PHYSICAL REVIEW A 89, 023817 (2014)

Recipe for the Hamiltonian of system-environment coupling applicable to the
ultrastrong-light-matter-interaction regime
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When the light interacts with matters in a lossy cavity, in the standard cavity quantum electrodynamics,
the dissipation of cavity fields is characterized simply by the strengths of the two couplings: the light-matter
interaction and the system-environment coupling through the cavity mirror. However, in the ultrastrong-light-
matter-interaction regime, the dissipation depends also on whether the two couplings are mediated by the electric
field or the magnetic one (capacitive or inductive in superconducting circuits). Even if we know correctly the
microscopic mechanism (Lagrangian) of the system-environment coupling, the coupling Hamiltonian itself is in
principle modified due to the ultrastrong interaction in the cavity. In this paper, we show a recipe for deriving
a general expression of the Hamiltonian of the system-environment coupling, which is applicable even in the
ultrastrong-light-matter-interaction regime in the good-cavity and independent-transition limits.
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I. INTRODUCTION

When the electromagnetic fields are confined in a cavity
consisting of mirrors with high reflectivities, we can energet-
ically identify the cavity modes while they have inevitable
broadenings due to the loss through the mirrors. The loss is
usually characterized by a loss rate kpye. that is determined
by the reflectivity of the mirror (or the coupling strength
between the cavity mode and its environment) and the density
of states of the environment. In the standard cavity quantum
electrodynamics (QED) [1,2], the Hamiltonian of the system-
environment coupling (SEC) is simply supposed as
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Here, a is the annihilation operator of a photon in the
cavity mode with eigenfrequency wy, and &(w) is the one
in the environment with frequency w. They satisfy [a,a] =
1, [6(w),é&!(@)] = 8w — @), and [a,a] = [a@(w),&(w')] =
[4,&(w)] = [4,&T(w)] = 0. In this standard expression, pho-
tons pass through the cavity mirror with conserving the number
of photons, and we can not catch the information of whether
the SEC is through the electric field or the magnetic one
by watching only the above expression. This question has
tiny meaning if Eq. (1) is well justified [3,4], and we can
discuss simply the dissipative motion of “photons” without
considering the electric and magnetic fields explicitly.

When the cavity embeds matters with excitations interact-
ing with the electromagnetic fields, the Hamiltonian of the
cavity system is generally expressed as [5]

Ho = hwod'a + hg(@ + a"Sy + Huma. )

Here, ﬂmat is the Hamiltonian of the matters, S’x is the nondi-
mensional operator that annihilates or creates an excitation in
matters, and g is the strength of the light-matter interaction
(vacuum Rabi splitting). If g is small enough compared to wy
and to the transition frequency w, of matters (wp,w, > g),
the rotating-wave approximation (RWA) can be applied to
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the light-matter interaction, and then ﬂo is rewritten with the
annihilation operator § and creation one §' of an excitation in
matters (S, = § + §') as

Ho =~ g™ = hwod'a + hg('a +a's) + Hupa.  (3)

Under the RWA, the total number of photons and excitations
is conserved in the process of the light-matter interaction,
and at the same time the standard SEC Hamiltonian (1) can
be justified [1,6-8]. In most of the studies of cavity QED,
Egs. (3) and (1) are supposed as the standard Hamiltonians
of the cavity system with light-matter interaction and of the
SEC, respectively. When the loss rate of cavity fields or
that of excitations is higher than the light-matter-interaction
strength (kpare > g), itis called the weak-interaction (coupling)
regime, and the opposite case wy,w, >> g > Kpare 1S called the
(normally) strong-interaction (coupling) one.

When the electromagnetic fields ultrastrongly interact with
matters (g = wg,w,) [9,10], the RWA can not be applied to the
light-matter interaction, and we must explicitly consider the
counter-rotating terms (in the basis of photons and excitations)
as and a's’ in Eq. (2). The ultrastrong interaction has been
realized with a great effort recently by the electric dipole
transitions in subbands of semiconductor quantum wells
[11-16], molecular materials [17], and two-dimensional elec-
tron gas [18]. Further, in superconducting circuits, which has
a good correspondence with the cavity QED [10,19], flux
qubits also exhibit the ultrastrong interaction with fields in
transmission line resonator [20-22].

In the ultrastrong-light-matter-interaction regime, there
seems to be no reason to believe the standard expression (1) of
SEC [8,23], and the counter-rotating terms ad&(w) and &' (w)a'
should also be considered for the SEC (the reason will be
explained later). Instead of Eq. (1), we can suppose intuitively
the following two SEC Hamiltonians:

Ay = f dowih,| el
0 g

@+ ahia (@) — a(w)], (4a)

A o . Kpare(®)
= dwih
SEC /0 wl .

li@@ — ahlla'(w) — a(w)].
(4b)
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These expressions will be obtained in this paper by the straight-
forward calculation from Lagrangians, although there is an
attempt starting from Eq. (1) and performing a normalization
additionally to correct its discrepancy from the reliable results
[8] as discussed in Refs. [24-26].

Since the light-matter interaction is proportional to @ + a'
[not to i(@ — a')] in Eq. (2), the dissipative motion of the
cavity fields in principle depends on whether the SEC is
expressed as Hape or Hgge. Then, in the ultrastrong-light-
matter-interaction regime, we face the ambiguity for choosing
ﬂgtEC (or the sign in the light-matter interaction), by which the
dissipation of the cavity fields is also characterized not only
by the strengths of the two couplings (g and kpge) and the
detuning between wq and w,. This fact will be demonstrated
also in this paper. In other words, the “photon” picture is no
longer suitable, and we must correctly understand whether the
two couplings (light-matter interaction and SEC) are mediated
by the electric field or the magnetic one. They are basically
determined by the detailed mechanisms of the light-matter
interaction and of the SEC in the system to be supposed
(described by Lagrangians), and we can no longer discuss
the dissipation and detection in the ultrastrong-light-matter-
interaction regime without avoiding this ambiguity.

The theoretical treatment of the SEC in the ultrastrong-
light-matter-interaction regime has been discussed in the
formalism of quantum Langevin equation [24,25,27,28] and
of master equation [7,29]. The photon measurement has also
been discussed [30], and many theoretical proposals were
raised [24,28,30-32]. However, in these theoretical works, the
SEC Hamiltonians were simply given without the discussion
whether it is mediated by the electric field or the magnetic one
(capacitive or inductive in circuits). In Ref. [33], the coupling
Hamiltonian between an artificial atom and transmission
lines is derived microscopically. The derivation of the SEC
Hamiltonians has been discussed by considering explicitly
the boundary conditions of the cavity fields [34-42], whereas
empty cavities were mainly supposed. In our previous work
[8], the SEC Hamiltonian is derived based on the Maxwell’s
boundary conditions at the mirror of the cavity that is
filled by a medium with excitations ultrastrongly interacting
with the electromagnetic fields. However, the derivation is
applicable to only the systems with simple bosonic excitations
in matters, and a recipe for deriving the SEC Hamiltonian
that is independent of the detail of matters is still desired.
In this paper, we try to derive the SEC Hamiltonian starting
from the Lagrangian describing the detailed mechanisms of
the SEC while keeping the matter system as a black box as far
as possible. The SEC is explicitly discussed for two systems:
superconducting circuits and a Fabry-Perot cavity.

We first review the treatment of the SEC in Sec. II. The
Langevin and master equations are derived for given SEC
Hamiltonians (4), and the input-output relation is also derived.
The straightforward derivation of the SEC Hamiltonians is
performed in Sec. III. We will find that, in the straightforward
calculation from the Lagrangians, the SEC Hamiltonians are
in principle modified by the presence of the ultrastrong-light-
matter interaction. In other words, the SEC Hamiltonians can
not be determined without the complete knowledge inside the
cavity in principle. In some cases, the SEC Hamiltonians can
not be obtained in the simple forms as Eqs. (4). However, in
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FIG. 1. (Color online) In both circuits, a LC resonator with
capacitance Cr and inductance Ly couples with a semi-infinite
transmission line (environment) with capacitance Ct and inductance
Lt per unit length. They are coupled by a capacitance C.. The
resonator also couples with a Cooper pair box (CPB) with capacitance
C; and Josephson energy Ej. Whereas the resonator-CPB coupled
system itself is equivalent in both circuits and the resonator-
environment coupling is also equivalent, the two circuits are not
equivalent as a whole due to the difference of the position of the CPB,
which corresponds to the difference of the inductive resonator-CPB
interaction (circuit A) and the capacitive one (circuit B).

the good-cavity and independent-transition limits (definitions
will be explained in Sec. II), the SEC Hamiltonians can be
derived as Egs. (4), and the expressions are not modified by the
presence of the ultrastrong-light-matter interaction. The recipe
of the derivation will be shown in Sec. IV. The discussions in
Secs. III and IV will be performed by considering explicitly
superconducting circuits consisting of a LC circuit as depicted
in Fig. 1 (the case of a transmission line resonator is discussed
in Appendix). The derivation of the SEC Hamiltonian of a
Fabry-Perot cavity for the electromagnetic fields will be shown
in Sec. V. The discussion in this paper will be summarized in
Sec. VL.

