP, PG(2)Q, QG(z)P, and OG(z)Q, which read [39]

POOP = — e — (c3)

Q6P = oy = e (©

PaOC= i e s
e R

R Sia

where

Q

/
0

is the level-shift operator.
The level-shift operator can be computed up to the second
order and leads to the matrix elements of PG(z)P:

- 52
20/G(2)|20 SR T T (C10)
Z == ~ 9
(20] [20) B
==Y Koo
TR QZ—Qo—w
10|G(2)]10) = — L. Cl11
(10|G(2)|10) B (C11)
q. /\rf
_W+Zfiz Qlo Z)(,
(201G(2)|10) = (10|G(2)|20) =
D(z)
(C12)
where
22,
Dy=|z-¢ - —-+——
: Xq:Z—Qo—a)q
) 2,
xlz—-Q -y ——2=
2 Zq:z—Qo—wq
o 2
Ag1rhg2
R /4 — i L (C13)
Zz—QQ—wq

q

By using the above elements, we simply have the following
probability amplitudes:

1 A
(10[U'0)10) = =— [ (10|G(w +i07)|10)e" dw
27i Jioo
L Ay ()

270 Jyoo A(@)Ar(0) — B2(w)

X 67i(w+90)td0)

e rw)
= —— Im| = — ~
7 Jo Aj(0)Ay(w) — BX(w)

x e~ i@ g, (Cl14)

—00

1 .
(10[U'0)120) = =— [ (10|G(w +i07)]20)¢ " dw

2mi 400
L - B(w)
271 Jioo Al(@)Ar(w) — B (o)

x e*i(a)JrQo)tda)

e —rw)
= —— Im| = — ~
7 Jo Aj(0)Ay(w) — BX(w)

x e~ i@ g, (C15)
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where we have used - +10+ = P)lc — im8(x) and the Hilbert
transform, and we have defined A j(w) and B(w) in the main

text and the following functions of w:

A Xq,jj‘q,j’
Ajy(w)=P Xq: Py (C16)
Dij@)=m " Ay ikgidor — w). (C17)
q
It follows from Eqs. (C14) and (C15) that
(01U’ (1)]j0) — 0 (t — o0). (C18)

The element (01;|G(z)|10) can be calculated according to
Eq. (C6):

2
Q( —H)Q

= szq, (Ol 5 QH,)Q| ")

x (i0|G(2)10)

(01£]G(2)]10) = (01| H{PG(2)|10)

2 ,.4
Z T, o (G0, (€19)
i=1
where we have used
Ol —2 oy~ — s (C20)
Yo —HNQ" T TS Gy
It follows from Egs. (C3) and (C19) that
oo A
(011U ()]10) = — (014|G(w + i0T)|10)e ™ dw
+00
R e 1
" 2mi oo @ — wp +i0F
)¥k IAZ(Q)) + )‘k ZB(CU) ei,(erQO)td
A(@)Ay(w) — BX(w)
(C21)

A similar calculation directly leads to
’ - 1
014U ()]20) ~ — _
LT ®]20) i Jioo @—p+i0F
M1 B(@) + A 241 () i+ g
Ay ()Az(w) — BX @)

(C22)

It is clear that the simple pole @ = w; — i0" leads to nonvan-
ishing values of the integrals (C21) and (C22) in the long-time
limit (t+ — o0). By using the residue theory we simply have
the following asymptotic behaviors as t — oo:

M 1A (@) + di 2B(er) i@ o,

01,|U’ 10
U OO~ oo — B(en)

(C23)
M1 B(or) + A 2A1 () i@t

LT OR0 ~ 2 @ — B

(C24)
According to Eq. (C8), we have
Q
(0141G(2)101,) ~ (01k|m|01q% (C25)
which simply leads to
(01U (1)]01,) & 8 g Coterr (C26)

With Egs. (C23)—(C25) at hand, we can obtain the tran-
sition amplitude (014|U (¢)|j0) (j = 1,2) in the laboratory
frame and in the long-time limit according to Eq. (C2):

[ MaAo(@0) + ReaBon) | e
| A (wp)Ay(wp) — B (o) 282 |

x e~ i@+Qox (C27)

(0L U ®)[10) ~

[ A1 B(wr) + A pAr (o) E—
LA (@A () — B2 (o) 292

_i(wk"!‘QO)l. (C28)

(01U (1)]20) ~

X e

Based on the above probability amplitudes, we can easily
derive the survival probability (30) and steady-state emission
spectrum (36) in the main text.
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