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Input-output theory for waveguide QED with an ensemble of inhomogeneous atoms
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We study the collective effects that emerge in waveguide quantum electrodynamics where several (artificial)
atoms are coupled to a one-dimensional superconducting transmission line. Since single microwave photons
can travel without loss for a long distance along the line, real and virtual photons emitted by one atom can be
reabsorbed or scattered by a second atom. Depending on the distance between the atoms, this collective effect
can lead to super- and subradiance or to a coherent exchange-type interaction between the atoms. Changing the
artificial atoms transition frequencies, something which can be easily done with superconducting qubits (two
levels artificial atoms), is equivalent to changing the atom-atom separation and thereby opens the possibility to
study the characteristics of these collective effects. To study this waveguide quantum electrodynamics system, we
extend previous work and present an effective master equation valid for an ensemble of inhomogeneous atoms
driven by a coherent state. Using input-output theory, we compute analytically and numerically the elastic and
inelastic scattering and show how these quantities reveal information about collective effects. These theoretical
results are compatible with recent experimental results using transmon qubits coupled to a superconducting

one-dimensional transmission line [van Loo et al. (unpublished)].
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I. INTRODUCTION

By confining the electromagnetic field in space, cavity
quantum electrodynamics (QED), and more recently circuit
QED, have opened the opportunity to study the interaction
of light and matter in the strong-coupling regime where the
light-matter interaction strength overwhelms decay rates [1,2].
Strong interaction between matter and propagating photons is
of interest for applications such as quantum networks [3-5] and
single-photon transistors [6,7]. Strong light-matter interaction
in an open three-dimensional (3D) setting is made possible by
tightly focusing the optical field [8]. An important signature
of the interaction in this situation is the extinction of the
transmitted light field by a single atom or molecule. Indeed, the
light beam interferes destructively with the collinearly emitted
light from the atom or molecule, resulting ideally in 100%
reflection. However, because of poor spatial mode matching
(i.e., the atom or molecule emits light in all directions while the
incoming beam is tightly focused), only about 10% reflection
is currently observed with single atoms [4].

The situation can be very different with artificial atoms in a
circuit [9]. Indeed, as first shown experimentally by Astafiev
et al. [10], almost ideal mode matching can be realized with a
superconducting flux qubit coupled to a one-dimensional (1D)
transmission line. In that experiment, 94% extinction of the
transmitted signal was observed showing that a single qubit can
act as a near ideal mirror for (low-intensity) microwave light.
Deviation from the ideal result was caused by pure dephasing
and qubit decay into nonradiative channels. Although this extra
channel is present, the significant extinction of the transmitted
signal implies that nonradiative decay is overwhelmed by
radiative decay into the line. This is the signature of strong
coupling for such a system. Experiments with transmon qubits
[11] in the same regime have also been realized by the
Chalmers group [12-14]. Interaction of a superconducting
qubit with photons propagating in a 1D line has also been
studied theoretically [9,15-19].
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In this paper, we study theoretically the situation where
several multilevel superconducting qubits (artificial atoms)
interact with the same 1D transmission line. Experimental
results on this waveguide QED system are presented in a
companion paper [20]. To understand the main results, it is
useful to first consider the well known and simpler case of
a single free atom in 3D space. There, interaction of the
atom with vacuum fluctuations leads to relaxation, due to
emission by the atom of a photon at the atomic transition
frequency, and to a Lamb shift of the atomic energy levels,
due to emission of virtual photons. In the presence of a second
atom, real and virtual photons emitted by the first atom can
be absorbed by the second, leading to a nontrivial interaction
between the two. Therefore, while a single atom acts as a
mirror reflecting incident light, two or more atoms will behave
in a more complex way [21,22]. However, because of poor
mode matching this interaction is rather weak in 3D.

With near-perfect mode matching, artificial atoms in a
1D transmission line provide an ideal system to study this
interaction. Indeed, a single microwave photon could, in
principle, travel for several kilometers along a superconducting
transmission line before being lost. In this setting the above-
mentioned qubit-qubit interaction is therefore long range and
emission of real photons modifies the single-qubit relaxation
time [23]. As aresult, collective decay or, in other words, super-
and subradiance will be observed in the presence of several
atoms. On the other hand, emission of virtual photons leads to
exchange-type interactions between the qubits. Whereas these
interactions can be long range, their characteristics depend on
the distance between the qubits. The character of the qubit-
qubit interaction therefore changes with the distance between
them. To change the distance between the qubits in situ is not
feasible for a given sample, but changing the wavelength X at
which the qubits emit has an equivalent effect. Consequently, it
is possible to study the distance dependence of the interaction
simply by tuning the qubit transitions frequencies.
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A system of two (artificial) atoms interacting via 3D [21,24—
30] and 1D [30-34] open space has been theoretically studied
previously. In particular, non-Markovian effects (which are
not relevant to the particular case of interest here) have been
studied [35]. Here, we adapt Lehmberg’s derivation for 3D
space [21] to an ensemble of inhomogeneous (artificial) atoms
coupled to a 1D transmission line. After eliminating the field
degrees of freedom, an effective master equation for the atoms
alone is obtained. Some approximations that were reasonable
for atoms in 3D [21] must be revisited. In order to model
reflection and transmission of an input beam by the system,
we use input-output theory [36]. This allows us to calculate
the elastic and inelastic scattering, which we show reveal the
effects mentioned above.

The paper is organized as follows. In Sec. II, we present
a theory of waveguide QED. We first present a reduced
master equation describing an arbitrary number of many-levels
(artificial) atoms coupled to the 1D line and driven by a
coherent state. We then apply input-output theory to this
system, thereby allowing us to compute elastic and inelastic
scattering. The dressed basis, which is useful for understanding
collective effects, is discussed. Focusing on the situation where
only two qubits are coupled to the line, we show how elastic
and inelastic spectra reveal information about collective effects
mediated by the open line. This is done in Sec. III considering
a A/2 separation between the qubits and in Sec. IV a A/4
separation. We summarize our work in Sec. V.

In all cases, details of the calculations are relegated to
the appendices. In Appendix A, we present a derivation of
the Hamiltonian for the cases of superconducting transmon
qubits coupled to a 1D transmission line. The reduced master
equation is derived in Appendix B and the input-output theory
is discussed in Appendix F. An in-depth discussion of the
various approximations, and their validity in the context of
waveguide QED with superconducting qubits, is presented
in Appendix C. Additional details on the derivation of the
reduced master equation can be found in Appendices D, E,
and G.

