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Berry phase and Hannay’s angle in a quantum-classical hybrid system
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The Berry phase, which was discovered more than two decades ago, provides very deep insight into the
geometric structure of quantum mechanics. Its classical counterpart, Hannay’s angle, is defined if closed curves
of action variables return to the same curves in phase space after a time evolution. In this paper we study the Berry
phase and Hannay’s angle in a quantum-classical hybrid system under the Born-Oppenheimer approximation.
By the term quantum-classical hybrid system, we mean a composite system consists of a quantum subsystem
and a classical subsystem. The effects of subsystem-subsystem couplings on the Berry phase and Hannay’s angle
are explored. The results show that the Berry phase has been changed sharply by the couplings, whereas the

couplings have a small effect on the Hannay’s angle.
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I. INTRODUCTION

The concept of Berry phase has paved a new way for
understanding quantum physics. It has attracted much attention
since Berry’s discovery [1-3] and found potential applications
in fields ranging from chemistry to condensed matter physics.
Shortly after Berry’s discovery, Simon gave a mathematical
interpretation to this phase, that it can be regarded as the
holonomy in a Hermitian line bundle since the adiabatic
theorem naturally defines a connection in such a bundle [4].
After these remarkable discoveries, Hannay found that this
geometrical phase not only exists in quantum systems but also
in the classical world [5]. Analogous with the Berry phase,
the angle variable of classical integrable systems [6] acquires
an additional angle shift as the system slowly cycles in phase
space. This angle shift is called Hannay’s angle. It was later
proved by Berry that the geometric phase and Hannay’s angle
possess a natural relation under semiclassical approximation
[7]. As a matter of course, this quantum-classical correspon-
dence gives rise to many impressive explorations [8—10].

It is known that a quantum Hilbert space carries the same
structure of a classical phase space [1,6]. By this virtue, a
quantum system can be treated like a classical system without
loss of physics [11,12]. Particularly in Ref. [12], the authors
introduced a general framework for testing nonlinear quantum
mechanics. In this generalized theory, the elements of quantum
mechanics, such as wave functions, observable symmetries,
and time evolution, all can be treated classically. Based
on this instructive work, some interesting efforts have been
devoted to nonlinear quantum systems and quantum-classical
hybrid systems [13—19]. Some questions have arisen: Since
quantum mechanics can be put into the framework of classic
mechanics, can the Berry phase be presented into the form
of Hannay’s angle? What is the Berry phase or Hannay’s
angle of the quantum-classical hybrid system? How do the
subsystem-subsystem couplings affect Hannay’s angle and the
Berry phase? We shed light on these questions in this paper.

The paper is organized as follows. In Sec. II we first present
a quantum system in the framework of classical theory by
Weinberg’s method [12] and then calculate Hannay’s angle of
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the quantum system. Next we compare this Hannay’s angle
with the Berry phase of the original quantum system and
find that Hannay’s angle and the Berry phase differ only by a
sign [14]. An example is given to show this result. In Sec. III
we present a quantum-classical hybrid system in classical
mechanics based on the Born-Oppenheimer approximation,
a unified one-form which can deduce both the Berry phase
and Hannay’s angle. By this one-form we calculated Hannay’s
angles and the Berry phase and study the effect of subsystem-
subsystem couplings on Hannay’s angle. Finally, we conclude
our results in Sec. IV.

II. BERRY PHASE AND HANNAY’S ANGLE

In quantum theory, observables are represented by Her-
mitian matrices F or real bilinear functions (y|F |y ). Wein-
berg has generalized the representation into real nonbilinear
functions f(¢¥,¥*) to include nonlinearity. Let {|¢,)} be an
orthonormal basis of Hilbert space. The Schrodinger equation
can then be rewritten as

Y, _ ok
= aur M
with |¥) =Y ¥ulen), ¥ =@, ¥, ..., ¥n)", and

h(¥,¥*) the total energy of the system. If we decompose
Y, into real and imaginary parts ¥, = (g, + ipn)/ V2h, the
Schrodinger equation and its complex conjugate can be written
as Hamiltonian canonical equations [11,12],

o oh . ok
"= T g

The Hamiltonian function A(i,¢*) can be transformed into
h(q, p). Itis amazing to note that the quantum Hermitian struc-
ture becomes the symplectic structure of classical mechanics,
dp, Ndg, = ihdy)f A dr,.

