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Abstract

We characterize the avoided crossings in a two-parameter, time-periodic
system which has been the basis for a wide variety of experiments. By
studying these avoided crossings in the near-integrable regime, we are
able to determine scaling laws for the dependence of their characteristic
features on the non-integrability parameter. As an application of these
results, the influence of avoided crossings on dynamical tunneling is de-
scribed and applied to the recent realization of multiple-state tunneling
in an experimental system.

1 Introduction

Avoided crossings of eigenvalue curves are generic features of quantum systems
with non-integrable classical counterparts [1]. Their appearance allows for a
wide variety of interesting, purely quantum mechanical, phenomena including
chaos-assisted tunneling [2], the adiabatic exchange of eigenstate character [3],
and generally provides the mechanism by which underlying classical chaos affects
the dynamics of a quantum system [4]. Their existence is also responsible for
perhaps the most well-known result in the field of quantum chaos, the non-
Poisson statistical distribution of level spacings in “chaotic” quantum systems
[5]-

In systems with two parameters, an avoided crossing along any curve in pa-
rameter space can be associated to a “diabolical point” at which two eigenvalue
surfaces become degenerate [6]. The conical shape of the two eigenvalue surfaces
in the vicinity of such a diabolical point ensures the characteristic hyperbolic
behavior of two eigenvalues along any curve in parameter space passing near,
but not through, the diabolical point. In the particular case of a near-integrable
system, one parameter may be fixed to be zero leaving the system integrable for
all values of the other parameter. Eigencurves will freely cross under variation
of the latter parameter, thus creating diabolical points of the associated eigen-
value surfaces when viewed in the full two-parameter space. As we show here,
this type of diabolical point is important because perturbation theory can be



applied to characterize the conical shape and therefore characterize the avoided
crossings of the near-integrable system.

In this paper we study the particular two-parameter, near-integrable system
of a harmonically driven pendulum:

H(k,\) = p® + Kkcosf + X[cos (6 + wt) + cos (0 — wt)] . (1)

This “one-and-a-half” degree-of-freedom system is one of the simplest types of
classical systems to exhibit chaos. It is of significant experimental interest in
quantum mechanics since it has been implemented in a number of studies [7—
10, 12] through the use of cold atom optics, particularly in investigations of
multiple-state dynamical tunneling [12]. Theoretically, it provides a convenient
framework for studying the avoided crossings of near-integrable systems since
for A — 0 the system is the integrable pendulum Hamiltonian.

In the following, we study the properties of avoided crossings for the driven
pendulum with the use of Floquet theory. An avoided crossing of two Floquet
eigenvalue curves (for A # 0) can be associated to a level crossing of the in-
tegrable pendulum (A = 0) system and is characterized by the dependence of
its closest approach on the non-integrability parameter A. For small values of
A, we find that the spacing exhibits a power law dependence with an integer
power. A modified degenerate perturbation theory is then applied to verify this
dependence and associate it to the direct or indirect coupling of the associated
integrable eigenstates. We then use the perturbation results to elucidate a mul-
tiple state dynamical tunneling process in the vicinity of an avoided crossing
and apply the results to the particular achievement of this tunneling in an atom
optics experiment. We finally show the association of this avoided crossing to a
nearby diabolical point.

In Section 2 we present the model Hamiltonian under consideration in the
paper, including a description of the system’s classical dynamics. Section 3
presents the quantum dynamics of the model system, with a brief review of Flo-
quet analysis. Avoided crossings of the model system are investigated in detail in
Section 4, first numerically, then with the perturbation theory results presented
in Appendix A. We review the implications of avoided crossings on dynamical
tunneling in Section 5 and demonstrate the origin of those avoided crossings in
a particular experimental system. Section 6 contains some concluding remarks.

2 The Model Hamiltonian

The Hamiltonian we consider consists of a particle moving in the presence of a
harmonically-modulated, spatially-periodic potential. It can be written in the

form
/2

H' P, z,t") = g_m + Vi cos(kx) + Vs cos(kx) cos(w't), (2)

where p' is the momentum and z the position of a particle of mass m, t' is time,
V1 is the amplitude of the spatially periodic potential, V5 is the amplitude of the



modulation potential and w' is the frequency of the modulation potential. The
experimental implementation of quantum systems of with this type of Hamil-
tonian was first proposed by Graham, Schlautmann, and Zoller in 1992 [7] and
then achieved by Raizen et. al. [8, 9, 12], and Hensinger et. al. [10].

It is useful to change to dimensionless units. We define: p = %, 0 = kzx,

—¢E = h =V _H il
t=t h,w—wEo,n—Eo,)\—2E0,andH—E0,whereE0_ . Then,

the Hamiltonian in Eq. 2 takes the form

H(p,0,t) = Ho(p,0) + \[cos(6 — wt) + cos(f + wt)], (3)

where
Hy(p,0) = p* + kcos(f), 4)

is the Hamiltonian of a pendulum and we have written the modulation term
explicitly as two travelling waves. Note that momentum is measured in units of

hk.