II. REVIEWING TREATMENT OF SEC

When the total Hamiltonian H = ’Flo + ’):[;fEC + ﬂem, is
already given, we can discuss the dissipation of the cavity
system 7:[0 based on the well-established frameworks [1,6]
even in the ultrastrong-light-matter-interaction regime. Here,
the Hamiltonian of the environment is simply supposed as

[o.¢]
Ao = [ o o @0, )
0
and the annihilation and creation operators satisfy
[@(w).&' ()] = 8(w — ), (6a)
[@(w),a(w)] = 0. (6b)

We first diagonalize the cavity system including the light-
matter interaction as

Ho =Y ho|u)ul, (7)
"
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where |u) is an eigenstate and w, is its eigenfrequency.
As mentioned in Ref. [7] for the ultrastrong-light-matter-
interaction regime, in order to guarantee the decay of the
cavity system to its ground state in the environment at
zero temperature [8,23], we should neglect the fast-rotating
(counter-rotating) terms in the SEC Hamiltonian (4) based on
the eigenstates of the cavity system as

i~ / dwih,/'“’“zL;“’)[&T(w)fi —ilawl.  ®
0

Here, we denote the cavity fields as
X, =a+a', (9a)
X_=i@-ah, (9b)
and X represents the lowering part of them:

L= Z [ )

o> p

w1 X i) (vl. (10)

In the weak- and normally strong-light-matter-interaction
regimes, the lowering and raising operators reduce to Xy =
a and xi = af, respectively. Then, the SEC Hamiltonian
(8) is rewrltten to the standard one (1). However, in the
ultrastrong-light-matter-interaction regime, we generally get
X+ # a because the total number of photons and excitations
is no longer conserved [9]. Here, we suppose that X, does
not have diagonal elements for simplicity, and the original
fields are represented as X = £. + )21, whereas the diagonal
elements cause the pure dephasing in general [7]. In the
derivation of the master equation, the importance of the usage
of true eigenstates of the cavity system (called the spectral

J

Kbare(wv /L)

—p(r) = —[p(r) Hol+ )

Lov>p

+ [n(wy ) + R AOEREY + 247 a1

where £/

of interest as Kpare K |y y
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decomposition in Ref. [6]) has been discussed even for the
normally strong-light-matter-interaction regime [43—47], and
the approximation from Eq. (4) to Eq. (8) is called the
pre-trace RWA in Ref. [47]. This approximation is justified
because the counter-rotating terms &(w)X+ and &T(a)))?l (in
the basis of true eigenstates) oscillate rapidly compared to
the remaining two terms appearing in Eq. (8). The pre-trace
RWA can be applied when the environment is large enough
compared to the cavity system and in the good-cavity limit,
i.e., the loss rate is small enough compared to the transition
frequency of the cavity system: kpae <K wg,®, [More precisely
Ky < w,y,, forloss rate «, , (14) relevant to the transition of
interest with frequency o, , = w, — @, (v > w)]. Under these
assumptions, we can suppose that the state of the environment
is modified only slightly by the coupling with the cavity
system, and the energy loss to the environment no longer
returns to the cavity. Then, only the two corotating terms
that conserve the energy can survive in Eq. (8). If we want
to discuss the Lamb shift due to the SEC correctly, we should
keep the counter-rotating terms, and Eqgs. (4) should be used
without applying the pre-trace RWA.

We simply suppose that the fields in the environment have
no coherence and are distributed as

(@' (w)a(@)) = 8w — o"n(w), (11a)
(@(@)a (@) = 8(w — )n(w) + 11, (11b)
(@(w)a(@)) = 0. (11c)

From the approximated SEC Hamiltonian (8), the master equa-
tion for the reduced density operator p representing the cavity
system is derived under the Born-Markov approximation in
the Schrodinger picture as [1,6]

(@ LA + (LY a0k — 2L {ZEY A0 — )zl 5L

— LR A1) — PORLY £41), 12)

= |u) (| X |v)(v|. Further, we suppose that the loss rate is low enough compared to the difference of transitions
— wy,y| (more precisely, k, kv <K |wy, — oy ,]) and all the transitions of interest can be

well identified (we call this situation as “independent-transition limit” in this paper). In this situation, we can also neglect the
fast-oscillating terms involving the different transitions {u,v} # {u,v’}, which is called the post-trace RWA in Ref. [47], and
then the master equation is finally approximated as [6,7]

Kpare @y )| (1] X £ [V) 2
2

d 1
2P0 = —[p(0).Hol + >

V>

+ [n(wy ) + 1126,,p18) , — 6] 6,000 — P16, 6,01} (13)

@y, 26} ()8 — 6106 A0 — p(1)606) ]

where 6, , = |u)(v|. In this way, the loss rate of each transition is modulated by the matrix element (] X o) 2

field X involving the SEC:

of the cavity

Kv.u = Kbare(wv.u)l“jvp?:l:w)lz- (14)

In the same manner, we can also treat the dissipation of matters by considering the coupling between fields of excitations in
matters and its environment including the pure dephasing [7].

On the other hand, from the approximated SEC Hamiltonian (8), we can also derive the quantum
Langevin equation for system operator O under the Born-Markov approximation in the Heisenberg picture
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d » 1 . . N *© ot | Kpare(®) .
0= —10.Ho - [0.%1] / do e’w’[b—()mw) + v/ Koare(@)in()]
0

as [1]
ih
+ /00 da)e |:Kbare(w)
0
where the Fourier transform is defined as
S .
() = / dwe ' 3 (w), (16a)
| e
X(w) = —/ dr ' 3 (1). (16b)
27 J_wo

The input operator d;,(¢) is defined as

ain (1) = dwe " a(w, 1), (17a)

7l

glen >0
9

ain(w) = a(w,tg) for (17b)
where fj is the switch-on time of the SEC [1], and &(w,?p)
satisfies the equal-time commutation relation (6) and also
shows the distribution of the environment (11). Obeying the
procedure in Ref. [1], the input-output relation is also derived

as [30]
Gou(®) = Gin(®) + v/ Kpare(W) X1 (@). (18)

For calculating quantities corresponding to measurements by
photon detectors, we should perform the time and normal
ordering of the operators [30] in the basis of true eigenstates
of the cavity system, as usually performed in quantum optics
[1]. In Ref. [27], the standard SEC Hamiltonian (1) was
used for deriving the quantum Langevin equation and the
input-output relation. Even in this treatment, we can obtain the
vacuum output from the vacuum input, but the cavity system
itself is excited even by the environment at zero temperature
[n(w) = 0] [23]. We can avoid this problem by using the
SEC Hamiltonian (8) with the pre-trace RWA (in the basis
of true eigenstates). In the independent-transition limit, the
quantum Langevin equation is rewritten under the post-trace
RWA (neglecting the coupling with other transitions) as

d . Kpare (v, DN (1L X £ [0) 2 .
EU,W =\ —toyu — 2 Ou,v

- / dw ¢S @) (0] R & |W)in(@), (192)
0
— i o/bare (@) (V] X | )

W=y, + iKbare(w)H:ulXilVHz.

(19b)

6u,v(w) =

Substituting this into the input-output relation (18), we get

Z ® — 0y — iKbare(@) | (| X |0) /2

pvop @ Oop + leare(a))|<M|X:t|V>|2/2

din().

&out(w) =

(20)

In this way, we can also check the modulation of the loss rates
of the transitions by the matrix element | (| X 1|v) 2.

+(0) + \/Kbare(w)am(a))i| [0,%+], 15)

(

The above master equation (12) and the quantum Langevin
one (15) are derived from the given SEC Hamiltonian Tz
(4). However, there still remains the ambiguity for choos-
ing X, =a+a' or X_ =i(a—al), which is in principle
determined by the mechanism of the confinement and loss
of the cavity fields. In other words, we get an additional
parameter for controlling the dissipation of the cavity system in
the ultrastrong-light-matter-interaction regime. In our previous
work [8], we supposed a cavity structure consisting of a perfect
mirror and a nonperfect thin mirror as depicted in Fig. 3.
Supposing that the inside of the cavity is filled by a medium
with simple bosonic excitations, we successfully derived the
SEC Hamiltonian from the Maxwell’s boundary conditions at
the nonperfect mirror. It is expressed as

%%C—Z f do h\/"MBC(“”)[“(w)p, pla),

2n

where p; is the annihilation (bosonic) operator of a polariton
in the jth eigentransition mode and w; is its eigenfrequency.
Whereas we also get the explicit expression of loss rate
kmpc(w), it is not easy to catch whether ﬂg’gcc is expressed
by electric field [)2' — =i —ah]orthe magnetic one [}A( =
a + a'] because Eq. (21) corresponds to the SEC Hamiltonian
(8) after the pre-trace RWA. Further, the derivation procedure
of Eq. (21) is applicable to mainly the bosonic excitations in
matters (p; and w; are derived by Bogoliubov transformation),
and the extension to general nonlinear systems (e.g., Jaynes-
Cummings and Rabi models with/without A? term) is not
straightforward.

In the following discussions, we try to derive the SEC
Hamiltonian from the Lagrangian describing the detailed
mechanism of the SEC.

III. STRAIGHTFORWARD DERIVATION

In this and the next sections, we consider explicitly
superconducting circuits, which have a good correspondence
with the cavity QED and have a rich tunability compared
with the actual light-matter system [10,19], especially the two
circuits depicted in Fig. 1. Before deriving Hamiltonians, we
must derive Lagrangians describing correctly the circuits, and
the derivation procedure of them is already established [48,49].