II. WAVEGUIDE QED

A. General effective master equation for the
inhomogeneous system

Asillustrated in Fig. 1 with transmon qubits, we consider an
ensemble of N inhomogeneous (artificial) atoms, each with M

o _AD <
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levels. They are dipole coupled to a 1D transmission line. The
electromagnetic field in the transmission line can be described
by the Hamiltonian [9]

Hy = f doholay(@ar@) + d @a @], (1)
0

where ajw (w) creates right- (left-) moving excitations at
frequency w in the line. The Hamiltonian of the artificial atoms
is

N-1M-1

Hy=Y " Enjlm;)(mjl, 2)

j=0 m=0

where E,; is the energy of the mth state of the jth atom. The
interaction Hamiltonian between the line’s electric field and
the electric dipole for the free artificial atoms can be described
as

N—-1M-1
Hi=Y > nhgi/m+1(E; + EhHo. 3)
j=0 m=0

In this expression, 8; is related to the electric field at the
location x; of the jth artificial atom,

Ej=—i /000 do/olay(w)e 1Y + ag(w)e' i), (4)
with v the speed of light in the transmission line. We define
oM = 6" 4ol (5)
with
o™ = |mj){(m + 1) = (1), (©)

the lowering operator for the (mm 4 1)th state of the jth atom.
The interaction only involves transitions between adjacent
states of the atoms, which is a valid approximation for
the transmon superconducting qubit behaving as a weakly
nonlinear oscillator [11]. Finally, g; is the (dimensionless)
coupling strength between atom j and the field. The expression
of g; for transmon qubits is given in Appendix C.

Following Lehmberg [21], and as shown in Appendix B,
the effective master equation for the artificial atoms after
tracing out the field degrees of freedom can be expressed as

FIG. 1. (Color online) Waveguide QED realization with superconducting circuits: transmon qubits acting as artificial atoms (in green) are

coupled to a 1D superconducting transmission line (in blue).
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[21,24-30,32,33,35]
i
) = ——[H,
p=—31H.pl

+ Z Ymj,nk [ijpaik

mj,nk

~{okg™ p}] (7)

with the effective Hamiltonian

H=Hy+h de](t)o"” +h Z

mj mj,nk

k
mj, nkamjaj_ (8)

This effective Hamiltonian contains a drive on the atoms
proportional to d,,;(t). For input coherent states incoming from
the left (right) and of frequency w,, phase 6y ), and power
P r) we show in Appendix D that

ij,mj PL .
dpj(t) = =2,/ —— sinf[wq(t + t; + 61)]
/ 2 ( ha)mj J
[ PR .
+ sin[wy(t — tj + 91{)]) )
hwmj

witht; = x; /v.

Hamiltonian of Eq. (8) is Hermitian since J,j ,x = Jnk mj
As discussed in Appendix B, in obtaining this expression,
we have used the rotating-wave approximation, dropped small
nonpositive terms in the dissipators, and absorbed Lamb shifts
in the definition of Ha (see Appendix B for the full expression).
As seen from Eq. (7), the effect of the interaction with the

transmission line is to damp atoms at the rate

Ymjnk = 278k8jv/ (m + D) + D)(mjk + Xnij)»  (10)

with

Xmjk = Opj€ " (11)

hwmj = Em+l,j - Emja (12)

and #;; = |x; — x;|/v the time it takes the signal to propagate
from atom k to atom j. For j = k, Eq. (10) corresponds to
standard relaxation rates of the atoms. As discussed below, for
J # k this however corresponds to correlated decay.

The last term of Eq. (8) is an exchange interaction between
the atoms being mediated by virtual excitations in the line with
amplitude

ij nk = _lﬂ:gkgj V (m+1Dm+1 (Xm]k Xnkj (13)

For the particular case of a pair of levels in two atoms that
are tuned to resonance, w,,; = wyy, the expressions for y,,; nx
and J,,; . take a simpler form [28-30,32,33]:

Ymjnk = 478k gjwmj~/(m + 1)(n + 1) cos(wmjty;) (14)

and

ij,nk = 27Tgkgjwmj 2% (m + D(n + l)Sin(wmjtkj)- (15)

This form makes it clear that the magnitude of these two quan-
tities has an oscillatory dependence on interatomic separation.

B. Input-output theory

To compare theoretical predictions to experiments mea-
suring reflection and transmission of light by the system, we

PHYSICAL REVIEW A 88, 043806 (2013)

derive in Appendix F the input-output boundary condition
in the presence of artificial atoms coupled to the line. Only
the main results are presented in this section. Following the
standard prescription [36], we find

Ziwy it | Ymimj _mj
a(‘}ut(t) = allrzl(t) —+ Z e mjlj é J 0.7./ (16)

mj
and
L, Vm m
aé‘ut(t) (t)+Ze wﬂ‘/\/? j a7
where
CZR([) — /w d_wa ((,() 1 )efiwz‘ (18)
) o Nam oo

represents the input field arriving at the atoms from the left
and

= | Sar@n)e (19)

|
the output field propagating to the right after interaction
with the system. As is standard in input-output formalism,
to < t and t; > t refer to a time, respectively, before or after
interaction with the system. Similar expressions can be found
for the left-moving fields.

Assuming for example that the system is driven from the
left, it is possible to compute using Egs. (16) and (17) the
transmission coefficient

112 = [{ab)/(ak)* (20)
and the reflection coefficient
I = [{ag) /(@) 1)

corresponding to elastic scattering. Another useful quantity is
the power spectrum of the output field

o0
S*w] = f dre'(a Out(t)aom(O)) (22)
for « = R,L and which corresponds to inelastic scattering for
w # 0. Analytical or numerical predictions for both the elastic
and inelastic scattering will be presented below for two choices
of interatomic separations.

C. Dressed basis

Elsewhere [20], we report measurements of |¢|2, ||, and
S*[w] for N = 2 transmons coupled to the line. There, quan-
titative agreement with numerical calculations is presented.
Here, we take M = N =2 in the reduced master equation
(7) and focus on the analytical results. Quantitative agreement
between the theoretical description below and the experimental
results of Ref. [20] can be obtained.

In a frame rotating at drive frequency wy, taking N = M =
2 leads to

. i . 1 .
p = —r—l[H,p] + Zyjk [d’pai - z{oicf’,p}} . (23)

jk
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where

H/h =" Ajlej)e;l + Y (€jol +Hc)
J J

+J(olo? +0lo?), (24)

with |e;) the excited state of qubit j, A; = wy; — wy,
J = Jojok> and yjx = Yoj.0x + vaed k. The rate ys represents
nonradiative decay of qubit j. In practice, it is easy to realize a
situation where qubit decay will be dominated by emission into
the line, that is, y;; >> ya. In this open-line setting, satisfying
this inequality corresponds to the strong-coupling regime [37].
Assuming that the qubits are driven from the left only, Eq. (9)
for the drive amplitude now takes the simpler form

. [Y0j,0jOd ) 1\ —iwgt;
€= Ty, ke 25)

To deal with correlated decay described by the last term
of Eq. (23), it is useful to move to a basis that diagonalizes
the dissipation matrix with components y; ;. As shown in
Appendix G, this leads to the more standard form for the
last term of Eq. (23), which now reads

> T.Dle"p. (26)

n=B,D

where D[x]p = xpx' — {xTx,p}/2 is the standard dissipator
that is now acting on the dressed lowering operators

o — Ty — yi)oel + ygol
VT =12 + lyor ]2
with u = B, D and with correlated decay rates

2
Tap = Y00 ;‘ Y i\/(Voo 5 )/11) Ty 2 (28)

27)

The subscripts B and D refer to bright and dark, respectively.
Due to dependence on the qubit separation, both the correlated
qubit decay I',, and exchange interaction J can be tuned by a
modification of the qubit’s transition frequency.