Now, let us turn to the first question. Consider a quan-
tum system with N levels, whose Hamiltonian function
h(y,¥*,X) depends on a set of slowly-varying parameters
X = (X1,Y1,...) and its quantum state |¢). By the pro-
cedure mentioned above, i.e., by decomposing |¢) with
basis {|n)}, V) = 3, ¥u(t)In), and setting ¥,,(t) = [g,(t) +
ip.()]/ /21, we can write the Hamiltonian function in terms
of “position variable ¢” and “momentum variable p” as
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h(p(t),q(t)). Of course, the state vector |y) can also be
expanded by taking the Hamiltonian eigenstates |E(X)) as
a basis, [¥) = >, ¥, (1)|Ex(X)). By the adiabatic theorem,
the occupation probability of each eigenstate |¢]£(t)|2 remains
unchanged in the adiabatic limit. One then can introduce a new
pair of variables (6,I) by

V(1) = \/E —t, 3)

and write the Hamiltonian function as [12,14]

h=h(I,X)=Y Ex(X)/h, 4)
k

where E;(X) is the eigenvalue of the Hamiltonian H with
corresponding eigenstate | E;(X)). It has been proved that the
two new variables @ and I satisfy the same canonical equations
as the angle-action variables in classical mechanics [12],

O = oh I =0 4)

k — 8 Ik sk — .

So far, the quantum Hamiltoniarl H was transformed into
classical Hamiltonian function A(I,X), and the quantum
unitary transformation |Ex(X)) = Y, Crn(X)|n) turns out to
be a classical canonical transformation (g, p) — (0,1I).

P =Y v/2I {cos Im[Cpn(X)] — sin O Re[ Cp (X1},
k

(6)
qn = Z v 21 {cos 6 Re[Cy, (X)] + sin 6 Im[Cy,, (X)]} .
k

According to Berry’s theory [7], the Hannay’s angle of the
system can be written as

a
A9k(I;X)=—8—]k?§AH(I;X), (N

where

Ag(I;X) = (p@0.I; X)dxq(0.1; X))

1
= Q2N %dezn:l’n(eal;x)dan(ﬁ,l;X) (8)

is the angle one-form for Hannay’s angle [17]. The angular
brackets (- - -)o denote an averaging over all angles 6, and dy
is defined as dy F(X) = ‘”;;Y) -dX. Substituting Eq. (6) into
Eq. (8), we obtain

Ay = Zlk Z i[C, (X)dx Cin(X)]

= Zi1k<Ek(X>|dek(X>> =Y il Ask: X). 9)
k k

We note that Ap(k; X) is nothing but the one-form for Berry

phase [17]. This means that the Hannay’s angles exactly equal

the minus Berry phases of the original quantum system [14],
A6 (I; X) =

o Au =i 7{ Ak X) = =y (C).

(10)

The appearance of the minus is because the angle variables
of the effective classical system correspond to the opposite
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numbers of the phases in Eq. (3). Therefore we can choose
A(I; X) = Ay to be a general one-form,

Ab = -y = AL X). (1)

YA

To shed more light on this result, we consider the adiabatic
evolution of a spin-half particle with magnetic moment w in
an external magnetic field B. The Hamiltonian reads

A =—ué B, (12)
where 6 = (61,62,63) are Pauli matrices. As mentioned
previously, if we choose the two spin eigenstates |£) as the
basis, the Hamiltonian in Eq. (12) can be transformed into a
Hamiltonian function

h(p,q;B) = P [(!]1(12 + p1p2)B1 + (P192 — p2q1) B2
1
+5(p2+43 = Pl —a1)Bs], (13)
with [) = ¥1]=) + ¥al+) and ¥; = (g; +ip;)/v/2h, (j =

1,2). The canonical variables (g, p) satisfy the normalization
condition [11],

2
> (pi+4q7) =2n. (14)

J=1

It is interesting to note that by defining a vector, S =
(81,5,,853), the Hamiltonian function can be written as

h(S;B) = —uS - B, (15)

where

S1 =(q192 + p1p2)/h,
S = (p1g2 — p2q1)/h, (16)
Sy =(p3+43 — p} —qi) /().

