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The geometric phases of a nanowire-bridged superconducting Fabry-Perot resonator subjected to a
microwave transmission have been investigated through its modelling into a RLC-circuit. Because the
Hamiltonian of the system is a somewhat complicated form, special mathematical techniques, such
as the invariant operator method and the unitary transformation approach, have been adopted in
order to treat the system; These methods are very useful for managing complicated time-dependent
Hamiltonian systems. We have rigorously evaluated the analytical geometric phases in both the Fock
and coherent states. Typically, the geometric phases oscillate and the amplitude of such oscillations
tend to grow over time. The influence of parameters of the system on the geometric phases has been
analyzed in detail through the relevant illustrations. From our research, the concept of geometric
phases and associated quantum mechanical characters of the system has been clarified. Our
investigation for the geometric phases is useful for understanding topological features of the system,
that take place through the evolution of the wave functions.

Nanowires became a principal research subject in the science community thanks to their potential applicability in
broad areas of modern technology, such as the nanowire-bridged resonators!?, AC power source generations®*,
and nanowire cantilevers®. We will focus on the nanowire-bridged superconducting Fabry-Perot resonators in
this work, since they can be used as building blocks for superconducting qubits in quantum computations. The
possibility of qubit fabrications with nanowire-resonator systems stems from the fact that we can control them to
exhibit the properties of many-body cavity QEDs under appropriate situations. After the first experimental report
in this line by Manucharyan et al.}, active subsequent researches have been followed**!2. According to this trend,
it may be highly required to carry out the research that deepens the understanding of their underlying physical
mechanisms.

In phenomenological models for describing the amplitude of the field-driven charge oscillations in
resonator-nanowire systems, quantal wave phenomena with a phase evolution appear in general. We considered
this and took into attention for the evolution of waves including their phases inside the wires in order to elucidate
detailed theoretical features of the phenomena. In view of gauge symmetry theory, there are broad implications
associated to geometric phases of the waves that appear in diverse nanodevices'*-1¢.

Although Herzberg and Longuet-Higgins'” recognized a signature of a geometric phase evolution in the
Born-Oppenheimer electronic wave functions in 1963, it had not actively been recognized for a long time in
physics until the advent of Berry’s seminal discovery'®. Berry reported'® that there are additional phase accumu-
lations (now known as the geometric phase) for a time-varying system during its wave evolution through a closed
path in the parameter space. Berry’s discovery had triggered an active research on phase dynamics in adiabatic
quantum systems including nanodevices. The subsequent researches on this issue had remarkably contributed to
the development of physics associated with topology and its generalizations, meanwhile widespread interest for
the geometric phase continues to this day. The geometric phase is a parallel transport or a holonomy that can be
represented in terms of unit vectors in the Hilbert space.

To attain theoretical insights for dynamics of the nanowire-bridged superconducting Fabry-Perot resona-
tors, we may need to investigate the geometric phase. The applications of geometric phases in characterising the
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properties of nanowires are ubiquitous: They include observations of conductance fluctuations through quantum
Hall effects', estimations of piezoelectricity in semiconductors?*-?, effects of ambipolar fields in crystalline insula-
tors?*, and the applications as a tool to study many-body quantum systems in and out equilibrium conditions**?’.

A geometric phase is defined as the quantal phase of geometric origin included in the wave function during a
fixed time that corresponds to one-period evolution of the eigenstate through a closed circuit?®*. We can also define
the geometric phase in a slightly different manner, where we consider the geometric phase accumulated during an
arbitrary time ¢ instead of one-period or one-cycle (see, for example, Eq. (4.23) in Ref. 30). While the geometric phase
in the former definition gives its well defined quantity for a specific system, the geometric phase in the latter is usually
represented in terms of t. We will adopt the latter definition in this work, because that definition gives a richer relation
between a time-dependent Hamiltonian system and its quantal-phase properties, which admits a time-dependent
change of the geometric phase. For more general discussions on geometric phases and their effects, refer to Ref. 31.