Below we consider the case of two qubits tuned in resonance
at a frequency wp such that the distance d between them
corresponds to Ag or 31y/4, with Ag = 27 v/wy. In both cases,
reflection and transmission coefficients are calculated as well
as the corresponding power spectra.

III. /2 SEPARATION: SUB- AND SUPERRADIANCE

A. Discussion

We first consider a pair of qubits tuned in resonance at a
frequency wg, whose associated wavelength Aq is equaltod =
Xo/2. To simplify the discussion, we let yy, = ¥0 ~ 1. In the
strong-coupling regime, ¥ir < Y0011, and the nonradiative
relaxation rate is a small perturbation. The above assumption
that the nonradiative rates are equivalent for both qubits will
therefore not affect the results much.

With this simplification and the choice d = 1(/2, the off-
diagonal decay rate y;; defined in Eq. (10) can be written as

Yo = £+ (00 — Yar) V11 — Var)- (29)
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This leads to

I'p = Yar K I'p = Yoo + Y11 — Var- (30)

In other words, ford = A /2 the state | D) definedby o | D) =
0 is dark as its decay rate is purely nonradiative. On the
other hand, the state |B) defined by o |B) =0 is bright.
This corresponds, respectively, to sub- and superradiance
[25,28,29,38]. Moreover, for this half-wavelength setting, the
exchange interaction is absent with J = 0.

That | B) and | D) are bright and dark, respectively, can also
be seen from the Hamiltonian. Indeed, by inverting Eq. (27),
it is possible to rewrite the driving term in Eq. (24) as

> h(euof +He). 31
n=B,D

For |Aj|/wy <« 1, which is easily satisfied, the drive ampli-
tudes now take the forms

€p ~ 0,
(32)
en ~ —ilaflerio [TRTT

Clearly, |D) cannot be driven from the ground state |gg).
This can be understood intuitively from Fig. 2 in the case
Yoo = y11. First, only consider the two leftmost qubits, Q;
and Q,. As illustrated in Fig. 2, when driven on resonance,
Q1 and Q, experience opposite phases of the driving field
as they are separated by d = A¢/2. In this case, transitions
between |gg) and |B) = (|ge) — |eg))/«/§ are allowed while
transitions between |gg) and |D) = (|ge) + Ieg))/«/z are
forbidden. These selection rules are captured by Eq. (32) and
are akin to what is observed in circuit QED in the presence of
two qubits in the same resonator [39,40]. As damping, just like
driving, is an interaction of the qubits with the line, we also find
in Eq. (30) that ', = yy, or, in other words, that | D) does not
decay radiatively. As expected from these simple arguments,
the situation is reversed for Q| and Q3 in Fig. 2, which are
separated by d = Ag. Inthis case, |B) = (|ge) + |eg))/\/§ and
D) = (Ige) — leg))/~/2.

It is important to point out that, since [af /D , aq]f / D] # 0and
[af / D,af /8] # 0, | D) will not be completely dark in practice
and especially not in the presence of finite nonradiative decay

FIG. 2. (Color online) Schematic representation of three trans-
mon qubits in a 1D transmission line. Qubits are considered as
point-like objects and their locations x; along the line are represented
by circles. O and Q, are separated by X,/2 while Q; and Q3 by Xo.
If O, and Q35 are identical, only symmetric superpositions of these
two qubits can be excited by an external drive of wavelength Ay. On
the other hand, since they are separated by A¢/2, only antisymmetric
superpositions of Q; and Q, can be excited.
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FIG. 3. (Color online) (a) Schematic energy level diagram for
two qubits in a transmission line. The dark state | D) cannot be driven
directly from the ground state |gg). If the qubits are identical, it can,
however, be excited by nonradiative relaxation y,, from |ee). In the
situation where the qubit relaxation rates are different (yp0 # y11), it
can be excited indirectly from |B) via |ee). Dephasing ()») can also
cause transition between |B) and | D). (b) Matrix elements of o® as
a function of the relaxation rate asymmetry (yp0 — ¥11)/(Yoo + Y11)-

¥nr- Indeed, as illustrated in Fig. 3(a), the joint excited state |ee)
can be reached from | B) by driving with o . From this state,
|D) can be populated with the action of o2 when ygo # y11.
This is because the matrix element of oZ between |ee) and
| D) is proportional to the asymmetry (Yoo — y11)/ (Yoo + V11)s
as shown in Fig. 3(b). The dark state can also be populated
by nonradiative decay. It is interesting to point out that, while
nonradiative relaxation cannot be controlled in this system, the
indirect driving of | D) from |ee) can be tuned by controlling
the asymmetry between g and y;;, something that can be
done by tuning the qubit frequency.

B. Elastic scattering

In this section, we compute the elastic scattering or,
more precisely, the transmission, Eq. (20), and reflection
coefficients, Eq. (21), assuming the two-qubit system to be
driven from the left. To simplify the discussion, as before we
take both qubits to have the same frequency, such that A = A,
and have the same total decay rate y = y;;. It is also useful
to introduce y; = |yo1] = ¥ — Yar, the radiative contribution to
the decay rate. With these definitions and Eq. (16), we find for
the outgoing field that

R/L _ R/L
Aoyt = din

+i /ol (33)

Solving for (o 2) in steady state using the master equation (23),
we have, to first order in the drive amplitude (al),

(R} = (ak) =8 — Yor)/2

out in A—il'g/2 ’ Gy
—i(Tg — yar)/2
b=k} (1~ 5 g )- 09

These equations are expected for a single qubit with relaxation
rate I' g [10]. Indeed, in the absence of nonradiative decay, there
is full extinction of the transmission and complete reflection
when driving (with low power) on resonance A = 0. While we
are dealing here with a four-level system, this simple behavior
is observed because, as illustrated in Fig. 3, at low irradiation
power and in the absence of nonradiative decay or additional
dephasing, only two levels are relevant, {|gg) , |B)}. The two
qubits behave like a single two-level system coupled to the
line and with decay rate I'p.
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FIG. 4. (Color online) Transmission and reflection coefficients as
a function of normalized detuning A/y between the qubits equal
transition frequencies and drive. The qubits are tuned such that they
are separated by d = Ao. There is full transmission extinction on
resonance. The width of both |¢|? and |r|? is given by the superradiant
rate I'p ~ 2y. Solid lines are obtained from analytical results,
whereas the dotted lines are obtained from numerical simulations of
the reduced master equation. The selected parameters are y, = 0.95y
and y /2w = 18.8 MHz.

The output fields can also be obtained exactly analytically,
but this leads to expressions that are too long to be worth repro-
ducing here. The transmission |£]? and reflection coefficients
|r|?> obtained from these exact expressions are illustrated in
Fig. 4. These are in excellent agreement with results obtained
from numerical integration of the reduced master equation,
Eq. (7). As expected from the above discussion, the width of
the transmission dip is given by the superradiantrate 'y ~ 2y.