The Lagrangian applicable to both two circuits is shown in
Sec. IIT A, and we try to derive the Hamiltonian with keeping
artificial atoms (matters) as a black box. Although the SEC
Hamiltonian can not be derived without the knowledge inside
the cavity in general, we can derive it in the special case
where the resonator fields interact inductively with artificial
atoms as circuit A. This situation is discussed in Sec. III B.
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In the opposite case, where the resonator fields interact with
artificial atoms capacitively as circuit B, the expression of the
SEC Hamiltonian depends on the detail of the cavity system.
In Sec. I C, we derive the SEC Hamiltonian by considering
circuit B explicitly. The difference of dissipative behaviors of
the two circuits is demonstrated in Sec. III D.

A. Lagrangian

In both circuits in Fig. 1, a LC resonator characterized by
capacitance Cr and inductance Lg confines the superconduct-
ing current (microwave) with a frequency of wy = 1/+/LgrCR,
which corresponds to the electromagnetic fields in a cavity
[19]. At the capacitance C., the resonator couples with a
semi-infinite transmission line (external line, environment)
characterized by capacitance Ct and inductance Lt per unit
length. The difference of circuits A and B is the position of
the Cooper pair box (CPB, artificial atoms) characterized by
capacitance Cy and Josephson energy Ej, which couples with
the resonator and corresponds to matters interacting with the
cavity fields. The two circuits are equivalent in the absence
of the CPB or of the external line. However, due to the
presence of both, the two circuits are in principle different.
Then, the dissipative motion of the resonator fields depends
on whether the resonator-CPB interaction is mediated by the
charge (capacitive) or the magnetic flux (inductive) in the
LC resonator, which corresponds to the electric and magnetic
fields in a cavity of light.

Once acircuit is given, we can derive its Lagrangian [48,49],
and then its Hamiltonian is also determined. However, here we
try to derive the SEC Hamiltonian with keeping the matter
system as a black box (not only the CPB, but also other
elements can exist). By defining the flux ¢ in the resonator
and {®;} in the external line as in Fig. 1, the Lagrangian of
the whole circuit is generally expressed as [42,49,50]

C. . .
£=£o+7(¢—¢o)2

[Crax ., (®j— D)
o2 — ) 22
+ Z|: 2 J ZLTA)C ( )

J=1

The last two terms are the Lagrangian of the external line. Ax
is the infinitesimal distance, and the overdot means the time
derivative. The second term represents the SEC, and £ is the
Lagrangian in the resonator:

2
—— +Lu, (23)
R

where £, expresses arbitrary circuit elements such as the CPB
and their interactions with the resonator fields. The conjugate
momenta are obtained as follows:

oL oLy

= — = Cu(dy — ¢), 24
Qo 3%, Co(®o — 9) (24b)
oL . .
Qj = E = CTA)C(DJ' for j>0. (24¢)
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Then, the Lagrange equations are obtained as

Cro + %a:—; + Ce(¢p — P) = —L% + a;—(; (252)
Coldy— ) = — 20 =21 (25b)
LtAx
Craxd, = it P 729,
LtAx
for j > 0. (25¢)

In the continuous description ®(x;) = ®; of the field in the
transmission line, these equations are rewritten as

S d Ly o . ¢ Ly
Cud+ 5 50+ Gl — b0 = — -+ 2 2w
CLbO — ¢ = — 22O g
LT 0x X=0+
. 1 220(x)
CTd)(x) = L—TW for x>0.
(26¢)

As seen in Eq. (26¢), the fields in the external line simply
propagate with a speed of v = 1/4/L1Cr, while it contacts
with the resonator at the capacitance C. (x = 0) and Eq. (26b)
is the boundary condition. From Eqgs. (26a) and (26b), we get

¢  dLy Ly 1 I0k)

Crp+ — + — 2 _ = .
RO+t ap 09 Lt ax |._o

27)

The left-hand side is the equation of motion of ¢ derived
from the Lagrangian L of the resonator system, and the right-
hand side is the perturbation due to the coupling with the
environment (external line). We can fully solve the equations
of motion with the knowledge of £,,. But, can we derive the
SEC Hamiltonian without it? The total Hamiltonian is derived
in terms of the fluxes and their time derivatives as

H(p,p, ..., (D, D;})

. C. . .
=Ho(®.¢,.. )+ (& = d)*

o 2
CrAx ., (9 — ;)

O , 28

+ Z |: 2 4 + 2LTA)C ( )

Jj=1

where Hj is the Hamiltonian derived from Ly. The SEC is
represented by the second term. In terms of the conjugate
momenta, the Hamiltonian is rewritten as

H(¢,61, e ,{CD]', Ql})
= Ho(¢.q9 + Qo, -..)

0} N[ 9 (@ -0,
. 29
* 2Cc * ; ZCTAX + ZLTAX ( )

In this way, when we consider the capacitive coupling between
the resonator and the external line as in Fig. 1 (and employing
the flux-base description [49]), the SEC is included in ﬂo and
determined with the parameters of H replacing g by ¢ + Q.
Whereas the SEC Hamiltonian has been expressed simply by
¢ or g in the well-known discussions [1,6,7], it is derived in a
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complicated form in general, e.g., expressed by ¢ /Cr + (¢ +
0)/ Cy with the charge p in the CPB for circuit B as will be
shown in Sec. III C. Then, the SEC Hamiltonian in principle
depends on the detail of the resonator system, and we can
not clearly distinguish the Hamiltonians of it, of environment,
and of the SEC without the knowledge of £,,. However, we
can distinguish them in specific situations such as circuit A in
Fig. 1. In the next section, we first derive the SEC Hamiltonian
in such situations by the straightforward calculation, although
it gives the complicated SEC Hamiltonian for circuit B as
discussed in Sec. III C.

B. In the case of inductive resonator-CPB interaction (circuit A)

As a less general case, if the other elements in the
LC resonator interact with the resonator fields only by
its flux ¢ but not by the time derivative ¢ (this means
dLy/d¢ = 0), the total Hamiltonian can be separated clearly

as HA = Hy($.q, ...) + Hipe + Hay- Here, H = Hic +
.. includes the Hamiltonian of the LC resonator
¢2
Hic = 30
e =5 CR + — T (30)

and also represents arbitrary circuit elements (artificial atoms,
other resonators, etc.) and the interaction between them. Even
if the resonator embeds complicated elements, if 3.L ), /d¢p = 0
is satisfied, the SEC Hamiltonian is represented simply as

990
CR ’
and the environment is defined as

2 00 Q2 o ) 2
A _ 9 (P —Pj—1)
= E 32
Flen 2C, + [ZCTAx + 2LtAx | 32)

Hipe = 31

where the contact capacitance is modulated as
L1 + ! (33)
C. C. Cg

The Hamiltonian of the LC resonator can be easily
quantized as

Hic = hwoa'a, (34)

where the annihilation and creation operators satisfy

[a.a']=1, (35a)
[a,a] = 0. (35b)
In terms of them, the resonator fields are expressed as
A hZ
b=\ 5 @+ah, (36a)
h
j=—i |—(@a—a 36b
a=-4/37 (@—a', (36b)

where Zr = /Lg/Cr is the impedance of the LC circuit. They
certainly satisfy [¢,4] = i

We next quantize the environment Hep,y. From this Hamilto-
nian, the equation of motion of quantized external field ®(x)
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is derived in the continuous basis as the wave equation for
x > 0:
d2 1 92d(x)
CD(x)
LT 8x2

When the environment H,,, is isolated from the resonator
system, the external fields obey the following boundary
conditions at the boundary x = 07

for x> 0. 37

d . 0o

— 90 = =, 38

R 07) cl (38a)
d A 1 9d(x)
— Qo= — (38b)
dt LT ox r=0+

From these two equations, we get the following relation for
d(x =07):

d? 1 9dk)
Cl—d0h =
Ld2 ( ) LT 0x

(39)

x=0%
Solving the wave equation (37) with this boundary condition,
the wave function at frequency w is obtained as

2 cos(a)x/v) — ¢ (w) sin(wx /v)
f(za ) -
1+it(w)
where ¢ (w) is the nondimensional parameter defined with the

characteristic impedance Zt = /Lt/Cr of the transmission
line:

. (40)

{(@) = wZrC,. (41)

Then, the positive-frequency components of the external fields
are quantized by annihilation operators {&,,} as

X hZT cos(ky,x)—i ¢ (vky,) Sln(kmx)

> Qm, (42
(z) = mzzl iz ok (42a)

Ot (z) = —i Z hk cos(k x) — i (vky,) sin(k,, x) . .

= 1+ i (vkn)

(42b)

where the wave number is defined as k,, = mm /¢ with length
£ of the external system and integer m = 1,2, . ... Eventually,
the Hamiltonian of the environment is rewritten as

Zhvkma Q. (43)

From Eq. (38a), 0, is described by the external field as

R [Tk, zT
+ _
Qp = —ivC Z 1+l§(vkm) (442)

m=1
o /oo V2hwZt &(w)
= —iC, 0 — .