We will investigate the geometric phases of the system in the Fock and the coherent states which are funda-
mental quantum states in physics. In particular, a coherent state is a classical-like state that can be used to demon-
strate the correspondence between quantum and classical states. We will quantitatively describe the mechanics
of the system, by modelling it as a lumped single-series RLC circuit around the resonance frequency. Useful
methods for treating time-dependent Hamiltonians, such as invariant operator methods®?-** and unitary trans-
formation methods®*, will be adopted in order to facilitate the analytical analysis of the system through quan-
tum mechanical points of view. To understand the theoretical mechanisms for the nanowire-bridged resonators,
which are somewhat unclear now while the knowledge about them is necessary in implementing the system as a
resource of quantum computation, an investigation of the geometric phase may be helpful.

Results and Discussion

Hamiltonian and invariant operator. Nanowires can be made to act as dissipationless inductors, and this
fact was experimentally demonstrated by Ku et al. through the observation of kinetic inductance in the nanowire
connected to a superconducting coplanar waveguide resonator'. In actual systems, the superconducting Fabry-
Perot resonators are interrupted by a gap at its center and a superconducting nanowire has been suspended across
the gap as a bridge. There is an excitation of the plasma oscillation in the resonator by an input microwave signal,
leading to the occurrence of a supercurrent that flows through the nanowire. For a more detailed experimental
setup of the system, refer to Refs. 1 and 2.

As a preliminary step for investigating the geometric phases, we first need to setup an equation of motion
that governs the behavior of the system. Then, it is necessary to derive quantum states in which we develop the
geometric phases from the Schrédinger equation. We are interested in the geometric phases in the Fock and the
coherent states in this work. For the time-dependent Hamiltonian systems (TDHSs), such states can be derived
from the invariant operator method together with the unitary transformation approach.

From the model of resonators that have a nanowire as an inductive element, it is possible to describe them as
equivalent lumped single-series RLC electronic circuits at the frequency near the resonance, allowing us to inves-
tigate the amplitudes of the oscillating charge quantitatively and the supercurrent signal for the system driven by
a voltage supply. In this situation, the nonlinear equation for the charge g stored on the capacitor in the effective
circuit of the nanowire-bridged resonator is given by"*

L . o1
L1 + Rygdl + ——q + Wy = Vigr cos(wt + ),

J1— qZ/IO2 Cetr 1)

where Vyy is the voltage between the ends of the nanowire, R.g, L.g and C¢ are the resistance, inductance, and
capacitance in the circuit effectively representing the resonator, respectively, and Vg is amplitude of the effective
voltage of the driving source. By using the approximation (1 — ¢*/I2) "* = 1 + ¢*/(2I2) in the weak non-linear
limit where |g| < I,"*, we have the Duffing oscillator equation of the form

Lo +

L .
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G+ R + =—q = —Ww + Vigg cos(wt + 9),
Cesr (2)

where Ly = L g+ L;. Because L; < Ly, this equation can be further simplified under the same weak non-linear limit
as

1
LG + Ryg + —q = — Vgwll — & cos(wt + ¢)],
Cefr (3)

where k= V 4/ Vyw-
This system can be described by the Caldirola-Kanai Hamiltonian that is given, in view of quantum mechan-
ics, by

22
~ _ 1
H=e¢e aP + —e‘B’{L wlg® + 2Viwll — K cos(wt + )14},
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where p = —ihd/0q, f=R.q/L, and wy = 1/./L1C,g. It may be very difficult to derive quantum solutions of the
system on the basis of the separation of variables method, because this Hamiltonian is a somewhat complicated
time-dependent form driven by a time-varying force. Notice that the time functions in Eq. (4) cannot be easily
separated out from canonical variables. For this reason, we may need to adopt other potential mathematical tools
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for treating the system quantum mechanical points of view. In this case, the invariant operator method®*** is
useful because the eigenstates of the invariant operator are in the kernel of the quantum dynamical problem.
Hence, we introduce an invariant operator of the system from the Hamiltonian given in Eq. (4). Using the
Liouville-von Neumann equation for an invariant 7, which is given by dZ/dt = 8110t + [, H]/(ih) = 0, we
derive a linear invariant operator as*