C. Inelastic scattering

As argued above, for y,./y; =0 and in the absence of
pure dephasing, the state |D) is unpopulated and at low
enough power, we are left with an effective two-level system
{lgg) . |B)}. Inthis case, the normalized power spectral density
takes the simple form [41]

4
SRL[] = 86%“

= (T5/22 11 (36)

with egff the effective driving strength of the superradiant
state. Figure 5(a) plots this expression with €5 evaluated as
a fit parameter for results obtained from numerical integration
of the master equations (7) and (22) in the limit y./y: = 0.
As illustrated in Fig. 5(b), for y;/y; finite but small, results
obtained from numerical integration deviate from the above
simple expression and show a sharp peak in the spectral density
centered at zero (solid blue line). This is a signature of the
subradiant state | D) that can become populated, as illustrated
schematically in Fig. 3, via |ee) by nonradiative decay y,, and
via|B) by dephasing y» = ¥ur/2 + y,,. This peak should not be
confused with the Rayleigh-scattered radiation which results
in a § peak at w = 0 and which we have removed here.

As illustrated in Fig. 5(b), the signature of the dark state
disappears in the presence of large nonradiative decay. The
evolution of this feature as a function of y,./y; is presented
in Fig. 5(c). Whereas a finite nonradiative decay rate is useful
to observe both the signature of super- and subradiance, it is
required for the system to be in the strong-coupling regime for
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FIG. 5. (Color online) Power spectral density S*[w] as a function
of normalized frequency w/y, and for a weak coherent tone
corresponding to an amplitude €5 /y; = 0.005. The qubits are tuned
such that they are separated by d = Ao. In the absence of nonradiative
relaxation or asymmetry in the qubit decay rates, a squared Lorentzian
of width I'y =2y, is observed. In the presence of nonradiative
relaxation the dark state can be populated and a narrow peak appears in
the spectrum. (a) Analytical (solid blue line) and numerical (red dots)
power spectral densities for y,, = 0. (b) Numerical power spectral
density for y,,/y: = 0.1 (green dashed line) and y,,/y; = 0.01 (solid
blue line). (c) Logjy of the numerical power spectral density vs
frequency and as a function of nonradiative relaxation y,,/ ;. yi/27w =
17.9 MHz.

both features to be observable. As shown in Ref. [20], this can
be achieved with transmon qubits.

The above results have been obtained in the idealized case
where Y90 = y11- These decay rates, defined below Eq. (24),
contain both the radiative and the nonradiative contributions.
Some asymmetry in the decay rates is to be expected in
practice. As illustrated in Fig. 3, this leads to a finite transition
matrix element between |ee) and the dark state | D). The effect
of this asymmetry is illustrated in Fig. 6, which presents the
numerically computed power spectral density as a function of
both frequency and asymmetry (Yoo — ¥11)/(Yoo + ¥11)- These
results are obtained for a constant y;,/y;; = 0.01 correspond-
ing to the strong-coupling limit. This additional population
mechanism for the dark state leads to power broadening of
the sharp feature centered around w = 0. However, with up to
10% asymmetry, this signature of superradiance is expected
to be clearly observable at low power. This is confirmed
experimentally [20].

PHYSICAL REVIEW A 88, 043806 (2013)

0.5 1
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FIG. 6. (Color online) Log;y of the numerical power spectral
density S“[w] as a function of normalized frequency w/y;; and
relaxation rate asymmetry (Yoo — ¥11)/(Yoo + y11)- The drive power
and nonradiative decay are chosen such that €p/y;; = 0.005 and
Yar/ V11 = 0.01, corresponding to a weak coherent drive tone in
the strong-coupling limit. The qubits are tuned such that they are
separated by d = ). Asymmetry between the relaxation rates opens
anew drive channel for the dark state | D), causing power broadening.
y11/2mw = 18.1 MHz.

IV. 1/4 SEPARATION: EXCHANGE INTERACTION

A. Discussion

We now consider the situation where the transition fre-
quency of both qubits is chosen such that the qubit separation
d is an odd multiple of Ayg/4. This is illustrated in Fig. 7
where Q) and Q3 are separated by 3A/4. As can be seen
from Eqs. (14) and (15), in this case the correlated decay
rate Yy, o cos(2mwd/)g) is zero and the exchange interaction
osin(2mwd /Ag) takes its maximal value |J| = y,/2.

That this interaction is at a maximum for this separation
can be understood intuitively from Fig. 7 and by going back
to the origin of the virtual interaction term in the derivation
of the effective master equation. Indeed, as can be seen in

FIG. 7. (Color online) Schematic representation of three trans-
mon qubits in a 1D transmission line. Qubits are considered as
pointlike objects and their location x; along the line is represented by
circles. As illustrated by the solid line, the distance between Q; and
Q5 corresponds to 3Ay/4. At the location of Q3, modes of frequency
around 3X(/4 have opposite signs (see dashed and dotted line). On
the other hand, for a separation corresponding to Ay/2 just like O,
and @5, all modes have the same sign around Q5.
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detailed calculation presented in Appendix B, the exchange
interaction J is amodification of the Lamb shift in the presence
of multiple qubits coupled to the line. Basically, virtual photons
emitted and reabsorbed by a given qubit contribute to the
qubit’s Lamb shift. In the presence of two (or more) qubits,
virtual photons can be emitted by one qubit and absorbed
by the other, leading to an effective qubit-qubit interaction.
This type of exchange interaction is well known in circuit
QED where the qubits interact strongly with a single mode
of a resonator leading to J = g,g»/8, with § the detuning of
both qubits to the resonator [39,40]. In the present open-line
context where the qubits interact with a continuum of modes,
J is of the same form but is now an integral over all continuous
modes except the continuous modes lying at qubit transition
frequency [42].

As illustrated in Fig. 7 for Q; and Qs3, the continuous
modes at longer wavelength than 3A(/4 (dashed line) have
a phase of opposite sign at the location of the second qubit
with respect to continuous modes of shorter wavelength than
3Xx0/4 (dotted line). Moreover, since these continuous modes
are, respectively, below and above the qubit frequency, their
respective detuning § is also of opposite sign. This double
change of sign results in a finite exchange interaction because
the contribution to J of the modes around 3X(/4 all have
the same overall (negative) sign. In contrast, for Q; and
O, which are separated by Xy/2, the phases of all the
continuous modes at O, have the same sign while the detuning
6 changes sign. In this case, the exchange interaction van-
ishes when integrating over all continuous modes above and
below Ag/2.

Assuming that the qubits are in resonance, and taking y =
y;; for simplicity, this discussion can be made more formal by
working in the dressed basis, which diagonalizes the effective
Hamiltonian, Eq. (24). In this situation, the dressed lowering
operators, Eq. (27), take the simple form

B/D ol £0°

ol = 7 (37
The master equation then reads
p=—3lHpl+y 3 Dio'lp. (38)
i=B,D
where
H= Y hoolo’ + ) heol +He),  (39)

i=B,D i=B,D

andwp/p = A J,ep/p = (€1 & eo)/ﬁ. As expected, in the
dressed basis, the system is described by two driven eigenstates
whose frequencies differ by 2J.