The normalization condition in terms of S is $2 = § 12 + S% +
S32 =1, and their Poisson bracket has a relation with the
quantum commutator as [11]
1
{Si,S;} = 2€;jxSi/h = i—h<1ﬁ|[5i,5j]|lﬁ)- )
Moreover, if we choose |+) as the basis, S is nothing but the
Stokes parameters which span the Poincare sphere,

L=+ =85 =1,
U = 2Re(Yny]) = 1S,

V = 2Im(yny)) = 58,

0 = [¥* — |¥1]* = S58.

We now move to calculate the Hannay’s angle. Since the
Hamiltonian in Eq. (12) has two eigenstates,

(18)

+Bs B +iB,
V2B(B + B3)
Bi+iB
V2B(B — B3)

with eigenenergies —uB and uB, respectively, where
B = /B + B3+ B;. The canonical transformation (q,p) —

|Ey) =

I+) + =),

B — B
|Ey) = — 3|>

=), (19
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(0, 1) and the transformed Hamiltonian function can be written

as
B 0 B, sin 6
qlz\ﬂ[ 1 cos 0; 5 sin 6} }
V2B(B + B3)  +/2B(B + B3)
B cosf B> sin 6
+\/E[ 1 p) 2 b ]
V2B(B — B3) /2B(B — B3)
21,(B + Bj) 20,(B — B3)
=, ———=cosf; —,/ —————=cosb
2B 2B
(20)
B 0 B;sinf
p1=\/ﬁ|: 2cosfp | sin 6, i|
V2B(B + B3) «/2B(B + B3)
¥ [ B> cos 6, By sin 6, ]
*|V2B(B—By <2B(B- By
2L(B — B3) . 20(B + B3) .
p2 =,/ ——=——=sinf, — /| ————sinb,
2B 2B
h(I;B) = uB(I, — I),

with ¢ = (q1,92). p = (p1,p2), 0 = (61.62), and I = (I;,11).
Therefore we obtain the angle one-form by Eq. (8),

B>dB, — B1dB; BydB, — B1dB;
= I+ L. 21
2B(B + B3) 2B(B — B3)
The Hannay’s angles can thus be obtained by Eq. (11),
B>dB, — B1dB
NG, = _7§ B,dB, — BidBy
2B(B + B3)

B,dB, — B1d B,
AGy=—p =L 1T 72
2B(B — Bs)

which differ from the Berry phases for the original quantum
Hamiltonian [1] by only a sign.

’

(22)

III. BERRY PHASE AND HANNAY’S ANGLE
IN HYBRID SYSTEM

Based on formalism in the last section, we now turn to the
second question raised in the Introduction. Consider a hybrid
system consisting of a classical and quantum subsystem.
The Hamilton function of this quantum-classical hybrid sys-
tem under Born-Oppenheimer approximation can be written
as [15,19]

Hpypria = (WIHI(Q.X DY) + Ho(P,Q; X2),  (23)

where [1/) is the state of the fast quantum subsystem. The
Hamiltonian function H, describes a slow classical subsystem
with momentum P, and coordinate @, X = (X,Y;,...) and
X, = (X»,Y,...) are slowly-varying parameters of the quan-
tum and classical subsystems, respectively. The subsystem-
subsystem coupling is included in A 1(Q,X ). Following the
procedure given in the last section, we first choose a basis and
then expand the state |i) in this basis. We next decompose
the expansion coefficients into real parts ¢ and imaginary
parts p, and finally represent the hybrid system by a classical
Hamiltonian function,