7 = A", (5)
where @ is an annihilation operator of the system and Q = \/w; — 3%/4: The exact formula of Ais given by

A= C{LT[Q + ig]eﬂﬂz[é — Q0] + ie "[p — P1)]],

(6)

where C= (2ALQ)~"2, and Q,(t) and P,(t) are particular solutions of the classical equation of motion of the sys-
tem in g and p spaces, respectively. From Eq. (4), we derive

Qp(t) = K, cos(wt + ¢ — 6) — K, )

where K; = K/i/\/(wo2 — w?)? + B K, = Klwg, K= Vyw/Ly, and § is a phase of the form § = tan™'[ fw/
(w02 — wz)],while

Pp(t) = —I?leﬂt sin(wt + ¢ — 9), (8)

where K, = LwK,. We can check that 7 is a quantum invariant quantity by demonstrating that the direct differ-
entiation of Eq. (5) with respect to time results in zero. Notice that the Hermitian adjoint of Eq. (5), 7 T, which is
described by the creation operator AT, is also an invariant operator. By a straightforward evaluation, we can easily
confirm that[A, AT] =1

Unitary transformation.  If we write the eigenvalue equation of A as A|A) = A|A), |A) is the coherent state of
the system. We will investigate the geometric phase of the system in the coherent state, as well as in the Fock state,
with the help of the invariant operator. Because the original invariant operator given in Eq. (5) is a somewhat com-
plicated form, it is favorable to manage the invariant operator after transforming it into a simple form by means of
the unitary transformation method. For this reason, we introduce a unitary operator U = U,U,U,, where

Ul = exp(iPP(t)Q/h)exp(—iQp(t)ﬁ/ﬁ), )
U, = expliBt(@p + pa)/(4h)], (10)
U, = exp[—iR «4°/(4h)]. (1)

A A—1A A

From the unitary transformationI = U ZU, we have
I=ae™, (12)
where d is the annihilation operator of the simple harmonic oscillator (SHO), that is given by

La,
a= |2

«/ ZLTQ (13)
By using a fundamental dynamics based on the Hamiltonian, it can be proved that
a(t) = a()e ™. (14)

We can confirm from this consequence that the transformed invariant operator is represented in terms of the
SHO annihilation operator. Hence, the transformed system just corresponds to the SHO of which the classical
and quantum solutions are well known. The general classical solutions for the canonical variables in the trans-
formed system are thus given by the SHO solutions:

gy = 9, cos(Q2t + @), (15)

by = —L82q, sin(Qt + ). (16)

The wave functions in the transformed system in the Fock state are expressed in the forms

Jelm

2"n!

1/2 X
(aldn) = [ ] H,(VEq)e """,

(17)
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where € = L;Q/h, which also correspond to the SHO wave functions.
The eigenvalue equation of the annihilation operator in the transformed system can be written as

ala) = ala). (18)
The eigenvalue of the above equation is given by
a(t) = a(0)e ", (19)
where a(0) = e with oy = m dy

On the other hand, the eigenstate can be written as*’

L) LQ ,  [20.0 laf  o?
=== e - -
(ale) [ fir ] PR TN TR M T

(20)

This is the normalized wave function in the coherent state. The quantum dynamics of the system developed here
will be used in the subsequent subsections in order to derive geometric phases and to analyze them.

Geometric phases in the Fock state.  We first investigate the geometric phases in the Fock state which
is the most elementary quantum state. For convenience, we will call the wave functions in which the phases
have been removed as the “eigenfunctions” while we denote them in the forms |®,(¢)) in the Fock state. Then,
the wave functions in the Fock state can be represented to be |¥,(¢)) =|®,(f))exp[iv,(¢)] where 7,(¢) are overall
phases. Not only the phases but the eigenfunctions as well are expressed in terms of t for TDHSs. However, when
the time-dependence of the Hamiltonian has been removed and thereby the system has become the SHO, the
time-dependence of the eigenfunction in the Fock state also disappears.
The geometric phases are represented in terms of the eigenfunctions such that

— ! ’ i / !
Yol = [ (BN, + 76,0).