B. Elastic scattering

We now turn to elastic scattering. Using Eqs. (17) and (16),
the output fields can be expressed as

R (1) = /%e_intO[ag — isgn(J)ol],

ab, () = ak + %ei“’“’" [0% +isgn(J)ol].

(40)

(41)
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FIG. 8. (Color online) Transmission and reflection coefficients as
a function of normalized detuning A /y between the qubits transition
frequencies and drive. The qubits are tuned such that d = 34(/4. Full
lines are analytical results while dotted lines are numerical results.
(@) |eol/y = 0.005. Atlow power, |¢|> + |r|> ~ 1. (b) |e|/y = 0.35.
At high power, inelastic scattering is more important so that |¢]* +
|7|> < 1 around A = 0. Radiative decay y; = 0.95y and y,/27 =
10.3 MHz in the numerical simulations.

To first order in the drive amplitude (aiﬁ), we then find the

expectation values of these two quantities:

k) = | L)ﬂ —[A —iy/2lA +i(y: — y/2)]

out/ — \“in J2 _ (A _ l)//2)2 ) (42)
_|J|Vr
<a§ul> = (ail;l) J2 — (A _ l'y/z)z' (43)

As |J| = y:/2, we expect transmission extinction if y;,./y < 1
as in the A /2 case. However, here the width of the extinction
is given by y, whereas this width was superradiant (I'y = 2y)
in the A /2 case.

Using these expressions, we plot in Fig. 8(a) the reflec-
tion |r|*> and transmission |7|?> coefficients along with the
corresponding results obtained from numerical simulations of
the reduced master equation (7). The agreement is excellent,
with transmission extinction at A = 0. It is also interesting to
observe that these coefficients do not have a Lorentzian profile
when nonradiative decay is weak. Indeed, in this situation both
|7|?> and |¢|? are rather flat around A = 0. This is a consequence
of the coupling J. Since the maximal magnitude of J is y;/2
and the width is y > y;, a double peak structure is never
resolved and instead leads to the non-Lorentzian profile seen
in panel (a).

In Fig. 8(b), we show results obtained from numerical
simulations of the reduced master equation (7) at a larger
power. Because of the increased power broadening, the
transmission dip is more Lorentzian-like than in panel (a).
Interestingly, at this higher power we find that |¢|* + |r|> < 1
for |A| < y. This is because at these powers the effective
two-level system becomes strongly dressed by the incoming
light, leading to significant inelastic scattering. As expected,
in this situation the power spectrum shows a Mollow triplet
structure [10,14,20]. A signature of this dressing can be found
in the reflection coefficient which shows two small peaks
whose separation is tuned by the input power. For even larger
power, the effective two-level system becomes saturated and
|#|> — 1 for all values of A (not shown). This is also observed
experimentally [20].
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FIG. 9. (Color online) Spectral density as a function of normal-
ized frequency w/y;1, where y;; = yj; — Yar. The qubits are tuned
such that d = 3A¢/4. The spectral density of the transmitted power
S™ (w) shows a signature of the exchange interaction J, while it is less
obvious in reflection S®(w). The spectral density of the total signal
S[w] shows a splitting of 2J (indicated by the vertical dashed lines)
(@ Yar = 0. (b) (Yoo — 1)/ (Yoo + y11) = (0.9,1.1) for the solid red
line and the long-dashed green line, respectively. y;,/y:1 = 0.1 for the
dashed yellow line. (c) S[w,¢] as a function of @ and ¢ with y,, =0
and y,0 = yi1. In all cases, y;1 /27 = 10.3 MHz.

C. Inelastic scattering

Taking y = y;; as in the previous section, the power
spectrum, Eq. (22), vanishes to second order in €5/ I p, where
€p is the drive amplitude. In this section, we therefore rely on
numerical integration of the master equation (7). Figure 9(a)
shows the simulated power spectrum in transmission S%[w]
(red dashed line) and in reflection S®[w] (green dashed line)
in the absence of nonradiative damping. The yellow dashed
line corresponds to the power spectrum S[w] obtained by
combining the transmitted and reflected components of the
output fields with a phase shift of /2. In all cases, a clear
signature of the exchange interaction J can be seen in the
form of a doublet feature in the spectrum. The splitting of
this doublet is exactly 2J for S[w], while it is larger than
2J when measured only in transmission and smaller than 2.J
in reflection. In the presence of nonradiative damping, we
thus expect the doublet structure to be easier to resolve in
transmission.

To understand the differences between S¥[w], SE[w], and
S[w], it is useful to consider the expected spectrum as a
function of an additional phase shift. For this reason, we
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introduce

Slogl =2 / dt &7 (A 1. $)A0.P).  (44)

—00

where we have defined
At,¢) =o’(t) + 0P ). (45)

This spectrum is plotted as a function of frequency and phase
in Fig. 9(c). As noted earlier, the transmitted signal S“[w] =
S[w, /2] shows a splitting larger than 2/, the reflected signal
SR[w] = S[w,37/2] a splitting smaller than 2J, while the
splitting of 2J is recovered for S[w] = S[w,7]. We note that
in the above expression for S[w,p] we have removed the
contribution of the in-field for clarity [see Eq. (22) for the
full expression].

We explore in Fig. 9(b) the effect of asymmetry between
relaxation rates and of nonradiative decay on S[w]. The only
significant contribution is a rescaling of the power spectral
density. In the case of asymmetry, this rescaling occurs because
the coupling Y0 = Yoo — ¥ar between the qubits and the line
is changing, whereas in the case of nonradiative decay the
rescaling is due to the increased losses.

V. CONCLUSION

Based on Lehmberg’s work [21], we have obtained an
effective master equation describing an arbitrary number of
inhomogeneous many-level (artificial) atoms coupled to a
1D transmission line and driven by a coherent state. Elastic
and inelastic scattering of an input beam are calculated for
two qubits using input-output theory. While individual atoms
act as simple mirrors at low power, reflecting incident light,
collective effects emerge in the presence of several atoms
coupled to the same line. The nature of these effects changes
with qubit separation or equivalently with the qubit transition
frequency. When the qubits are separated by A, elastic and
inelastic scattering show signatures of super- and subradiance.
The dark state associated with subradiance can be made
not completely dark by changing the asymmetry between
the qubits’ relaxation rates. This can be done by tuning
the qubits’ transition frequencies. On the other hand, for a
separation corresponding to 34¢/4, the inelastic scattering
shows a doublet structure. This is a signature of the coherent
exchange of virtual photons between the atoms. These results
are in excellent agreement with experimental results [20].