H = H(p.q; Q. X))+ H:(P, Q; X»). (24)

As is known, the Hamiltonian of quantum subsystem
H(p,q; Q,X) can be transformed into H,(0,1; Q,X) by a
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canonice_tl transformation (q, p) — (@,I), but the new Hamil-
tonian H; differs from the old one, taking [6,7] the form

- N
H0.1; Q.X,) = J4I; Q.X1) t 3

S aq
=HU;0.X)+ Q- (@ P@)
, 0.7 aq
+X - <8_X1 9X, ) (25)
where
%(I, QsXI) = HI[P(avl, Q»Xl)vq(oal’ QvXI)s Q’Xl]s
(26)

and S(q.I; Q,X;) is the generating function of the
transformation and the single-valued function . =
S(q@.1;0,X)),I; 0,X)) is introduced to give an explicit
form for H; [7]. Since the variables Q can be treated as
slowly-varying parameters like X, an average over 6 may
be taken to approximate to Eq. (25) [6],

- , aq oq
H)y=741;0,X1)— 0 -(p— —_—
(Hi)g 1(I; 0.X1) - Q <P3Q> <p8X1>

27
where the angular brackets (- - -)g denote an averaglng over
all angles @, and the terms Q '( 7). and X - ( )9 are

00
dropped for zero contribution to the equations of m0t10n Thus

the Hamiltonian of total system can be written as

Hav = %(1» Q7X1)+ HZ(P’ Q;XZ)
. 3q;
—Q'<Z "> <Zp, > (28)

where the first two terms are the effective Hamiltonian under
Born-Oppenheimer approximation and the latter two terms
are related to the Berry phase of the quantum subsystem,
because the quantum one-form is defined as A;(I; X1,0) =

( <Z pie > 1 X, <Z pi e >) dt, like Eq. (11).

Since I can be treated as a constant in the adiabatic limit,
the Hamiltonian in Eq. (28) contains only the variables of
the classical subsystem. Therefore we can transform this
Hamiltonian into a function of angle-action variables via the
canonical transformation (Q, P) — (¢, J). By averaging over
¢, we finally obtain an averaged Hamiltonian for the hybrid
system,

Al J; X,X
= UL T X0 X + AT XKD )

(Hay) R
with A, J; X1,X2) = A Q9. J; X1,X2), X 1]+
H[Q(,J;X1,X2),P($,J; X1,X2); X2].  According  to
classical mechanics [6], the time-dependent canonical
transformation will bring out a geometric term in the classical
Hamiltonian. This, together with the quantum one-form Ay,
defines a general one-form for the whole system,

Al,J;X1,X,)=(A —X2 <ZP8Xi> dt. (30)

062101-3



H.D.LIU, S.L. WU, AND X. X. YI

By this one-form we can obtain the Berry phases y; and
the Hannay’s angles A¢; uniformly for the hybrid system by
Eq. (10),

0
A AP = —

— @ A. 31
a7, €29

Yk = ol

To illustrate the result in Eq. (31), we now consider a spin-

half particle in an external magnetic field B coupled with

a classical harmonic oscillator. This model is widely used

since the beginning of quantum mechanics (e.g., see [20]).
The Hamiltonian for such a system reads

H=(y|HY)+(XQ*+2YPQ+ZP%),  (32)

where H, = —ju6 - B — ui63Q is the Hamiltonian of the
quantum particle coupled to the magnetic field B =
B(cos ¢, sin ¢,0) with magnetic moment ¢ and coupling con-
stant A, and X = (X,Y,Z) are the time-dependent parameters
of the classical subsystems. The quantum state |1) is defined
by the spin eigenstates |£), i.e., |V¥) =[(¢g- +ip_)|—) +
(g+ + ip)|+)1/v/2h. Tt is easy to obtain the eigenfunctions
|E-) and the corresponding eigenvalues for H,