(21)
Using the unitary transformation relation |®,) = U|¢,), we can express them as
_ [ AL O ’
Toal) = [ (60 i 016,)d" + 56,00 )
From a minor evaluation using Eqs. (9)-(11), they become
0 = [ @%@ 5 1)+ 25) " + 76,0
fYG,n - 0 n q’ p’ 8t, n fYG,n > (23)
where?
Soa A 1. a =
X(@.p. 1) = —g[Pp(t)[qe M2 4 Q)]
-G ﬂf/ZA_ﬁA) Bios 4 56 — R.E
Q,(1)e (p 5 1) T3 (@ + P4 — Regrd")|. (24)
Further computation in the configuration space using Eq. (17) results in
ﬁzt[ 1] K,
H=5C|n+ =+ =1nt) + 1,0,
Y6,(t) a3 - () + %6,(0) (25)
where 7(f) is a time function: The exact formula of 7(¢) is
n(t) = Ki[Bf (1) + wf, (O] — K[Bf,(1) + wf, (], (26)
where f(t) (i=1, 2, 3, 4) are given by (see METHODS section)
(1) = E(t) — F(0), 27)
with
(£ e’ { [20(1)] 2001}
EF(t) = ——{2w cos [20(t)] — B sin[20(t)]},
T 2F + 4w g (28)
E(t) = 67[%{4“;2 + BH1 + cos[20(1)]} + 20w sin[260(2)]}
288 + 4w ’ (29)
0= " cost) — § sin(0)
E(t) = ———[w cosO(t) — B sinb(t)],
A (30)
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B
E(t) = : >w sind(t) + B8 cosO(2)],

B +w (31)

while 6(t) =wt + ¢ — 6. Thus, Eq. (25) with Egs. (26)-(31) are exact analytical formulas of the geometric phases
in the Fock state. The time behavior of these phases has been plotted in Fig. 1 for several values of R.4. Roughly
speaking, the geometric phase oscillates and the oscillation amplitude increases over time. The amplitude of such
an oscillation grows as R.; becomes large. For the case of Fig. 1(A) that corresponds to the relatively small w, the
oscillatory behaviour is not very evident. However, as w grows, the oscillation of the geometric phase becomes
more distinct as shown in Fig. 1(B,C).

Lee et al.”® also studied geometric phases in the Fock state of a system that corresponds to a particular case
of ours (for details of this, see METHODS). Because they considered a geometric-phase shift accompanying the
evolution of the state round a closed circuit for only a period in the parameter space, their resulting geometric
phase, which is Eq. (5.16) in Ref. 29, is independent of time; That phase does not depend on the quantum number
n as well, meanwhile this consequence is caused by the condition =0 that they have adopted. Because Eq. (25)
in the present research is irrelevant to  in the case where 3— 0, our results are reconciled with those of Lee et al.
in the same limit.

Geometric phase in the coherent state. Now, let us investigate the geometric phase in the coherent state
which resembles classical states. The geometric phase in the coherent state can be defined in terms of |A(f)) as

To.dl) = fo (A(t’)\z AW+ 7,40) )

Using the relation between |A) and |a):|A) = Ula), we have

6l = [ @) (%G B 1)+ )i’ + 7,00, )

where X(4, p, t) is given in Eq. (24). Now we use Eq. (20) and the relation foo dql{alq)d(qla)/dt] = —iQag.
Then o

by 2
6.0 = [ X () + Qad)dt’ +5.40), 34)

20 —— g cos(Qt + p)e oz Q (t)]
V LQ

+ zﬁLTeﬁt/Zaon(t)[m sin(Q2 + @) + 255 cos(Qt + cp)]

where

X(t) = f—P(t)

_hB [Zao sin[2(02t + )] + ﬁ[ZonZcosz(Qt + @) + 1/2]]‘.
4 Q (35)
Further evaluation with the integration in Eq. (34) gives
Bt 2 K,
%) = 0 + Qagt + £(t) + f7(t) + J;(t)
2L
+,/ aOKlw[ rg (1) + m);(t)] + 76.:0), o)
where (1) is another time function: The exact formula of £(f) is given by
2h
&0 =) + ’LT—Q%[BfS(t) + wf, (1], -
where (see METHODS)
f,(t) = E(t) — E(0) fori=35, 6, and 9, (38)
£(6) = %sin(Qt)sin(Qt +29), 9)
1 . .
50 = 20 — sin(2¢) + sin2(% + P}, o)
with
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Figure 1. Time evolution of the geometric phase in the Fock state for several values of R, We have used
w=0.8 for (A), w=1.6 for (B) and w=2.4 for (C). We have chosen other parameters as Ly =1, C.z=1, Vyw=2,
Veg=1,n=0,h=1,7;,(0)=0,and = p=0.