0 1 +is(w) V27

Therefore, the SEC Hamiltonian (31) is expressed as
ol

M —H.c.|,
I —if(w)

(44b)

~ o K/ (,()ZZR
A= | dwih | —""4
SEC /0 PN 2 we B

(45)
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where KLC is the loss rate of bare resonator mode

’ a)()ZTCé2

Kic = Z:C2 (46)
In this way, when the interaction between LC resonator and
other elements is inductive (0L, /9¢ = 0) as in circuit A, the
SEC Hamiltonian can be simply expressed by ¢ as Eq. (45)
not by ¢. Then, when we define the annihilation operator & of
the resonator fields as Egs. (36), this SEC Hamiltonian (45)
corresponds to Hgpc (4b) as

mc—/‘d m/mg) ahla' (@) —Hel, 47

where the frequency-dependent bare loss rate is

= L <ﬂ) (48)
11 —ig(@)* \wo

In the next section, we consider a more general situation where

0Ly /9¢ # 0. In this case, the SEC Hamiltonian is modified

by the detail of the resonator system, and then we consider

circuit B explicitly. We will find that the SEC Hamiltonian is
expressed not simply as Eq. (45) in general.

A
Kbare (w)

C. In the case of capacitive resonator-CPB
interaction (circuit B)

Whereas the SEC Hamiltonian can not be derived in the
straightforward way in the general situation 9L, /d¢ # 0, it
is possible when we consider a circuit explicitly, such as circuit
B in Fig. 1. When we define i as the flux through the CPB
as shown in Fig. 1, the Lagrangian of the resonator system is
represented as

¢’

L:B_—(qs U)? ——+ w + EycosReyr/R).  (49)

Then, the total Hamiltonian including the external line is
obtained as follows:

9
C//

(P; —®; 1)
, 50
+ Z |:2CTA.X ZLTAX ( )
where the contact capacitance is modulated in this case as
1 1 1 1

L ST S 51
ag-ctate ©1

HB = HOB + HSEC +

The Hamiltonian H§ is the one derived from £§:

2 2 2
a9 ate)

Hy =
07 2cg ' 2Lg 2C;

— Eycos2eyr/h), (52)

where p = 8£§/ 3 is the conjugate momentum of . The
SEC Hamiltonian is derived as

Hepe = (CiR 4+t ,0) Qo. (53)
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In the same manner as the previous section, the quantized
external field at capacitance C. is represented as

OF = —iC”/oo V2hwZr Q(w)
0 < Jo 1+it'(w) 2r

where ¢'(w) = wZ7C!. Then, the SEC Hamiltonian is ex-
pressed as

(54)

A o0 . 2thT
HSBEC:A da)lCé/ T

g ,q+p al(w)
§ (c_R e )[1 —it@) HC] )

In this way, by the straightforward calculation, we get such
a complicated expression as the SEC Hamiltonian compared
with Eq. (45), which is expressed simply by §. This expression
can not be reduced to the simple ones as Eqgs. (4), which we
usually introduce intuitively. Further, Eq. (55) is the expression
specially for circuit B, and the SEC Hamiltonian is modified
depending on the detail of £ in general (when £y /3¢ # 0).
However, as will be shown in Sec. IV, in the good-cavity
and independent-transition limits, we can derive the SEC
Hamiltonian in a simple form as Eqgs. (4), and its expression is
independent of £, even if 9Ly /3¢ # 0.

D. Demonstration

Before deriving the general expression of the SEC, here
we demonstrate the difference of the dissipative behaviors
in circuits A and B of Fig. 1. Whereas the Lagrangian £
for circuit B is derived in Eq. (49), the one for circuit A is
obtained as

Cr . 2

2 2Ly
In the absence of the external line, the two circuits are
equivalent. The difference between £{ and L§ comes from
the definition of ¥ and the position of the Earth for the two
circuits as drawn in Fig. 1 [49]. From Lagrangian E{)\, we get
the corresponding Hamiltonian as
@+y)

Hy = oYen
0 2CR+ 2L +2c

+ w + Eycos2eyr/h).  (56)

Ejcos(2eyr/h). &)

Here, p = 8[:6/ 3y is the conjugate momentum of . The
expressions of H{ and H§ in Eq. (52) look different, and
the interactions between the LC resonator and the CPB seem
inductive (through ¢ and ¥) and capacitive (through g and p)
for circuits A and B, respectively. However, they are related as

Hy = U HGU, (58)
where U is the unitary operator defined as
U = exp(—igy /D). (59)
By using this, we also get
U'pU = ¢ + ¥, (60a)
U*qU = ¢, (60b)
Uy U = ¥, (60c)
UpU = p —q. (60d)
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Then, ’HOA and HE are in principle equivalent, and give the
same eigenfrequencies, because circuits A and B are equivalent
in the absence of the external line. Then, we can not distinguish
the inductive and capacitive interactions in such simple circuits
without the external line. Depending on whether the interaction
is capacitive or inductive [20-22] in real circuits of interest,
the position of the CPB is modeled as Fig. 1. However, in
the presence of the external line, the two circuits are clearly
different, and the Hamiltonians are also not equal as a whole.
Even by transforming the SEC Hamiltonian HE.. (53) of
circuit B as

U HE U (Cq )Qo, 1)
R
this is not equivalent with HSEC (31) of circuit A.

For simplicity, we neglect the anharmonicity in the CPB
as cos(2er JB) ~ 1+ (2e/ h)2? (in the transmon regime
[10,51] but general anharmonic systems can be considered
as discussed in Sec. II), and then the fields relevant to the CPB
can be expressed by bosonic operator b satisfying

b,b" =1, (62a)
6,61 =0 (62b)
The Hamiltonian of the CPB is rewritten as
)
B Eycosel/h) ~ hw bTh +const,  (63)
2Cy
and the fields are represented as
~ h ( Ecp 74 ~ A
— b+ b, 64
V= 2e<2EJ> (b+0bh (64a)
oGy (Ecp\Y* L
b= — — ) b5
P=""" (2EJ> ®-=59
_ (25 1/4(13 bh (64b)
-2 Ecp .
Here, w, = /2EcpE;/h is the excitation frequency and

Ecp = (2¢)? /2Cjy is the capacitive energy in the CPB [10].
In terms of the annihilation and creation operators, the
Hamiltonians of resonator systems are represented as

HE = haa'a + hobth + hgaa + a'yb + bh

het . .
+ B4 b 4 Bl (652)
wo
HE = hwod'a + hwb'h — hgp(a — ahb — b")
ﬁ 2
+28B1iq — ahP. (65b)

X

The interaction strength is defined as

Y T LY 0 3 R N
wo Wy 2e 2EJ ZZR’

and this can reach to the ultrastrong regime g ~ 0.1 [10], while
the anharmonicity might be small [51]. The two Hamiltonians
(65) are also related by the unitary operator

U = exp[—g(a —a')(b + bh) (67)
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as ﬂé =0 Tﬂg(j [15,49]. However, in the presence of the
external line, the two circuits are different as a whole, and then
the fields in them are dissipated differently in general.

The two Hamiltonians (65) can be diagonalized by the
Bogoliubov transformation. We introduce the annihilation
operator of a polariton (eigenmode, superposition of resonator
field, and CPB one) for circuit £ = A,B as [8,9]

P =wia+ b+ yia' + 25bT. (68)

The coefficients are determined for satisfying
[55.75] = heo; 55, (69)
(25,551 =85 (70)

Whereas the coefficients are obtained differently for the two
circuits, the eigenfrequencies w; of lower and upper polaritons
(j = L and U) are obtained equally. In terms of the polariton
operators, the original ones are presented as

a= Y (w;p; —v;p;). (71a)
j=L,U
b= > (5 p5 —25p50), (71b)
j=L,U
and then we also get
a+a = Y (wi—y})'p5+He,  (720)
j=L.U
i@—ah= Y i(wi+y})p;+He, (72b)
j=L.U
b+ bt = Z (x_]—z)p]—i-Hc (72¢)
j=L,U
i(b—b') = (x5 +25) P +He.  (72d)
j=L,U

When we suppose the good-cavity limit C, < Cr for simplic-
ity, we get ¢ (w),{(w) < land C, >~ C! >~ C..Performing the
pre-trace RWA, the SEC Hamiltonian H{4. (47) for circuit A
is rewritten as

o0
Kic w
Hepe = doh, |——@ —ahla'(w) —H.c] (73
SEC /O wh /=5 wo(a ahla'(w) c.] (73a)
:/ doh Kﬂﬁ“r(w)
0 2 wo
x> (w4 +Hec. (73b)
j=L.U
where
(,U()ZTCC2
= —. 74
KLC ZrCr? (714)

Then, the loss rates of the eigenmodes in circuit A are finally
expressed as

w 2
KjA = KLC<—> |w’? + y;\ . (75)
w( ' ?
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For circuit B, the SEC Hamiltonian is obtained as Eq. (55),
and it is rewritten in the good-cavity limit as

(e

+ 257%(13 — bt )} [} () — a()]

/ do h/"ﬁ—”( » [<1+4g2 )
j=L,U

x (w? +y,)+2g (x +z; )} p} 4+ H.c. (76b)

SEC -

(76a)

Then, the loss rates of the eigenmodes in circuit B are obtained

as
B _ w ~2 Wx B B
= )| (145 )+
2
77)

~Wx B B

+28—(x7 + 75

8o, i )