Ei = :uBy,
|E;) = cos 2[+) + e sin §[—), (33)
|E_) = —sin $|+) + €' cos $|—),

with By, = /B2 + A20? and cos ® = L0/ B;,,;. Following
the proposed procedures, we transform the quantum Hamil-
tonian ﬁl into a classical form with a canonical transfor-
mation (g, p+) — (0+,1+), where |) = /I /he % |E_) +
JI_Jhe - |E.). After averaging over the angles 6., we
obtain

A(I;0,B
H,, = /‘LBtot(1+ -1)+ &
dt
1
+ E(XQZ +2YPQ+ ZP?), (34)

where

Ai(I;Q,B) = =L [1.(1 = cos ©) + I_(1 + cos ©)] dg
(35)

is the phase one-form for the quantum subsystem. So far, the
Hamiltonian is fully classical and contains only variables of a
classical subsystem. It is difficult to derive the action variable
for this Hamiltonian, because the dependence of B;,; on Q is
complicated. However, in the weak coupling limit A < |g|,
the problem becomes easy. By expanding B, to the second
order in A,

Byt ~ B+ ——, (36)

we obtain the Hamiltonian in the weak coupling limit,

A QA (14 — 1-) n AI;0.B)
2B dt

Hau R MB(I+ - I,) +

+%(XQ2+2YPQ + ZP?). (37)
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According to Berry’s theory [7], we introduce the canonical
transformation (Q, P) — (¢,J)

172
0= (22) s

» 2ZJ\* 1y ¢+Q ing
=— — — cos — sin s
Q Z Z

with Q = {[X + uAr?(Iy — I_)/B1Z — Y?*}'/2. By substitut-
ing Eq. (38) into Eq. (34) and averaging it over ¢, we obtain
the Hamiltonian for the hybrid system,

(38)

A(l,J; B, X)

(Ho) = uBUy — 1)+ JQ + dt >

(39)
where the general one-form for the hybrid system is given by
({cos ®)y = 0),

I+ 1 YJ (Z
A(I,J;B,X):—wdw——d =), «o)
2 22"\ Q

Thus the Berry phases and Hannay’s angle can be given
uniformly by a straightforward calculation

B ?g L W\222Jd Y
Ve = ) Y+ 1008 AR
Y Z
20=¢5d(5).
2Z \Q
The range of integration is determined by the common
period of X and B. It is easy to find that when A = 0, the
Berry phases are the solid angle 7 on a Bloch sphere. The
subsystem-subsystem couplings not only add a correction to
the Berry phases but also change the range of integration,
and the interaction gives the Hannay’s angle a modification
w=XZ-YH1"25Q through €2.
The second example is a quantum harmonic oscillator

coupled with a classical one. The mean-field Hamiltonian [19]
for this hybrid system is

(41)

A= (YY) + 1(X02+21,P0 + Z,PY), (42)

where Ay = 3[X19° +Y1(pq +4p) + Z 15’1 + K4Q in-
cludes the free Hamiltonian of the quantum subsystem
and the subsystem-subsystem coupling, K is the coupling
constant, and X| = (X1,Y1,Z1), X, = (X,,Y>,Z;,) are the
time-dependent parameters of the two subsystems. Similar to
Ref. [7], the eigenfunctions and eigenvalues of H | are

1 Z/K2Q?
E,=(n+2)ho- 2202
("+2> T T

_ KZiQ —itig’
b= i o+ ) g (22)

with w =,/x,z, - v2, a = 23 and the normalized Hermite
functions x,(£). By the transformation (q,p) — (0,1) we

(43)
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obtain the averaged Hamiltonian by averaging over the angles
0,

ZiK?Q?  AI:X1.0)
Hoy =Y (n+1/2) Lo — ‘2 : ! dtl
1
+5(007 +20H PO+ Z:P?), (44)

where

A(I;X4,0)
_ Z |:(2n “02,

is the phase one-form for the quantum subsystem. Note that
the action variables I are invariant and we can treat them as
constants. After the canonical transformation (Q, P) — (¢,J)
(elliptic case),