_ _n 2(w + Q)cosd, (t) — B sind, (1)
B+ 4w + Q)
JrZ(u.z — Q)cosh_(t) — ([ sinb_(t)
5+ 4w — Q) ’ (41)

SCIENTIFICREPORTS | (2019) 9:8428 | https://doi.org/10.1038/s41598-019-44754-7 6


https://doi.org/10.1038/s41598-019-44754-7

www.nature.com/scientificreports/

2(w + Q)sind, () + B cosb, (1)
B+ 4w+
n 2(w — Q)sinf _(t) + B cose(t)]

F6(t) _ eﬁt/Z[

B+ 4w — Q) @)
F(t) — eﬁt/Z —2(w + Q)Sin0+(t) - B C059+(t)
’ B+ 4w+ Q)
+2(W — Wsind_(t) + B cos&_(t)]
B+ 4w — Q) ’ )

while 0..(f) =0(f) £ (Qt+ ). Thus, we have obtained the full description of the geometric phase in the coherent state
which is Eq. (36) with Egs. (37)-(43). As you can see, this is somewhat more complicated than those of the Fock state
that are given in the previous subsection. We have also plotted the time evolution of this phase in Figs. 2-4. By com-
paring Fig. 2 with Fig. 1, that has been drawn for several values of R g, we can confirm that the geometric phase in the
coherent state is not so much different from those of the Fock state, while the evolution of wave functions in the two
states are quite different from each other. However, one can find a slight difference between the evolutions of the two
classes of the geometric phases. Remember that the wave functions in the Fock state obtained from standard quantum
mechanics do not oscillate with time, whereas the wave function in the coherent state oscillates as time goes by like a
classical state. Figures 3 and 4 show the dependence of the geometric phase on the effective capacitance C.zand the
classical amplitude gy, respectively. As the value of C, g increases, the amplitude of the geometric-phase oscillation also
becomes large. For the large value of g, the increment of the geometric phase over time is more rapid. The consequence
of our research provides a theoretical background associated with the phases of the wave functions, which is necessary
for understanding mechanical and physical properties of the system regarding topological features.

Geometric phase under some limitations and miscellaneous problems. From the previous two
subsections, we have seen that the oscillations of the geometric phase become larger and larger as time goes by
and with increasing damping constant 3 (or R ¢). To understand the reason why these phenomena arose, let us
see for some restricted cases.

External driving forces with power sources and the damping of the system may be principal factors respon-
sible for the occurrence of the geometric phase. We can see the influence of the external driving forces on the
geometric phase if we remove the damping factor by setting R.¢= 0 from the graphics. From the graphs involving
rectangle boxes filled with green color in Fig. 5(A,B), we can confirm that the external driving forces induce the
oscillation of the geometric phase. In the same way, it may be possible to estimate the influence of the damping
factor by removing the external driving forces. The graphs plotted together with circles in Fig. 5(A,B) reveal that
the non-zero value of the damping constant makes the geometric phase increase with time in a linear manner.

By summing up these, we confirm that, if both the external driving forces and the damping constant are
non-zero, the geometric phase oscillates and the value of the upper envelope of such an oscillation increases over
time. This leads a significant growth of the oscillation amplitude of the geometric phase as t increases.

By the way, for the SHO limit with no driving forces (Vyw= V.3=0 and R.z=0) in the coherent state, Eq. (36)
reduces to

Y6.c(H) = wyagt + 15.(0). (44)

The geometric phase hence increases linearly in this situation. This consequence is shown in Fig. 5(B) (see the
graphs joined with rhombuses) and agrees with the result of Ref. 28 (see METHODS).