If we use the same Hamiltonian 7} = UTHEU of the

resonator system for both circuits, the SEC Hamiltonian (61)
for circuit B is represented as

K w
HELO ~ /da)h/ﬁ—[(a—ﬁ)

252505 - BT)} [6/(w) - &) (78a)

N/ooda)h BCL 4t w)| (wh + )
=) 27 wo i

w *
+28—(x] + z;*)} pi+He  (78b)
o\ . .
Then, the loss rates in circuit B can also be expressed as

2
(79)

w
K;B:KLc(w—O>‘(w +yj)+2g (x +z)

Here, we calculate the loss rates Kf (75), (77), and (79) for
circuit€ = A,B and mode j = L,U. By fabricating a SQUID
at the other edge of the resonator, we can effectively tune
the resonator length by applying a magnetic flux at the SQUID
[42,52,53] (Cr and Ly in Fig. 1 are proportional to the effective
resonator length), and then @ can be tuned with keeping
Zr and g, while the loss rate k¢ of bare resonator mode
is modified. In Fig. 2(a), we plot the eigenfrequencies of the
Hamiltonians (65) by changmg the resonator frequency w for
fixed g = 0.01. Ho and HO give the same eigenfrequencies:
the lower and upper modes (dashed and solid curves). In
Figs. 2(c) and 2(e), we plot the loss rates «% calculated from

J
the coefficients {wf,xé ,yf,z .} obtained by diagonalizing ﬂé

and HE. The dashed-dotted curves represent the bare loss rate
k1Lc, and all the curves are normalized to ICEC at wy = w,. We
can not find a clear difference between the two graphs for
such non-ultrastrong interaction § = 0.01, and k7 ;y = k1c/2
is obtained at wy = w, as in the standard discussion in quantum
optics [2].
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g=0.01
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FIG. 2. (Color online) The resonator-CPB interaction strength is
supposed as & = 0.01 for (a), (¢), (e) and g = 0.1 for (b), (d), (). (a),
(b) The eigenfrequencies of lower and upper modes (dashed and solid
curves) in the resonator-CPB system of circuits A and B are plotted
versus the bare resonator frequency wy (the results are equivalent for
the two circuits). (c), (d) The loss rates Kf/U of the two modes are
plotted for circuit A in Fig 1. The dashed-dotted curve represents k¢
of the bare resonator mode. (e), (f) The loss rates Kf/ p for circuit
B. The loss rates are normalized to & at wy = w,. Although the
two circuits have almost the same loss rates for § = 0.01, they are
significantly different in the ultrastrong-interaction regime & = 0.1.

Whereas the loss rates of the two circuits are always
equivalent in the case of g <« 1, it is not the case in the
ultrastrong-interaction regime § = 0.1 as seen in Figs. 2(d) and
2(f). Whereas 7:(6\ and ﬂg’ still show the same eigenfrequencies

for the upper and lower modes as in Fig. 2(b), we get /cf. #*

kLc/2 at wy = wy, and the cross point /ci = Kfj is shifted to the

left side (and the shifts are different for the two circuits). In this
way, the loss rates are strongly modulated in the ultrastrong-
interaction regime g 2 0.1, and the dissipation of the resonator
fields is clearly different depending on whether the resonator-
CPB interaction is inductive (circuit A) or capacitive (circuit B)
even if the SEC is capacitive in both circuits. When we consider
the same Hamiltonian Hé =U *Hg U of the resonator system,
the loss rates in circuit B are given by Eq. (79), and it gives
the same values as Eq. (77) for the loss rates in circuit B.
Whereas they are different from the loss rates given by Eq. (75)
for circuit A, the difference becomes negligible in the weak-
and normally strong-light-matter-interaction regimes g < 1
as seen in Figs. 2(c) and 2(e).

IV. GENERAL EXPRESSION OF SEC HAMILTONIAN

As discussed in the previous section, even if the resonator
system is equivalent as ﬂg =U T?'A[g U, the SEC Hamiltonians
are derived differently for circuits A and B as Eqs. (73)
and (78), respectively, by the straightforward calculation.
Although the difference is negligible in the weak- and normally
strong-light-matter-interaction regimes as seen in Fig. 2, in
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order to introduce correctly the dissipation of system of interest
in the ultrastrong-light-matter-interaction regime, the SEC
Hamiltonians must be derived from the complete knowledge of
systems of interest and how they couple with the environment.
This fact is not good news for the theoretical studies of
the ultrastrong-light-matter-interaction regime, while we get
another parameter to control the dissipation and excitation.
However, as will be discussed in this section, when the
quality of the cavity is good enough and the transitions
are independent, we can derive a general expression of the
SEC Hamiltonian that is independent of the detail of system
of interest, even in the ultrastrong-light-matter-interaction
regime. In Sec. IV A, the SEC Hamiltonian is derived from
the Lagrangian (22) without specifying £),. The comparison
with the straightforward ones is performed in Sec. IV B, and the
validity of the general expression is demonstrated in Sec. IV C.

A. Derivation

In the good-cavity limit (kpc < wp,w, ), the time derivative
of the flux ¢ in the LC circuit is approximately represented in
terms of the lowering and raising operators & = |u)(v| as

d . ~
= 2;(—iwu,,t><u|¢|v>&u,v, (80)

where w, , = ®, — w, is the difference of the eigenfrequen-
cies. Then, since the SEC is expressed as (C./2)(¢p — )2
in the Lagrangian (22) and also in the Hamiltonian (28), the
equation of motion of &, , is approximately written as

d C. 1

Z&M,v = —iw, MUMV + = [GM m((;b d>0) ] (Sla)
. N wy . C A
:—zwv,m,u—Z (0 1Bl)
W,
o d ..
X [Uu,,vao—u’,u/]a((p - CDO) (81b)

The last terms are the perturbation by the SEC. Here, we
also suppose that the transition {u,v} of interest is well
isolated from the others (independent-transition limit). Under
this assumption, the above equation is approximately rewritten
as

d L ww
— O
d[ n=

Here, we define the positive- and negatlve-frequency compo-
nents of the resonator and external fields as

[U,H,¢] (¢> ®g).  (82)

Buy =~

o) = /0 dwle ™ ¢ (@) + " ¢~ (w)], (83a)

&(x,1) = / dole & (x,w) + € d (x,w)]. (83b)
0

The positive-frequency components correspond to the annihi-
lation (lowering) operator in the basis of the true eigenstates.
As derived in Eq. (42a) for circuit A, in the good-cavity limit
[£(w) < 1], the field ®*(x) in the external line is described
by annihilation operators &(w) as

Ot (x,0) = ,/@ cos(wx /v)@(w). (84)
Tw
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On the other hand, ¢ is expressed by the lowering operators
as

= (ulplv)6y.- (85)
V> [

Here, when the environment is large enough and the quality

of the resonator is good enough, the negative-frequency

components are negligible in the equation of motion of

lowering operator (corresponding to the pre-trace RWA in

Sec. IT). Then, Eq. (82) is rewritten for v > u as

d
—Ouv =

df _iwu.uau,,v + [&u,va¢]

y / oodwe_i“”lwwv“ (6 (@) — D (@)]. (86)
0

On the other hand, since the dynamics in the external line (for
x > 0) is described by the simple wave equation (26c), the
field ®* (x) can be divided into the incoming field ®;" and the

outgoing one &, as [8]
O (x,w) = O (w)e W/ 4 DF (w)e! @M. (87)
By using the this expression, Eq. (86) is rewritten as

d

o0 ]
o . lww, ,C,
N . N A —iot vute
— 60 X —iw, ;6,0 + [GW,,¢]/ dwe _—

h
x [ () — &5 ()], (88)
Further, the boundary condition (26b) is expressed as

¢t (w) — ol (@],
(89)

dt
i (w) —
& () — —i A(0)[df (@) -

&) =

where the nondimensional value A (w) characterizes the degree
of confinement of the resonator:

A(w) = . 90
(w) wZ:C. (90)
Then, the outgoing field is represented as
¢t () — [1 — iA (@)D ()
®, (@) = . ) 1)

14+ iA(w)

Substituting Eq. (91) into (88), since we can focus on the
narrow-frequency region around the resonance w ~ w, , in
the good-cavity limit, we get

d ) . . a [ 7iw,ia)2CC
EG’M ~ —iw, ;6,40 + [U,U,xp]/ dwe —
iA@) o, 2A@) .
X[1+iA( 3¢ @ T T A )CD()} ©2)

Further, we also get A > 1 (C. <« 1/wZr7) in the good-cavity
limit, and then this equation is approximated as

d o0 .
—6u0 ~ —iw, 6y — [6,1,1),(]5]/ dwe '
0

dt
3 2
K1C 4 2w c sy
X [—2 (—) _hZR¢ (w) + 5 @ (w )]

93)
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Here, when the environment is large enough compared with
the resonator systems, the incoming and outgoing fields
correspond to the input and output operators, respectively,
appearing in the Langevin equation and the input-output
relation [8] (corresponding to the Born-Markov approximation
performed in Sec. II):

. hZr

@in(a)) = Eam(a))
hZzr

b (w) = gaout(w)-

Then, the equation of motion is finally rewritten as

(94a)

(94b)

d o0 .
—6u0 = —iwy 6y — [@;,md’]/ dwe™ "
0

K1C w Ay 2KLC 3
|:hZR( ) P (w) +i hZg < ) am(a)):|

(95a)