0 27,J\? ’
=|— cos @,
Q

(2221>1/2<Y2 Q )
P=—-— —c0s¢+—sm¢

K*720? Y
()

(46)

Q Z

and substituting Eq. (46) into Eq. (44) as well as averaging
over ¢, the Hamiltonian of the hybrid system becomes

1 A(l,J;X1,X3)
(Hav)=2<n+§>lnw+JQ++ (47)

n

with Q = [(“’ZXZZU# — Y2]"/2. The general one-form for

the hybrid system is then

4o 2ha*Q

xd(£> Ysz(—). (48)
z.)  2z,° \q

Therefore the Berry phases and Hannay’s angle can be given

by
2 HZz K27%7,J Y
Vn :¢A Gnt D7, + 12 d L s
) 2ha*Q 7,

so= [0 (5) - e (3)]

The limits of the integrals are decided by the common period
of X and X>.

Now we take a specific choice of the periodic parameters
to see an exact result of our theory. Set

2 Hz K27%7,J
A(I,J;Xl,Xz)Zzln[(n—i_ )Zy 142 ]

(49)

X1 = Apq[1 + e cos(wi1)]
Y, = —Ajesin(wit)

Z = %[1 — e cos(wit)]
(50)
X5 = Aspuo[1 + € cos(w1)]

Y, = —Aje sin(wyt)
7, = %[1 — e cos(mt)]

where w|, w, are the frequencies of the parameters, € is a
dimensionless constant, and the units of A and p are s~! and
kg/s, respectively. If the frequency ratio w;/w, is rational,
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/o) =5
167 “ A
-—-w1/w =7 K4
;,
141 - - ©,/0,=10 P

0.0004 0.0006 0.0008 0.001

> .
0+8 0.0002
K/(\/2u1p2A41As(1 — €2))

FIG. 1. (Color online) The Berry phase of the ground state y, as
a function of coupling constant K. The parameters are € = v/3/2,
Ai/A> =108, and J/h = 10", and w, /w, takes different values for
different lines.

X and X, have a common period 7. After a straightforward
calculation, we obtain the phases and angle in Eq. (49) as
Vn = ¥Yno + VI,
Ap = Ao+ Agy.
The noninteracting phases y, and angle A¢ are
Cn+ 1A —-+1-—¢€ )Ta)l
VYno =
4/1 — €2
‘ (52)

Ado — /T wo€? sin®(wyt)dt €A, sin(wyt)d 2
"7 7 ), 29[l — € cos(wt)] 202 ’

(S1

and the coupling terms follow

/T —ew Ay D?J[1 — € cos(wat)][€ — cos(w; 1)]dt
Y=
0

hA (1 — e)Q

J
=5 0%n (53)

with the definition D = K/[\/2M1M2A1A2(1 —€)]and Q =
Ary/1 — €2 —2D[1 — e cos(w ][l — e cos(wyt)]. If we
take the limit D << v/1 — €2, Q &~ A,/ 1 — €2 can be treated
as a constant, and y,,0 and A¢y then satisfy the relation

Yo A — (n + 1) @180 (54)

2 wy

The coupling Berry phase and Hannay’s angle can then be
approximated as
€2A,J D*Tw;
Vi~ )
hAI(1 — €)1 — €2
€2 A, D*Tw,
A1 — VT — €2
Considering the elliptic condition [1 — €2 —2D*(1 4 €)* >
0], we perform numerical calculation for Egs. (52) and (53)

with € = v/3/2, A1/A, = 108, and J/h = 10"3. The results
are presented in Figs. 1 and 2.

(55)

App ~ —
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10
0 e
-0.5
1t
-1.5}
s -2 .
~
-2.5f ‘N,
\,
_al —0,/0,=5 R
- _w1/m2:7 \,\
-3 Jo,=10 ]
- (,)1 m2_
4 I L L L
0 0.0002 0.0004 0.0006 0.0008 0.001

K/(V21mp24145(1 — €2))

FIG. 2. (Color online) The coupling Hannay’s angle A¢; as a
function of coupling constant K, with the same parameters as Fig. 1.