Figure 1: Strobe plots of the system in Eq. (3) with w = 24 and parameters:
(a) k=7.8and A =0; and (b) Kk = 7.8 and X\ = 1.0.

The classical phase space of a time-periodic one-and-a-half degree-of-freedom
system such as H(p, 8,t) can be visualized by a strobe plot of the trajectories at

times t = 1/%7T (v € Z). A strobe plot of phase space trajectories for the system



governed by Hamiltonian H (p,0,t) is shown in Figure 1.a with parameters x =
7.8 and A = 0. (For the case of A = 0, the system is independent of time and
could be visualized with an ordinary parametric plot of phase space, however
we plot the strobed phase space for convenience of comparison to the perturbed
system). Because this system is integrable, all orbits lie on tori (in either the
regions of the pendulum’s libration or rotation) and the phase space is absent
of chaos. Figure 1.b shows a strobe plot of the phase space with parameters
k =17.8, A = 0.5, and w = 24. The travelling waves in the modulation term have
phase velocities v = +w and are seen as primary resonance structures at p = £3
where § = v. Although much of the orbit structure of the integrable system is
preserved, the tori with rational winding numbers have been destroyed, giving
rise to a self-similar set of daughter resonance structures (see, for example, the
two-island chains at p = +%). Regions of chaos surround these resonances,
most visibly near the separatrix of the pendulum resonance.

3 Quantum Dynamics

The dimensionless Schrodinger equation for the system in Eq. (3) is i%hﬂ(t)) =
H®)l(t)), where

H(t) = p* + kcosd + 2 cos (é) cos(wt) , (5)

We will consider the configuration space, 6 € [0,27), to be periodic such that

(0 + 2w |p(¢t)) = (8] (t)) and the momentum operator has integer eigenvalues:
plp) = nlp) (n € Z). In the experimental systems, this is approximately
achieved naturally because momentum transfer occurs in discrete units of hk
[9-11].

_ When A =0, the Hamiltonian reduces to that of the quantum pendulum,
Hy(k) = p* + kcosf. The eigenstates of Ho are Mathieu functions [13] which
we will henceforth denote as |n(x)) so that Ho(k)|n(x)) = En(k)|n(k)) where
n=0,%1,%+2,.... (We will suppress the x-dependence of these eigenstates until
their specification is necessary). States |n) with positive integer labels are those
with even parity, states with negative integer label are those with odd parity.
Note that as & = 0, E,, = n?. If k # 0, but |n| is large (i.e. the corresponding
classical pendulum energy is much larger than that of the separatrix), we will

again have E, ~ n>.

3.1 Floquet Theory

The Hamiltonian in Eq. (5) is time-periodic and therefore Floquet’s theorem
guarantees that solutions of the Schrddinger equation can be written in the form

[a(t)) = = ga(t)) with [fa(t+T)) = |ga(t)), (6)

where we have defined T = 2% and where |¢,(t)) and €2, are called the Flo-
quet eigenstate and eigenvalue, respectively. Substituting this solution into the



Schrédinger equation yields the eigenvalue equation
. ., 9
r(00n(0) = (F0) ~ i 57 ) 160(0) = 2[00 (0). Q

where Hp(t) is called the Floquet Hamiltonian.

The Floquet Hamiltonian is a Hermitian operator in a composite Hilbert
space © ®T [14, 15], where © is the space of all square-integrable functions f ()
on the configuration space and 7T is the space of all time-periodic functions a(t)

with period T and finite f_Tq/,% |a(t)|>dt. The inner product of two vectors |¢,)
and |¢p) in this space is then defined by

T/2 T/2
(ol =5 [ wntionie=7 [ oo, ®

where (¢, (t)|dp(t)) = 027r<¢a (t)]0)(0)#»(t))dO is the usual inner product in ©.
We select a complete orthonormal basis in this composite space

(tn,q) =In) " (n,q€ 2), (9)

where {|n)} are the eigenstates of the pendulum Hamiltonian Hy. These basis
vectors satisfy ((n,q|n',q")) = Op,ndg,q -

The Floquet Hamiltonian Hp is Hermitian, so the Floquet eigenvalues 1,
are real and two Floquet eigenstates |¢,) and |¢g) belonging to different eigen-
values are orthogonal. Additionally, the Floquet Hamiltonian commutes with
the parity operator defined by its action on the momentum eigenket Il|p) = |—p).
Therefore the two operators can be diagonalized simultaneously and all Floquet
eigenstates have definite parity: II|¢o) = £1|¢a). Floquet states with parity
eigenvalue +1 will be called even, those with eigenvalue —1 odd.

Given one Floquet eigenstate |@4(t)) with Floquet eigenvalue Q,, there will
be another Floquet eigenstate |¢ (t)) such that |¢)(t)) = e'tp,(t)) (¢ €
Z), with eigenvalue Q) = Q, + gw. These two Floquet eigenstates, however,
represent the same physical state, i.e.

e—iQ;t|¢Ia(t)> — e_iQ"‘t|¢a(t)) . (10)

Therefore we may limit consideration to the fundamental zone —w/2 < Q < w/2
in which each physical eigenstate of the time-dependent Schrédinger equation
is represented by the corresponding Floquet eigenstate with eigenvalue within
that range.