Because we have considered the geometric phase gained during an arbitrary time #*° instead of that that cor-
responds to one-cycle evolution of the state through a closed path, a large increase of the geometric phase even
over 27 is possible. By the way, if the value of the geometric phase is ;= 27m + ¢ where m is an integer and ¥/ is
an acute angle, we can think that it is actually the same as ¥ which is within 27. To examine the rate of the increase
of the geometric phase over time, it may be also desirable to see its time derivative. We have shown the time
derivative of the geometric phase in Fig. 5(C) as an example. While all chosen values used in depicting Fig. 5(C)
correspond to those used in Fig. 1(C) in fact, the graphs reveal a ratio of the geometric phase change, of which
scale becomes very large later.

Conclusion

In this work, the geometric phases of a nanowire-bridged superconducting Fabry-Perot resonator, dominated by
a microwave transmitting through it, have been theoretically investigated in both the Fock and coherent states.
Through a lumped model of the series RLC circuit, we have described the system in terms of a time-dependent
Hamiltonian. Because the traditional method of separation of variables for solving the Schrodinger equation has
no merit in this case, we have used other methods, which were the invariant operator method together with the
unitary transformation method. Both methods are useful for treating complicated TDHSs. In particular, the uni-
tary transformation of the system with a suitable choice of the unitary operator led to transform the complicated
original Hamiltonian to that of the SHO, enabling us to derive the geometric phases thanks to the fact that the
mathematical relations associated with the SHO are well known.
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Figure 2. Time evolution of the geometric phase in the coherent state for several values of R.z. We have used
w=0.8 for (A), w=1.6 for (B) and w=2.4 for (C). We have chosen other parameters as Ly =1, C.z=1, Vyw=2,
‘/eff: 1’ %: 1> h: 1) rYG,c(O):O’ and ¢:<,0:0

Properties of the geometric phases in the system have been analyzed from diverse illustrations. The time
behavior of the geometric phase in the coherent state is not so much different from those of the Fock state, while
the wave functions for both states are quite different from each other. The geometric phases acquired with the
lapse of time more or less oscillate, leading them to exhibiting quasi-periodical time behavior. The amplitude of
such oscillations has been increased as time goes by. The influence of the change of parameters, such as R.g, C.g,
and gy, on the geometric phases has been analysed.
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Figure 3. Time evolution of the geometric phase in the coherent state for several values of C, We have chosen
the parameters as Ly =1, Rg=0.05, Vyw=2, Vig=1,w=1.6,qy=1,h1=1,75(0)=0,and ¢ = =0.

140

120
100 -

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 1

0 2 4 6 8 10 12 14 16 18 20
t

Figure 4. Time evolution of the geometric phase in the coherent state for several values of g,. We have chosen
the parameters as Ly =1, C.g=1, Rig=0.2, Vyyw =2, V=1, w=2.4, =1, v5.(0) =0, and p = =0.

The main factors that affect on the geometric phase are the external driving forces by batteries together with
other power sources and the damping constant. The net effect of the non-zero damping factor on the geometric
phase is that it makes the phase increase over time, whereas the external driving forces induce the oscillation of
the phase. A synergistic effect stems from combining these two kinds of phase-generating sources is the reason
why the geometric phase varies significantly with a high oscillation amplitude later.

In the limit of Viyw = V,g— 0, the geometric phase has been studied in a recent paper of Deymier et al. in
Ref. 39. While the geometric phase in Ref. 39 was treated within classical mechanics, we have investigated it on
the fully quantum basis in this research with strict wave formulations and our results are quite different from
theirs. Through this research, we have confirmed that the wave functions accumulate geometric phases through
their evolution in time in both the Fock and coherent states. However, in the SHO limit of the system, the geomet-
ric phases in the Fock state disappear while the geometric phase in the coherent state does not thoroughly disap-
pear and always remains so long as g, is not zero.