On the other hand, in the good-cavity limit, Eq. (91) is
approximated as

2KkLC
hZr

< > ¢*(@).  (95b)

Aou(®) = Gin(w) — i

These two equations correspond to the quantum Langevin
equation (15) and input-output relation (18), respectively, and
this means that the SEC Hamiltonian is represented in the
good-cavity and independent-transition limits as

—A*(w>¢*+Hc

Hspe =
SEC A

o0
/ doh ’E
271

(96a)

00 3
= / dohy| 2 (3> af(w)@+ah* + He.
0 2w wo

(96b)

This expression is applicable to the LC resonator embedding
any circuit elements even for d.L /3¢ # 0, i.e., to both of the
two circuits in Fig. 1. However, we must pay attention that the
Hamiltonians #, of resonator systems must be derived under
the same definition of ¢ as drawn in Fig. 1, i.e., Egs. (57)
and (52) should be used for circuits A and B, respectively,
but the combination of Eq. (96) and U *HE’U (58) is not
appropriate for circuit B. In other words, under the same
definition of ¢, we can extend H to sophisticated systems
including anharmonicities and more than one CPB. Whereas
the expression (96) is independent of the detail of the resonator
systems, the loss rate from eigenstate |v) to |u) includes the
information of the detail of resonator systems through the
matrix element (1|p|v):

3
M 2
Ko = ke[ ) ()2 (97a)
o wo hZg
3
:KLC<@> lla + af vy 2. (97b)
on)
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B. Comparison

The SEC Hamiltonian ﬂsﬁc (96) derived above is expressed
by the flux ¢ (not by §) in the resonator, but the SEC is
originally mediated by its time derivative ¢ (capacitive) as
the second term in the Lagrangian (22). In contrast, in the
straightforward derivation, the SEC Hamiltonians ﬂ?élé are
derived as Egs. (45) and (55), and they are rewritten in the
good-cavity limit (applying the pre-trace RWA) as

+* 4+ Hec., (98a)
o0
N . Kic w ZZR
HE. ~ dwih, |———"=
SEC /0 @t 27 wy h
C
x &*(w)[cr + FR@* + ﬁ*)] +H.c. (98b)
J

If the resonator is empty or the LC resonator couples with
other elements inductively such as circuit A, ¢ corresponds to
the charge in the resonator:

Crp =g

(for 9Ly /3¢ = 0). (99a)

However, this relation is not generally valid if the LC resonator
couples with other elements capacitively (0L /d¢ # 0), and
¢ is derived for circuit B as

, c
Crd = q + FR(q +p) (circuit B). (99b)
J

Here, comparing the above equations and the general expres-
sion (96), we can find that Egs. (98) are obtained from Eq. (96)
by replacing

—iwCrp — § (for ALy /3¢ = 0), (100a)

—iwCrep — § + %(g + /) (circuit B).  (100b)
J
This replacement is justified from Eqs. (99) and because we
can focus the narrow-frequency regions around the resonances
(w ~w,,) in the good-cavity and independent-transition
limits. Whereas it is not easy to check the validity of this
replacement rigorously, we can find this relation between
the general (but approximated) expression (96) and straight-
forward ones (98) at least for the SEC considered in this
paper. When the transitions of interest are not well isolated
with each other or the quality of the resonator is not good
enough, we can not use the general one (96), but we should
rather consider Egs. (98), which can be derived by the above
replacement even for other structures of circuits. Then, the SEC
Hamiltonians need not be derived for each circuit of interest
by the straightforward way, but the simple replacement (100)
is efficient for deriving them.

In the case of 9Ly /d¢ =0, the SEC Hamiltonian is
expressed as Eq. (96) and also as Eq. (98a), which corresponds
to Hipe and Hgpe in Eq. (4), respectively. Then, the loss rate
from state |v) to |u) can be expressed in the following two
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ways (3L /9 = 0):
w 3
Koy = KLc<ﬂ> [(ula + af|v)?
wo

w\), A A
= KLC(—“)MW —a')? (101)
(2

Since the eigenfrequencies are strongly shifted from the bare
ones wy and w, in the ultrastrong-light-matter-interaction
regime, the factors (w/wp) and (w/wp)? are quite important
for considering the dissipation correctly. However, ignoring
the (w/wyp) factor, the simple SEC Hamiltonians (4) can be
justified when we suppose the circuits with £y /d¢ = 0.
In experiments of superconducting circuits, the “inductive”
ultrastrong interaction has been realized [20-22], and it
corresponds to the situation of 9Ly /d¢ = 0. Then, we can
use Egs. (96) or (98a) for the SEC Hamiltonian. However, for
“capacitive” ultrastrong interaction with the capacitive SEC
(as in Fig. 1) or for the combination of inductive ultrastrong
interaction and inductive SEC (we can not find any restrictions
to prevent them at least in the discussion of this paper), we
should use the general one (96) or complicated expressions
such as Eq. (98b) must be derived for given circuits. In any
cases, the SEC Hamiltonian ﬂsgc and ’Ho of resonator systems
must be derived under the same definition of resonator field ¢.
Otherwise, we get incorrect loss rates.

C. Demonstration

In the good-cavity and independent-transition limits, the
SEC Hamiltonian is derived generally as Eq. (96), which is
applicable to both circuits A and B under the definition of ¢ as
depicted in Fig. 1. Then, the Hamiltonians 7:(3 B are expressed
as Egs. (65) when we neglect the anharmonicity of the CPB.
In the same manner as Sec. III D, the SEC Hamiltonian (96) is
rewritten as

00 3
Alsae = / dokh /"E(ﬁ) &)
0 2m \ wo

x Z (wf - yi)*ﬁf + H.c.
j=L.U

(102)

Then, the loss rates of eigenmodes j = L,U are expressed for
each circuit £ = A,B as

3
£ _ Wj £ £)2
Kj —"Lc<w_0> jwj = ;|

We can check that this expression certainly reproduces all
the results in Fig. 2, which are obtained from the SEC
Hamiltonians ﬂéﬁ% (45) and (55) derived independently
for circuits A and B, respectively, by the straightforward
calculation. Although the SEC Hamiltonians are derived in
different forms depending on the detail of resonator systems by
the straightforward calculation, Eq. (96) keeps its expression
for any circuit elements in the LC resonator, if the SEC itself
is not changed. When we want to describe circuit B by the
same system-of-interest Hamiltonian as HA=0 T?'A[(])SU , the

(103)
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SEC Hamiltonian (96) is rewritten as

ac(@)' 2
(O] hZR
x [af (@)@t +¥)+Hel.

Then, the loss rates in circuit B are also expressed as

N “ N o0
UT'HSEcU = / doh
0

(104)

3
@ s 2) |wh =52+ 2805 - D 09

This also gives the same loss rates plotted in Fig. 2. In this
way, we eventually get different Hamiltonians as a whole for
circuits A and B, and the dissipative behaviors are different
especially in the ultrastrong-light-matter-interaction regime as
demonstrated in Figs. 2(d) and 2(f). In addition, since the SEC
Hamiltonian can be transformed by the unitary operator U as
above, we must pay attention to the definition of the flux ¢ of
the LC resonator as Fig. 1, under which the SEC Hamiltonian
(96) is derived. In other words, ﬂo and ﬂsgc must be derived
correctly under the same definition of ¢.

V. FABRY-PEROT CAVITY

Whereas we discuss the SEC in the system of supercon-
ducting circuits in previous sections, we can discuss the SEC
also for other systems starting from Lagrangians describing
them. We next derive the SEC Hamiltonian for a Fabry-Perot
cavity confining the electromagnetic fields. As supposed in our
previous work [8], we also consider the cavity consisting of a
perfect mirror and a nonperfect one as depicted in Fig. 3.

We first discuss the Lagrangian describing the electromag-
netic fields interacting with matters in Sec. V A. Then, in
Sec. V B, we derive the SEC Hamiltonian, by which the results
obtained in Ref. [8] can be certainly reproduced. We also
discuss some prospects for the SECs of split-ring resonators
and of subwavelength structures in Sec. V C.

A. Lagrangian for electromagnetic fields

We first consider general systems of the electromag-
netic fields interacting with matters. Here, we take the
Coulomb gauge and introduce the vector potential A(r) giving
the transverse electric field E () and the magnetic flux

n
External system
incoming /
) Perfect
Cavity mirror
outgoing
Zy Zo| 2y Zy e

0 d z

FIG. 3. Sketch of a Fabry-Perot cavity. A perfect mirror is placed
at z = d and a nonperfect mirror is at z = 0.
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B(r) as

E (r) = —A(r),
B(r) =V x A(r).