Figure 1 shows how the Berry phase of the ground state
changes with K. The original 0 + § on the horizontal axis
denotes an infinitely small positive number. Because when
K = 0 there is no interaction between the two subsystems, the
range of integration of the phases and the angle is determined
by the period of X and X5, respectively, rather than their
common period. The relation between Berry phases and
Hannay’s angle y,,0 = M ~ —(n+ ;)’”‘ 29 agrees with

the prediction in Ref. [7] =m+ 2)7‘[ = —(n + 2)Azj)
From the figure we can see that the coupling constant K
has a remarkable influence on the Berry phase, and as the
coupling increases, the influence becomes larger. This means
that the classical subsystem plays the role of driving field
for the quantum subsystem. It can also be seen from Fig. 1
that the frequency ratio of the parameters w;/w, can change
both Berry phase y; and y,0, since it determines the common
period T of the parameters X; and X . In contrast, the Hannay
angle A¢; is much smaller than A¢y ~ —nTw,, as Fig. 2
shows. Therefore we conclude that not only can a classical
system drive a quantum system to obtain an extra Berry phase,
but also the quantum system can react back on the classic
system and induce a correction to Hannay’s angle. This is
because the quantum system possesses the same structure as
the classical system, and the quantum parallel transport can be
treated as a parallel transport in the effective classical system.
The quantum one-form may also affect the classical subsystem
due to the interaction.

It is worth addressing that this quantum-classical hybrid
model is different from the full quantum coupled quantum
generalized harmonic oscillator model, since they possess
different structures. For a full quantum model, the Hamiltonian
can be written as

A~

H=31X1G"+ Yi(pg +4p) + Z1 p°1 + K30
+1X 02+ Y2(PO + QP)+ Z,P?.  (56)

After a canonical transformation for Q and g by

(Rl)_(cos,ﬂ sinﬁ)(q/\/Z_l> 57)
Ry) ~ \—sinBcosp )\ Q/VZ: )’
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with
24 /(@ -0} +4K2Z, Z 1/2
w7 w2 142
sinfp = [ 2\/(60 ) +4K2Z, 2, i| ’
" (58)
cos B = WP~ A (@ —w3)+4K2Z, Z,
- 2 /(@? =2 +4K? 2, 2, ’
the frequencies of the two oscillators w; = (X, Z;, — Y 12)1/ 2
and w; = (XY, — Y7)!/? change into
o w%+w§+\/( —a)z) +4K2Z7,7,
1= \ > )
o+ 03— (@ — ) +4K2Z, 2,
Q= . (59
\ 2

The eigenfunctions of H can be written as the product of the
eigenfunctions of two effective harmonic oscillators,

W, (R1, R X1,X2) = 01, (R1; X1, X2)@2,(R2; X1,X>2),
(60)

where
1/4
Pn(Ri; X1,X2) = (%) 4, (Rk,/%)
exp (~55% - B5). 6D

and yx, are the normalized Hermite functions. Inserting Eq. (60)
into Egs. (9) and (10), we obtain the one-form and the phase

—iZ, [@m + 1)cos® B n (2n + D)sin® 8 J Y,
4 Q4 Q) Z

iZ (2m+l)sin2,3+(2n+1)cos2,3 J Y,
Q) Q) Z; ’

B _
Amn_

4
(62)
_ (2m+1)cos B (2n+1)sin2ﬂ J r
—% { [ o (G)
Zy (2m+1)sm B (2n+1)cos’ B Y,
[ paes e pen) (1)
(63)

It is easy to find that when there is no interaction between the
two oscillators (K = 0), the Berry phase in Eq. (63) returns
to a sum of the Berry phases of two generalized harmonic
oscillators [7],

2 Nz Y 2 19V4 Y
ymn:yg(m-F)ld_l_’_f(n-F)zd_z_
4(01 Zl 4a)2 ZZ
(64)
If § denotes the coordinate of a light particle and Q the

coordinate of a heavy one, we can take the Born-Oppenheimer
approximation, treating the heavy particle coordinate Q as a
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parameter for the light particle. The Hamiltonian for the light
particle then takes
H, = 31X1G> + Yi(pG +Gp) + Z 1 p*1 + KGQ.  (65)