This research provides us an understanding to the topological characteristics of the system, that is required to
know its exact dynamical properties which are helpful for controlling the operation of the nanowire-based qubits*.
The knowledge of such theoretical background obtained through our analytical results for phase properties of the
system may contribute to promoting the advancement of technologies of nanowire-bridged Fabry-Perot resonators,
that are necessary, for example, for their applications on quantum computing systems via qubit fabrications.
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Figure 5. The first two panels are plots of the behavior of the geometric phase for the Fock (A) and the coherent
(B) states under some limitations designated in the legends. For these two panels, the values of (R.g Vws Veg)
are (0, 2, 1) for the no damping case, (0.5, 0, 0) for the non-driven case, and (0, 0, 0) for the case of no damping
together with no driving forces. We have chosen other parameters asw=2.4, Ly=1, Cy=1,n=0,h=1,

Y6.n(0) =76.(0) =0, and ¢ = ¢ =0. The last panel (C) is the plot of the time derivative of the geometric phase
with the choice of the same values of all parameters as those used in depicting Fig. 1(C).

Methods

Invariant operator method. Because the Hamiltonian is a function of time, it is difficult to solve the
Schrédinger equation by means of the conventional separation of variables method. For this reason, we have
used another method which is the invariant operator method®?-* in order to derive quantum solutions of the
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system. This method is a part of the principal quantum theory for treating specific dynamical systems that are
characterized by time-varying parameters. Because the quantum wave functions of TDHSs are described in terms
of the eigenfunctions of the invariant operator®, this method is very useful in quantum mechanical treatment of
a TDHS. The Liouville-von Neumann equation was used in order to derive the invariant operator of the system.
By utilizing the eigenfunctions of the invariant operator, the quantum wave functions, which are necessary for
evaluating the geometric phases, are derived.

Unitary transformation method. The invariant operator that we have introduced in this work is a
somewhat complicated form due to the existence of the driving force in the system. In such a case, it is con-
venient to treat the invariant operator after mathematically transforming it into a simple form by means of
the unitary transformation method*. Using a unitary operator, the invariant operator has been transformed
to that of the SHO whose quantum solutions are well known. By using the unitary relation between the wave
functions of the original system and those of the transformed system, we have derived the geometric phases
of the system.

Integral formulae. The time functions f(t) appeared in the text correspond to the following integral formu-
lae, respectively:

£ = J; "o sin(t')cosO(t")dt!, (45)
£, = fo e cos (e, (46)

£ = j; " sind(¢dt!, 47)

£, = fo "¢ cosO(t')dt!, (48)

£ = j; "M Ginb(t)cos(Qt + ), (49)
£ = fo "M cos(t)cos( + )dt, (50)
£ = fot sin[2(t + @)]dt’, (51)
L= fot cos* (' + )dt’, (52)
£(t) = fo "2 gin O(¢)sin (U + )dt, (53)

where 6(t) is defined in the text.

Comparison with other researches. The geometric phase has also been proposed in Eq. (5.13) of Ref. 29
in a limit of our system, where 3=0, Vyw=0 (but, V,g=0), and ¢ =3x/2. This is given by

I = |52 4+ — Vel = B Vir | wo e’ 1
N . >
i2Lwy(wi — w?) 2Ly | (wg — WP wp — WP (54)

where r is a positive integer, and (3, is an integration constant. In this expression, some notations in their original
paper have been changed without loss of generality regarding the notation in the present work.

For the SHO subjected to the coherent state, Biswas and Soni derived the geometric phase accumulated during
a one-cycle evolution of the state along a closed path in the parameter space (see Eq. (10) of Ref. 28). It is given by

BS _ l \¢- d _ d
1G,c > C( o, — adas), (55)

where a; = (a + a*)/ /2 and o, = (a0 — a®)/ (i+/2). The equivalent formula of the geometric-phase shift that
corresponds to the state evolution over an arbitrary time ¢ can be written as

1
’yGBi = Ef(dala2 — aday). (56)
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A minor evaluation using oo = oyexp[—i(wyt + )] results in

1
@) = = [(ada® — avda)

t
— fo woarddt + 1E(0)

= woaozt + 'yGB)SC(O). (57)

This is the same as Eq. (44) in the text.
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