Interesting directions for future work include exploring
interaction of atoms with a squeezed electromagnetic field in a
transmission line [43], studying correlation function measure-
ments of the transmitted or reflected fields, and considering a
network of atoms in a one-dimensional waveguide.
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APPENDIX A: DERIVATION OF THE WAVEGUIDE QED
HAMILTONIAN WITH SUPERCONDUCTING QUBITS

In this Appendix, we derive the Hamiltonian for an
ensemble of N transmon qubits capacitively coupled to an
open transmission line. A similar calculation for a single qubit
can be found in Ref. [17]. As illustrated in Fig. 10, we use a
lumped element description of the line, which is characterized
by a capacitance per unit length ¢ and inductance per unit
length /, with x( the length of a single LC unit which will
be taken to zero below. The jth qubit, of Josephson energy
E;; and capacitance Cj;, is coupled to the line at positions x;
through a gate capacitor Cg;. The corresponding Lagrangian is

L=2|°

_{@[(n + Dxo] = p(nxo))?
2[)60

2
+ Z|: ¢ + E;jcos (%@)] (A1)

where ¢(x) and ¢; are the generalized fluxes, as defined in
Ref. [44]. @, is the magnetic flux quantum. Introducing the
charges p(x;) and p; conjugate to the generalized fluxes, the
Hamiltonian takes the form

¢(”X0)2+Z G’ 0 o) — 1

i )Cj) + H.c.

HT=HA+HF+Zp’p( (A2)
J

2ng
In this expression,

2 2
Hy = Z |:2%j — Eyjcos (37:)¢j>:| (A3)

J
is the free-transmon Hamiltonian with
(Cgj + Cyj)exg + Cg,Cy;

C: = A4
/ CGj + cxo (A4)
The transmission line Hamiltonian reads
2 2
+1 -
He — Z Xop(nxo) + {ol(n + Dxo)] — ¢d(nxo)} 7
— \ 2c(nxo) 2lxg
(AS)
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where we have defined the effective transmission line
capacitance per unit of length

C6iCuj dnxox;

cr(nxg) =c+ s A6
.(nxo) ;ch—i-C]j ™ (A6)
and the effective coupling capacitance per unit of length
Cgi+ Cyj CgiCyj
¢y = Ut ”)é+ 6 Cuil%o (A7)
Gj
Letting xg — 0, we obtain
P& (391
HrF= | d , A8
d / x(ch(x) LY (A8)
with
C Cyj)L Cg,C
C; = (Cgj + Cyj)cLa + Cg; Uy (A9)
CGJ +cly
Cg;Cyj
cc(x)=c+ S(x —x;), A10
L(x) ZC(;,+C,]( J) (A10)
_ (Co+ Cope+ CorCi/Ln Al

8j = Coi
J
with LA the length of the Josephson junctions.
Using the expression for ¢, (x) above, the average capaci-
tance of the transmission line over a length d extending over
all of the qubits is

1 [ CgiCyi
L = — dx | c+ — 7 §(x —x3)
L= /O Xj: Cgj +Cyj !

(A12)

In practice, cd > Zj Cg;Cyj/(Cgj + Cyj) and the qubit’s
capacitances are small perturbations on the transmission line.
In other words, cp(x) ~ ¢ and the standard quantization
procedure leads to the Hamiltonians of Eqs. (1)—(3) in the
main text [45].

APPENDIX B: MASTER EQUATION FOR ENSEMBLE OF
INHOMOGENEOUS ATOMS IN OPEN 1D SPACE

For completeness, we derive in this appendix the master
equation presented in Eq. (7) of the main text. The different
approximations used in obtaining this result are mentioned
here, but discussed in more detail in Appendix C. As discussed
in Sec. II, we consider an ensemble of N multilevel (artificial)
atoms dipole coupled to a 1D transmission line. The total
Hamiltonian takes the form Ht = Hg + Ha + Hj, where the
field Hamiltonian Hr is given in Eq. (1), the artificial atom
Hamiltonian Hy in Eq. (2), and their interaction Hj in Eq. (3).

Following Lehmberg [21], to obtain an effective master
equation for the artificial atoms we first move to the Heisenberg
picture where the field operator ag(w) obeys the equation

= —iwar(w) + Y _ gj/m + Iywe /"o (B)

mj

ag(w)
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Integrating from an initial time #y = O before the interaction,
the above equation yields

ar(w,t) = ar(w,0)e "

t
+) givm+ Vo / dt e TG (T),
- 0
mj

(B2)

with ¢; = x;/v. The expression for ar (w,t) is obtained with
the replacement t; — —t;. Using these results we can express
8;(t) defined in Eq. (4) as

Ei) = E‘]“(t)
iy > avn+ f dt Ly(t,T,0t;), (B3)
nk o=zl
with #; = |x;x — x;|/v the time a signal takes to propagate

from atom k to atom j and where we have defined

o0
BN = —i / dw~/ola(w,0)e @+
0

+ ag(w,0)e " @=1)] (B4)

and

[o.¢]
Lu(t,T,1j) = / dw we' T gk (1), (BS)
0
Since the integrand of I,(t,7,%;) is proportional to w,
the integral is dominated by high frequencies where the
exponential is, however, oscillating rapidly. As argued in
Appendix C, it is then reasonable to take

0" (1) & o (1)e 'Y, (B6)
and w,t — 00, where
Wpk = (E(I‘H-l)k - Enk)/h (B7)

is the transition frequency between levels n + 1 and n of
atom k.
Using the standard identity

0 : 1
[ dx e ™ = 78(k) — iP (—) ) (B8)
0 k
with P the Cauchy principal value, we obtain
;@) = E‘.“(t)
. Z QVH— nk + sz— + lykj/z) nk]. (Bg)
In this expression, we have defined
o0
t .
QE = 2gg,vn + IP/ @ cosleliy] o, (B10)
0 wxwy
and
yk';- = 4w grgjwnivVn + 1 cos[wityj]. (B11)

Again following Lehmberg [21], a reduced master equation
for the atoms is obtained by first considering the Heisenberg
equation of motion of an arbitrary operator Q acting on the
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atoms only. Given that [Q(¢),E;(¢)] = O at all times [this is
more clearly seen from the form of Eq. (4) of E;(¢)], we find

Ot) = - Ha+hYy v/m+ 1g;(EY + He)o, 0
mj

+Z£k:vm+1

j
X [ —iQZ;” (ojg’j Qa Qamja —Hec. )
—iQ (oY Qo™ —
ij

Qoo™ —H.c.)

+ L ( " Qo — Qo™ o - H.c.)] . (B12)
With Tr(Q pr) = Tra(Qp), where p = Trr(pr) is the reduced
master equation of the atoms, we finally obtain after using the

rotating-wave approximation,

p=—i| G+ > Lujlmjy(mjl.p
mj
mj  nk
+ Z Z I:ij,nk <amjpoj:" {U+k mj p})
mj nk

+Qmj,'1k(a+ ,00 +G :OO'ml {O.nk m]vp})i|
(B13)

To obtain this expression, we have assumed that the system
is driven from the left and the right by coherent fields of
frequency w,, phase 6y r) and power Pr). As shown in
Appendix D, the resulting amplitude of the qubit driving term
in the above master equation takes the form

() = —2. ) 72 B Gntose 1y + 6]
J 2 hawp; J

P
+ | sinfwy(t — t; + OR)]> (B14)
ha)m]
We have also defined the Lamb shift
Lyj = —(Vm +1Q —aQy™07), (B15)
the (joint) decay rate
Ymj,nk *
T = gigi/ (m+ D)+ Dt + xoij)» - (B16)

2

with x,,jx = wmjei“’"'-f i the atom-atom exchange interaction
amplitude

J, j,nk . 8k8j *
"21;” = ==V + D0+ DGk = Xy (BID)
and
Qmj,nk = —i(\/n + 1527‘,:’ —m+ IQE”) (B18)
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The reader interested in (even) more details will find the
evaluation of the integrals needed to find these coefficients
in Appendix E.