Its eigenfunctions v,,(¢; Q,X ) and eigenvalues E,,(Q, X ) are
given by Eq. (43),

£ +1 " Z,K*0Q?
n — n 2 @ 2a)2 ’

, (66)
_ K2,0 ~ivig
Y —\/‘;Xn |:Ol (CI+ w2 >:| eXp( 2Z:h )v

withw = /X, Z; — Y} anda = | - Note that E,,(Q) enters

into the Hamiltonian for the heavy particle as a potential, and
the Hamiltonian for the heavy particle then takes,

H = X,0? + Y2(PO + OP) + Z, P + E,(Q.X)).
(67)

The eigenvalues and eigenfunctions of the effective Hamilto-
nian can be calculated straightforwardly,

Edl(X1,X2) = (m + 1) + (n + 1) ho,

o (68)
on(Q: X1, X2) = Vs (e' Q) exp (2L
where the effective frequency is defined by Q=

[@XZ KL _y2)12 and o = [ Ejf{(X1.X5), and

(m,n = 1,2,3,...) are the eigenvalues of the total Hamiltonian.
The corresponding eigenvectors are

Vo (@, X1,X2) X 0u(Q; X1, X2)¥(q; 0, X1). (69)

Therefore the Berry phase of the total system can be calculated
by Eqgs. (9) and (10) as

Yo = //dqujgw,’{(q; 0.X )0 (0: X1.X>)

X dx[@n(Q; X1, X2)¥n(q; O, X1)] (70)
_ yg{ 2n+1)Z, n m + 1)K?Z3Z, J (ﬁ)
4w 40t Q Z

(21’)1 + 1)22 Y2
@)

Interestingly, if we take the Bohr-Sommerfeld quantiza-
tion rule J = (m + 1/2)h [7,21] into account and notice
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95 d(Y,/2) = 0, the contribution of y,,, to the Berry phase for
the light particle [the first two term in Eq. (70)] exactly matches
the Berry phase for our quantum-classical hybrid oscillator in
Eq. (49), and the contribution to the Berry phase for the heavy
particle [the second two term in Eq. (70)] satisfies A¢ =
—0Ymn/0m (see [7]), where Hannay’s angle takes Eq. (49).
This is exactly the relation between the Berry phase and
Hannay’s angle. The description for the quantum and classical
system is different in physics. To treat them uniformly, we
apply Weinberg’s theory and express the quantum subsystem
classically. Since the classical particle is much heavier than
the quantum particle, the Born-Oppenheimer approximation
turns out to be a good approximation for this problem; the
predictions made in this paper are reasonable.

IV. CONCLUSION

The Berry phase and Hannay’s angle in coupled quantum-
classical hybrid systems have been studied in this paper. To
uniformly calculate the Berry phase and Hannay’s angle, we
introduced a one-form connection, by which we obtain both
the Berry phase and Hannay’s angle for the hybrid system. In
this sense, the Berry phase and Hannay’s angle in the quantum
and classical subsystem can be treated uniformly. To illustrate
the formalism, we give two examples. The first example is a
spin-half particle coupled to a classical oscillator. In the second
example, we calculated the Berry phase and the Hannay’s
angle for two coupled oscillators, one of which is quantum
while another is classical. The effects of subsystem-subsystem
coupling on the phase and angle are given and discussed. The
results show that the classical subsystem provides the quantum
subsystem a large correction to the Berry phase, while the
quantum subsystem gives the classical Hannay angle a small
perturbation. These predictions depend on the features of the
quantum-classical hybrid system and their mutual interactions.
We also found that the frequency ratio affects the phases and
the angle, since it can control the evolution periods of the
quantum and classical subsystems. Finally, we have calculated
the Berry phase for a fully quantum version of the two coupling
systems.
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