(106a)
(106b)

From these relations, we directly get the following Maxwell’s
equation:

V x E(r) = —B(r), (107)
and the magnetic flux automatically satisfies
V. B(r)=0. (108)

The longitudinal component of the electric field E(r) =
—Vo(r)is expressed by the scalar potential ¢(r). As discussed
in Refs. [54-56], the Lagrangian of the total system is
represented as Lgp + Ly _gp, where the matter and the
light-matter interaction is described by Ly _gp, and Lgp is
the Lagrangian representing the transverse electric field E | (r)
and the magnetic flux B(r) as

2
Lgp = l[dr|:z30f9bg(")EJ_(")2 - &} (109)
2 Ko

Here, eye(r) is the background dielectric constant except the
matters of interest, and it depends on position r [55,56]. & and
Wo are the vacuum permittivity and permeability, respectively.
In terms of A(r), the Lagrangian is rewritten as
1 . V x A(r)]?
Lgp = —/dr{eoebg(r)A(r)z - ﬂ} (110)
2 Ko
Then, the Lagrange equation with respect to A(r) is derived
as

. d 0Ly—EB
- EL(r) 4 ZoEm-Es
go&pg(W)E L(r) + &t A
V x B(r) a,chEB
__ n , 11
Mo dA(r) (b
where we define
8Ly_EB _ 0Ly_EB v, 0Ly_EB (112)
3A:(r)  0A:(r) AV A(r]

Here, we introduce the electric displacement field D(r) and
the magnetic field H(r) as

D(r) = gogvg(r)E(r) + P(r),
H(r) = B(r)/jno — M(r),

(113a)
(113b)
where P(r) is the polarization density and M(r) is the

magnetization. We suppose globally neutral systems and there
is no external current, and the displacement field satisfies

V.-D(r)=0. (114)
Then, the above Lagrange equation is rewritten as
. . d 0Ly—EB
-Dr)+P,(r)+ ——-—
S T
Ly
= —V x [H(r)+ M(r)] + —=2LE (115)

8A(r) -
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In the absence of external current, the two fields D(r) and
H (r) must satisfy

D(r)=V x H(r). (116)

Then, from the above Lagrange equation, the polarization and
magnetization should have the following relation:

Ly_EB

3A(r) -

On the other hand, due to the duality of the electric and
magnetic fields, we can also describe the Lagrangian in terms
of D(r) and H(r) for globally neutral systems. The total
Lagrangian is represented as Lpy + Ly—pn, and Lpy is
expressed as

— —V x M(r) + (117)

1 D(r)?
Lpn = —/dr{;LOHL(r)Z _ b0 } (118)
2 £0&bg (1)
Here, we introduce a new transverse field Y (z) giving
H.i(r)=Y(), (1192)
D(r) =V x Y(r). (119b)

By this definition, the two Maxwell’s equations (114) and (116)
are automatically satisfied. Further, since Eq. (108) should also
be satisfied, the longitudinal components of the magnetic field

and the magnetization are related as H(r) = —M (r). In
terms of Y (r), the Lagrangian £pp is rewritten as
1 . V x Y (r)]?
Loy = —/dr{mif(r)2 — M} (120)
2 £0€bg(r)

Then, from the total Lagrangian Lpy + Ly —pn, the Lagrange
equation with respect to Y (r) is derived as
d 0Ly—_pH D(r)

H (r)+ E—SY(r) =-V x P

8Ly—pH
Y (r)
(121)

Since the electric field and the magnetic flux satisfy Eq. (107),
the magnetization and the polarization must have the following
relation in this case:

_MJ_(I‘)—i—ia‘CM—_DH:_VX P(I‘) QEM_DH'
dt 9Y(r) €0€bg(r) Y (r)
(122)

Of course, the two Lagrangians Lzp + Ly—gp and Lpy +
Ly —py are equivalent in the sense that both of them certainly
give the Maxwell’s equations and equations of motion of
charged particles in matters [54].

B. SEC for Fabry-Perot cavity

We next derive the SEC Hamiltonian for the Fabry-Perot
cavity depicted in Fig. 3 [8,57]. The system is terminated by the
perfect mirror at 7 = d, and a nonperfect thin mirror is placed
at z = 0. The mirror is described by the background dielectric
constant as &yg(z) = nd(z), and n determines the degree of
confinement of the cavity fields (and the reflectivity of the
nonperfect mirror). The electromagnetic fields are confined
in 0 < z < d, but the confinement is not perfect through the
nonperfect mirror at z = (0. Atoms or matters exist inside

023817-13



MOTOAKI BAMBA AND TETSUO OGAWA

the cavity structure. For a good correspondence with the
discussion in Sec. IV, we take the Lagrangian (118) described
by the displacement field D(z) and the magnetic field H(z). In
the discrete description as depicted in Fig. 3, the Lagrangian
is expressed as

1
2

[Y(z1) — Y(z0)]
gon

EDH =

> oY (z)Az -
J

_ Z [Y(zj) = Y(z;-1)]

123
colz (123)

J#1

Here, Az is the distance between the discrete positions z; =
Az/2 and zg = —Az/2. The cavity system is described by
Jj = 1, external system is by j < 0, and the second term in
Eq. (123) corresponds to the coupling between them. From
this Lagrangian, we get the following relation in the discrete
and continuous base:

Lpu _  Y@)—Y(@) Y()- Y(Zo)’ (1242)
Y (z1) g0Az o1

+ _ —
ILpn _ 1oy _Y(OmH)-Y@© )' (124b)
8Y(0+) €0 82 =0+ Eon

The first term gives the boundary condition in the case of a
perfect mirror, i.e., D(z = 0%) = 0. The other terms represent
the connection with the external field, and it is decreased with
the increase of n. Here, we suppose that the cavity system
including the matters inside is properly diagonalized in the
case of the perfect cavity. We denote the eigenstates as {|u)}
and the eigenfrequencies as {w,}. From the total Lagrangian
L = Lpy + Ly—_pp or its Hamiltonian, since the cavity field
connects with the external system only through the second
term of Eq. (123) [or the one of Eq. (124b)], the equation
of motion of 6,, , = |u)(v]| is derived in the good-cavity and
independent-transition limits as

d . L 1 1 . .
E%w=—mw%y+%55mwﬁvo—wwﬁ
(125a)
. s Y0 — ¥(07)
= —1lWy  Opv + [O'M’U’Y(O-’—)]W
(125b)

~ —iwy 1,6y + (600, HOD)]

00 e—iwt R R
x/ do - [A+(0",0) — A0, 0)].
0 i hegnw?
(125¢)

Here, from the integral from of Eq. (116), we get the following
Maxwell’s boundary condition [8]:

HO ,0) — HO",0) = —iweon E(0™,w). (126)

Since the electromagnetic fields obey the simple wave equation
in the external system, the external field in z < O can be
rewritten by the incoming field Hj, and the outgoing one
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A

Hyy, as

Az < 0,0) = /" B (w) + e Ay(w).  (127)

From the boundary condition (126), the outgoing field is
expressed as

HO",0) — [1 + i A(w)] Hin(w)
1 —iA(w)

where A(w) = wn/c. Substituting this into Eq. (125c¢), in the
good-cavity limit (A > 1), we get

d

I:Iout(w) =

»(128)

HoC Ay 2 N
——HT (07, —H; .
x [th(a))2 0%0) + ihgowe A(w) ]
(129)

Since the incoming and outgoing fields are represented as

An(@) = ~= | (), (130a)
noc\ 2epcw

N iw ho

Hop(@) = — dout(w), (130b)

noc\ 2epcw
Eq. (129) is rewritten as

d N o0 .
—6u0 ~ —iw, ; 6y — [&,“,,H(OJr)]/ dwe™ !
0

dt
| oty 2R o],
hoA(w)? ’ hoA(w)? ™"
(131a)
On the other hand, from Eq. (127), we get

A ~& [_2HoC  pi o
Aon(w) =~ Gp(w) + WH 0", w). (131b)

These two equations correspond to the quantum Langevin
equation and the input-output relation, and this fact means
that the SEC is expressed in this case as

Yoo o T dwi [ Hoc st N O
HSEC—/O doih nth(a))z[a (@w)H'T(0") —H.c.].

(132)

In the independent-transition limit, the loss rate from |v) to
|m) (u < v) is obtained as

2uoC
haw, Ay, ,)?
If there is no induced magnetization inside the cavity, since

H = B/ and 9E/dz = —B, the loss rate is also rewritten
as

(el HO)v) . (133)

Ky,

2¢ N
= ———————— | BOD)? 134
Ku,u huowu,MA(wv,u)ZHM Oy (134a)
2¢ oFE 2
_ Zw (134b)
TN A L A
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Here, for the cavity depicted in Fig. 3, the electric and magnetic
fields are expressed as

E@) =) ion i

(ém — ) sin[(w,/c)z], (135a)

b=y 2 "

(@ + &l ) cos[(wn/c)z], (135b)
80a)md

m=1
where w,, = m(wc/d) for integer m = 1,2, .... If the eigen-
states are mainly composed by the mth cavity mode, the loss
rate is also represented as

W ~ ~
Kvu = K(I;P(wv./l.)(_>|<ﬂ|am + a;|v)|2 (136a)

v,

3
Wiy n N
= KOFP(wv,M)( ) [(tldm — @ [v)[%, (136b)

Wy,
where /cg P(w) is the loss rate of the bare cavity mode

2¢
Alw)d’
These expressions certainly reproduce the results in our
previous work [8], where the Fabry-Perot cavity was filled
by the medium with bosonic excitations.