In the main text, we absorb the Lamb shift L,,; into
the definition of the atomic transition frequency. As usual
for pointlike atoms, this contribution is formally infinite. A
nondiverging result can be obtained by taking into account the
finite size of the atoms [46]. In any case, experimentally, the
Lamb shift is always present in the evaluation of the various
transition frequencies and absorbing it in the definition here
does not cause any problems.

We also note that the matrix of components £2,,; »x is trace-
less, Hermitian, and nonzero. As a result, it is not semipositive
as is required to express the master equation in Lindbladian
form. Fortunately, and as discussed in Appendix C, the various
€2,k are in practice small and can safely be neglected. Doing
so, we finally arrive at the the master equation, Eq. (7), with
an effective Hamiltonian given in Eq. (8).

APPENDIX C: DISCUSSION OF THE APPROXIMATIONS

In this Appendix, we discuss in more detail the main ap-
proximations that have been used to obtain the reduced master
equation. These approximations are certainly not original to
this work and this discussion is added for completeness.

1. Markov approximation

We first start with I,.(¢,7,%;) defined in Eq. (B5). The
complexity in this expression is the dependence of the
integrand o”* on the integration variable r. This can be
simplified by rewriting I, (¢,7,%;) as

o
attea) = [ dowe™™ ol @)
0

oo
— / da)a)efiw(fftflk/)
0

x [Tk (pe=ie=0/h L g,

with Hy = Ha + Hp + Hg. Since the integrand is proportional
to w, high frequencies contribute most. However, at high
frequency, the exponential is oscillating rapidly and the
contribution averages out to zero. The only situation where
the exponential does not oscillate is when T = ¢ + #;; and this
is the only value of 7 that we retain.

To simplify this expression further, we neglect the interac-
tion Hamiltonian H; compared to the free Hamiltonian Ha.
More formally, the error £ that is made in neglecting the
interaction goes as [47]

(i)

7l (ChH

Evaluating the expectation value of the field operators appear-
ing in H; by assuming a coherent drive of power P, this error
can be expressed as

32nglL P
VW h ’

& (C2)

with L is the maximum distance between two atoms.
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For waveguide QED with transmon qubits, we find

¢ Ej \0/
gk - 2 9
ZthUCgk SECk

with Ej; and E¢y the Josephson and charging energy of the
kth transmon [11], ¢ the capacitance per unit length of the
transmission line, and where cg is defined in Eq. (All).
Using typical experimental values for these parameters [48],
we find that g; ~ 0.02. The numerical value of g; can also
be estimated from the experimentally measured value of the
relaxation rate y, .. Doing so using recent experimental
results [10,13,20] gives consistent results. Now, given that
the speed of light in the transmission line is v ~ 10® m/s and
assuming a separation L ~ 1 cm between two transmons of
transition frequency w,; ~ 2w x 6 GHz, we find £ ~ 0.02
for P ~ —100 dBm. Since this power is large in practice [20],
dropping the contribution of H; from Eq. (C1) is reasonable.
Doing so we can rewrite o"*(7) in L (t,7,1) as

(C3)

o (1) & o (1)e T, (C4

This corresponds to a Markov approximation. It breaks down
for larger separation, i.e., for w,t; /(2m) ~ 10, something that
was studied in Ref. [35].

It is interesting to note that, even if we recover a result sim-
ilar to Lehmberg’s [21], here we used a different justification.
Indeed, Lehmberg assumed that the atoms are close enough
such that the time it takes for a signal to propagate from one
atom to the other is small compared to the Larmor frequencies,
L <« v/wy. This is inapplicable in a waveguide QED setup
with superconducting qubits.

2. Long-time approximation and causality

The identity (B8) is essential in deriving the master
equation (7). To use this identity, we need the upper bound
of the time integral in Eq. (B3) to go to infinity. Using
approximation (B6),

1 t [ee]
/ dt Ly(t,7,t;) =/ dr/ dw we™ @T=1=1)
0 0 0

x (o™ e~ionT=0 L He),  (C5)
and with a change of variable x = w,(t — 1),
t
/ dt L (1,7, 1)
0
00 Wit —iwty;
we 'k
= / da)/ dx—
0 0 Wnk
X [Gnke—i(w—wnk)x/wnk + G:ke—i(wnk+w)x/wnk]. (C6)

The integrand of x is an oscillating function. If w, ¢ > 1, the
integration is already over many periods of this function, so
it is a good approximation to let w,t — 0o. For waveguide
QED with superconducting qubits, this condition requires that
t > 0.02 ns. Since we are not interested in dynamics at this
very fast time scale, this approximation holds here. In fact,
the electronics in typical experiments have a bandwidth of
less than ~1 GHz [48]. The same argument justifies taking
Wpj(t —tp) — —00.
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With this approximation, the atoms are treated as interacting
instantaneously. This is not a major problem because the
phase shift associated with the delays it takes for light to
travel from one atom to another is taken into account by the
factor exp(—iwt;;). Hence, interaction between two atoms at
time ¢ is mediated through light that has been emitted by the
atoms at an earlier time t — f;; ~ t — L /v. A more important
problem arises during transients. For example, assume a drive
is suddenly turned on such that it affects a first atom at time
t. Our model causes the drive to affect the second atom at this
very time ¢ with a phase delay exp(—iwft;;) rather than at a
time 7 + f;. As a result, we do not expect transient effects on
a time scale smaller than L /v to be correctly captured. This is
not an issue for the steady-state quantities that are computed
here and measured in Ref. [20].

3. RWA, infinite terms, and Lindblad form

In this section, we justify the approximations that were
made in going from the Heisenberg equation of motion (B12)
to the master equation (7). The error made by making the
rotating-wave approximation can be expressed as [49]

o S0+ (9) + (1))

3(('Umj + a)nk)z

(€7

This error is formally infinitely large simply because Q’;ji —
oo as shown in Appendix E. This divergence is present because
we did not take into account the physical dimensions of the
artificial atoms (either explicitly or with a cut-off frequency).
Ignoring this unphysical problem and using typical circuit
QED parameters yields £ ~ 0.001. Considering this, we can
safely make the rotating-wave approximation.

To go from Eq. (B13) to its Lindblad form, Eq. (7), we also
need to neglect terms proportional to £2,,; ,« since this matrix
is not semipositive. These terms are either small or quickly
rotating. The error made by dropping them is, considering that
the relevant time scale goes as y,;j{mj [49],

8M2|Q nicl?
~ | Jj, 12<| (CS)
3Vmjmj)

so that £ ~ 0.002. Hence, once more, it is a very good
approximation to neglect these terms.

APPENDIX D: DRIVING TERM
To proceed from Egs. (B12) to (B13), we need to take care

—

of the terms proportional to c‘ij“ and Eij“ since these operators

contain contributions from the field operator a¥t. We regroup
these terms under what we call the drive superoperator D
acting on p in the master equation such that

TralQDpl =iy giv/m+1
mj

x Tra [TrR[([a;”j ,
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Here, all operators are evaluated at time 7. Because of causality,
the input field operator E cannot be correlated with any
atomic operator when they are both evaluated at the same
time. Therefore,

TralQDpl = Y _(igjv/m +1([o}V. Q]EF — H.c))
mj
=i Zgj\/m +1 (([a;"j,
mj
=i Zngm +1
mj

xTra [[((E]) +ec)oi”. 0] 0], (D2
which leads to
. | H o
p = —i 7A +%:dmj(t)0xj,,0 +%;%:\/m+ 1
X |: — ZQZ;L (Uikpo;”j — U;”ja_ﬁkp — H.C.)
—iQ}; (6™ pay’ — oMo p —H.c.)

Vi ) )
+ & (G"k,oo)’c"/ - 0;"/621{,0 - H.C.) ], (D3)

with
dj (1) = gj</m + 1 ((EN) + (ER(0)) . (D4)

We make the assumption that we are driving at frequency wy
with a coherent state |{«}) such that [50]

P A
aLw)(@,0) [{a)) = ,/ﬁe—w’ma<w —w))l{a}), (D)

with Ppry and 6 ), respectively, the power and phase of left
(right) movers. Using this, we have

() = (la} E [{a})
= —i[e~ietHT0) S pn
+e—iwd(l—f/+0R)\/m]- (D6)

Finally, the drive rate can be written as

Ymj,mj PL .
dmj(t) = -2 l# ( 'm sin[wy(t + t; + 60)]

Pr

+ sin[wy(t —t; + 9R)]> . (D7)

mj

APPENDIX E: EVALUATION OF SZZJi

In this section, we present details of the integration of
Eq. (B10). With the change of variables x = (w £ wur)/ Wik
and y = x F 1, Eq. (B10) can be expressed as

[e.¢]
Q=288 0un + 1(/ dy cos(@nklyjy)
0

$P/°°dxCOS[wn/ka(x ¥ 1)])' El)

+1 X
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To deal with the first term of the right-hand side, we add a
converging factor. This reflects the fact that the system stops
to respond at infinite frequencies. In this way, we find that this

first term vanishes,
oo
lim dy cos(wnitkjy)e™ ™

n—0* Jo

= lim —— 1 —0.

= E2
=07 (Wnrtkj)* + n? E2)

On the other hand, for the second term, which we denote I+,
we find

== P/OO dx cos[wutj(x F 1)]
+1 X

oo
cos(wpitiX)
= cos(wnktkj)P/ dy —077
+1 X

. * sin(wyty; x
+ sm(a),,ktkj)P/ dxM
+1 X

= — cos(wpilx; )Ci(|wpityj |)

sin(a)nktkj)
2

where Ci(x) and Si(x) are the cosine and sine integral
functions:

> cost * sint
Ci(x) = —/ dt——, Si(x) =/ dr—.
x t 0 t
Using these results, we finally obtain

szi =2ngrgjwm~Nn + 1

[E£rsgn(wartrj) — 2Si(wuite;)],  (E3)

(E4)

. +1-1
X [:Fp(wnklkj) + sin(wpk 1) <T>} ,  (BS)

where we have defined a “proximity” function
sin(|x|)[w — 2 Si(|x])] — 2 cos(x)Ci(|x])
2 '

This choice of name reflects the fact p(x) goes to co as x — 0,
and rapidly approaches 0 as x — 1.

plx) = (E6)

APPENDIX F: INPUT-OUTPUT THEORY

In this section, we derive the input-output boundary
condition in the presence of the artificial atoms in the line.
This will allow us to compare the theoretical predictions to
experiments measuring reflection and transmission. To derive
the reduced master equation, we used the formal solution to
the Heisenberg equation of motion for ar,(w,?). In Eq. (B2),
this solution was given for the case where the equation of
motion is integrated starting from a time #y) = 0 < ¢ before the
interaction. Following the standard input-output prescription
[36], it is also useful to obtain this solution by integrating up
to a time 7 > ¢t after the interaction:

ar(w,t) = ar(w,ty)e "

s A .
- Zgj«/m + 1\/5/ dr e " UTTHG M gmi(7),
. t
mj

(F1)
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Adding this expression to Eq. (B2) and integrating over o, we
arrive at the input-output boundary condition

ah, () = af () + Y giv/m+1

mj

« f i —dﬁw Vo / Y g ettt 0 i ()
0 21 0 ' ’

(F2)
where, similarly to Eq. (B4), we have defined the input field

* dw :
R —iwt
a. (1) —/ ar(w,0)e , F3)
in 0 /_27'[ R ) (
and the output field
ak (1) —/ d ag(w,tp)e " (F4)
out 0 /—27_[ R\W, L f .

While ailf](t) can be interpreted as the field incident on the
system from the left, aR () represents the field propagating to
the right after interaction with the system.

It is possible to express the boundary condition in a more
useful form by using the approximation of Eq. (B6). Indeed,
making the change of variable y = w,,;(t — 7) and taking
wpj(t —tf) — —o0, we find the simpler form

R R Ziwmit; | Ymjmj i
aoulD) = afy(0) ) e [ZEEA. (FS)
mj
In the same way, we find
L L oty [ Ymimi _mj
aout([) = ain(t) + Z e+la) il %O—T] (F6)

mj

for the output field propagating to the left.

APPENDIX G: RELAXATION DIAGONALIZATION

In Sec. II C of the main text we have shown that for a pair
of qubits the master equation in its Lindblad form is

. =i ; 1 ;
p=—[H.pl+ D vi [Gfpai—i{aia’,p}]

j.k=0,1

—i
= —[H.p] + Lyp. (G1)

where H is given in Eq. (24). In this appendix, we diagonalize
the dissipator £, in order to find the dressed basis.

Diagonalization is achieved by using the standard approach
of expressing the density matrix p as a column vector in which
case the dissipator takes the form

1. 1 -
> T T. -
Lyp=Y) [sz_afi ~ 5% — gf’fi%ﬂ P,
y
(G2)
with

Ap > 1® Ap = App,
- . (G3)
pA —> AT Q@ 1p =A§p,
where T refers to matrix transposition. In this way, the
dissipator can be expressed as

L,p= [O’b_TO']¢T~+ - %ob_‘_TUbC - %va+Tof7]ﬁ, (G4)
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with the Hermitian relaxation rate matrix

r— (V(lo Yot > G5)
Yo1r Y
and where we have defined
Opt = (0&[ Ubli), Oft = (o_,TQ GfTi) (G6)

After diagonalizing Y and going back to matrix form of the
density matrix we find

L,p= ) TiDlollp, (G7)
i=B,D

PHYSICAL REVIEW A 88, 043806 (2013)

with the rates

2
yyp = YOV \/(M> + il (GS)

2 2

and dressed operators

ot — (F/L - VII)UE + Vo*lo'l

= , (G9)
VT =12 + lyor ]2

for u = B,D.
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