When the light-matter interaction is mediated by the electric
polarization and the electromagnetic fields are confined by
the Fabry-Perot cavity as in Fig. 3, the loss rates are
expressed as simply as Eq. (136). This situation corresponds
to circuit A in Fig. 1, where 0L, /3¢ = 0. Whereas the
ultrastrong-light-matter interaction has been realized by the
electric dipole transitions experimentally [11-18], the situation
corresponding to circuit B, where the SEC Hamiltonians
are derived in complicated forms by the straightforward
calculation, can be realized if the ultrastrong-light-matter
interaction is mediated by the magnetic field. Even for the
electric dipole transitions, the circuit-B situation could be
realized for other cavity structures such as the split-ring
resonators [ 18] and the subwavelength structures [13—16]. The
SEC Hamiltonians for these structures should have different
forms.

KB (w) = (137)

C. Split-ring resonators and subwavelength structures

In Ref. [18], the transition between Landau levels in
two-dimensional electron gas is coupled ultrastrongly with
the modes in the split-ring resonators. The current with THz
frequency in each resonator is similar to the superconducting
current in the LC resonator in Fig. 1. Then, the SEC of the split
rings could be discussed based on the Lagrangians describing
their equivalent circuit model [58]. On the other hand, the
split rings are fabricated periodically on the sample [18], and
they behave as a metamaterial layer for the electromagnetic
fields. Then, we can also describe the sprit-ring resonators as a
resonator of the electromagnetic fields in the metamaterial with
effective permittivity and permeability (with strong frequency
dependence) as discussed in this section. In this way, the
split-ring resonators can be analyzed in such two manners.
However, a sophisticated analysis is in principle required for
describing the complicated structures of the split rings.
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The subwavelength structures [ 13—16] enhance the confine-
ment of the electromagnetic fields, and then the light-matter
interaction is also enhanced. Further, owing to the photonic
bands constructed by the periodic subwavelength structures,
we can access directly to the surface plasmons. In order
to analyze these kinds of structures, we must extend the
simple Fabry-Perot cavity to more complex three-dimensional
systems. Whereas the extension is in principle possible, the
approach of Ref. [8] is rather appropriate for supposing such
complicated structures as the first step of the investigation be-
cause the excitations between the subbands in semiconductor
quantum wells are nearly bosonic and the cavity structure is
complicated.

VI. SUMMARY

We derived the SEC Hamiltonians by the straightforward
calculation from the Lagrangians describing in detail the
mechanisms of loss and confinement of the cavity fields.
However, we found that the SEC Hamiltonians are in principle
modified by the presence of the interaction between the cavity
fields (light) and other ones (matters) inside the cavity. When
the quality of the cavity is high enough (good-cavity limit:
Kk < wg,wy), the SEC Hamiltonians should be derived as
follows:

(1) In the weak- and normally strong-light-matter-
interaction regimes (g < wp,w, ), the SEC Hamiltonians can
be reduced to the standard one, Eq. (1), which can be derived
also for empty cavities. This is because the RWA can be applied
to the light-matter interaction in the basis of photons and
excitations, and the total number of photons and excitations is
conserved.

(i1) In the ultrastrong-light-matter-interaction regime (g 2
wp,w,) and in the independent-transition limit, the SEC
Hamiltonians can be derived by the procedure in Sec. IV,
and the derived Hamiltonians such as Egs. (96) and (132) are
generally valid independent of the detail of the light-matter
interaction inside the cavity. However, we must pay attention
that the Hamiltonians of cavity systems must be derived under
the same gauge for deriving the SEC ones (under the same
definition of resonator field ¢ as depicted in Fig. 1).

(iii) In the ultrastrong-light-matter-interaction regime but
not in the independent-transition limit, in which we can not
perform the post-trace RWA, the SEC Hamiltonians should be
derived by the straightforward calculation, and the expressions
such as (45), (47), and (55) are obtained depending on the
detail of cavity systems in principle. However, as far as we
checked for simple systems depicted in Fig. 1, we can obtain
the straightforward SEC Hamiltonians in the good-cavity limit
by the replacement (100) from the general expression (96).

In the bad-cavity limit, in which the pre-trace RWA can
not be applied, we must also derive the SEC Hamiltonians by
the straightforward way. Further, for discussing not only the
dissipation but also the Lamb shift due to the coupling with the
environment, the straightforward SEC Hamiltonians are also
desired.

In the ultrastrong-light-matter-interaction regime, the SEC
Hamiltonians have the additional parameter as seen in Egs. (4),
i.e., whether the SEC is mediated by the electric field (capac-
itive) or by the magnetic field (inductive). It is determined
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by the mechanisms of the loss and confinement of the cavity
field, and the SEC Hamiltonians should be derived as explained
above. Even if the SEC and the cavity system are equivalent
as for circuits A and B in Fig. 1, the difference of the
arrangement for the two circuits gives the difference of the loss
rates of the cavity systems as demonstrated in Fig. 2. In the
independent-transition limit, we can use the general expression
ﬂSEc [Eq. (96)] of the SEC Hamiltonian for both circuits,
while the Hamiltonians of the cavity systems are derived in
different forms 71 [Eq. (57)] and 75 [Eq. (52)]. When we use
the same Hamiltonian 7:(6* =U Tﬂgﬁ for the cavity system,
the SEC Hamiltonians are transformed in different expressions
Hsec [Eq. (96)] and Ui HsecU [Eq. (104)]. As the result by
these differences, the loss rates become significantly different
for the two circuits in the ultrastrong-light-matter-interaction
regime [Figs. 2(d) and 2(f)], while the difference is negligible
in the weak and normally strong ones [Figs. 2(c) and 2(e)].

We also face the similar question as to whether the
nonlinearities and dissipation in matters are mediated by the
electric polarization, magnetization, or just the number of
excitations. Whereas the ultrastrong interactions and good
cavities can be realized only in limited structures currently,
there is a possibility for controlling the inevitable dissipation
by the ultrastrong interactions with totally modeling the
light-matter interaction and the SEC.
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APPENDIX: SEC FOR TRANSMISSION
LINE RESONATOR
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The canonical momenta are obtained as follows:

g0 = 2E — cugo — do), (A2a)
ool

g = a% — Craxg; + 8327, (A2b)

Qo = L _ Ce(dy — ¢o), (A2¢)
0D
oL .

Qj = F‘)]:CTAXCDJ (AZd)

In the continuous base, the Lagrange equations are derived as

) . 19
CLLd0") = 607 = - e
x=0*
. 1 d oLy 1 3%(x) 1 9Ly
OOt S dadt) L 9 Ax 0g()’
(A3b)
. ) 1 90
C&0) = $ON =~ 85‘) . (A30)
x=0—
2
Crd(n) = - LW (A3d)

LT sz

Here, the motion of fields inside and outside the resonator is
described by the second and the last equation, respectively, and
the first and third equations are the boundary conditions. From
these equations, we get the following relation concerning the
incoming, outgoing, and internal fields at the capacitance C,
(x =0M):

W? Ce[pT (0T, 0) — & (w) — D ()]

out

iw . A
Instead of the LC resonator, here we consider a resonator = —r[®$(w) — o7 (0)]. (A4)
. . . . . TV
fabricated by a transmission line with a finite length d as
depicted in Fig. 4. The total Lagrangian is represented as ) .
Then, the outgoing field is expressed as
N
CrAx @ —¢;i )], Ce . ., A0+ ; &+
L= Z[ gr- GO G g b - POR0) —[L—iA@IdE@)
=1 2 2LTAX 2 oul(w) 1 + iA((l)) : ( )
=\ [CrAx (®; — D)
+ Z [T—Cb j2 - J—H} +Ly. (AD On the other hand, from the Lagrangian or its Hamil-
j=1 2 2LrAx tonian, the equation of motion of &, , is approximately
472 d)l Q)O ‘ ‘ ¢0 ¢l ¢2 < ¢’V—I ¢N
s T T e g
L.Ax L.Ax LAx  C.  LiAx L.Ax L.Ax
CiAx==  CiAx== Cilx=—  CiAx=— == CiAx
S(> ()() —‘7
1 LG 1 X
0 d

FIG. 4. A resonator is made by a transmission line with a finite length d. It couples with a semi-infinite transmission line by capacitance
C.. Artificial atoms can exist inside the resonator except at the contact with the external line.
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obtained as

d . o0 jw?C
270 = —10,,600 + [6,,0,6(07)] /O dw e—’w’TC
x [¢H(0F,w) — & () — B (w)]. (A6)

Substituting Eq. (AS5) into this equation, we get in the fol-
lowing equation in good-cavity (C. > Crd) and independent-
transition limit:

00
d N _ . N N 2ot —iwt
— Oy = —1lWy Oy + [O—M,v"P(O )]f dwe

0

dt
37:C2 . 263 Z1C.2
x [‘”TTw(ow) +iyf %am(w]

(A7a)
On the other hand, Eq. (A5) is rewritten in the good-cavity

limit as
2037Z1C.2
fou(©) = din(@) — iy %qﬁ«u). (A7)
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From these relations, we can conclude that the SEC is
expressed as

. o0 23 Z1C2 .
Hspe ~ / deo ] 2222 (6T (@0)d T (01) + Hel]. (AS)
0 27‘[h

When we define the loss rate of the mth bare resonator mode
with frequency w,, as

2 2
KTLR . Zwm ZTCC

) A9
" Crd (&9

the SEC Hamiltonian is rewritten as

o) 3
Hsec ~ / dwh K_’”( , ) o [&(@)$*(07) + Heel.
0 2 vZ

Wy h T

(A10)
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