Consider the unperturbed system HY = Hy — i which we will call the
Floguet pendulum. The eigenstates of this system are precisely the basis states
|n, g) with eigenvalues Q4 = E,, + qw. Figure 2 shows the lowest nine energies
of the even-parity eigenstates of the quantum pendulum and the corresponding
Floquet eigenvalues in the fundamental zone —w/2 < Q < w/2.



Figure 2: (a) Energy curves of the nine lowest-energy, even-parity eigenstates of
the quantum pendulum, Hy = p®+k cosf. (b) The nine corresponding “Floquet
pendulum” eigenvalues in the fundamental zone —3 < Q < +% with w = 24.
The labels (n, ¢) on each Floquet eigenvalue segment identify the corresponding
Floquet eigenstate |n, g). The dashed lines in (a) indicate the Floquet eigenvalue
zone boundaries.



3.2 Another method for determining Floquet states

An arbitrary dynamical state of the system can be expanded, with the use of
equation (6), in the basis of Floquet eigenstates,

W) = 3 Aae 4|6, (1)) , (11)

where the “prime” indicates that the sum is restricted to those Floquet states
with Q, in the fundamental zone. The expansion coefficients are independent
of time and can be written A, = (¢4(0)|¥(0)). Using the time-periodicity of
the Floquet eigenstates, we can then write

(D)) = e "164(0))(¢a(0)[4(0)) = UT)%(0)) , (12)

showing that the time-evolution operator over a single period T’
A ! .
UT) =) e T1¢a(0))(¢a(0)] (13)
«

is diagonalized by the Floquet eigenstates at time ¢ = 0. We can therefore
determine these time-strobed Floguet states by constructing the matrix Upymr =
{(m|U(T)|m') in some convenient basis {|m)} in ©, truncating this matrix at
some appropriate level m = M where it becomes approximately diagonal (i.e.
Unrvr >> Up for m # M), and then performing a numerical diagonalization
to obtain the |¢4(0)) and Q, (mod w). The m!”* column of U is obtained by
evolving the basis vector |m) over one period T' via numerical integration of the
Schrédinger equation.

In subsequent sections, we will compare the phase space distributions of the
time-strobed Floquet eigenstates |¢,(0)) to the classical system. We can do this
by introducing the Husimi distribution p(6g,po) [16, 17] of a quantum state |¢)
on the classical phase space (6, po)

(00, 0) = 5|60, ol ), (14)

where the coherent state |0p,po) is defined as an eigenstate of the annihilation
operator a = % (é/ o + iop ) with position and momentum expectation values

of 6y and pg respectively. The free parameter ¢ is set according to the physical
system considered (see below). The representation of such a coherent state in
the discrete momentum basis {|p)} is given by

0.2

(p|6o,po) = Aexp [—7(10 —po)® —ibo(p—po)| , (15)

where A is a normalization factor guaranteeing (6o, po|fo, po) = 1. The action of
the annihilation operator on the coherent state can be used to show that (p) =



<007p0|ﬁ|007p0) = Do, <0> = 00’ A6 = U/\/éa and Ap = (o—ﬁ)il' ThllS, the
coherent state is a minimum-uncertainty wavepacket, where the free parameter
determines the ratio of its uncertainty in position and momentum, i.e. 02 =
AG/Ap. Reference [17] presents an in-depth discussion on the selection of the
parameter ¢. In all Husimi plots shown in subsequent sections, we set ¢ =
1.18 k=4, a choice which provides the best association between the quantum
pendulum eigenfunctions and the corresponding classical orbits). As we will see,
the Husimi distributions of the Floquet states lie directly on the orbit structures

of the classical phase space.

4 Avoided crossings

The Floquet pendulum is integrable and its eigenvalues €2, ;(k), shown in Fig-
ure 2.b, cross under the variation of k. For any nonzero A\, however, the system
represented by the Hamiltonian in Eq. (5) is non-integrable and the approach
of any two (same parity) Floquet eigenvalues under variation of x results in
an avoided crossing. This well-known result, the no-crossing theorem, was first
proven by von Neumann and Wigner for eigenvalues of generic Hermitian matri-
ces [1]. They also showed that adiabatic passage of two quantum states through
an avoided crossing leads to an exchange of character. (In a two-parameter
system, this exchange can be related to the partial circuit of a diabolical point
[6], while in single parameter systems it can be related to exceptional points in
the complex parameter plane [18]). Avoided crossings of Floquet eigenvalues in
the fundamental zone, which generally involve states localized in well-separated
regions of the phase space, will therefore allow a wide variety of interesting
quantum dynamical phenonomena, including adiabatic transitions and tunnel-
ing.

In this section, we will consider the near-integrable regime (0 < A << k), in
which a clear association can be made between the Floquet eigenstates of the
perturbed system (A # 0) and those of the Floquet pendulum (A = 0). In this
regime, the Floquet eigenvalues will follow nearly the same dependence on k
as the unperturbed eigenvalues seen in Figure 2.b, except in the vicinity of an
avoided crossing. For x values sufficiently far from these avoided crossings, we
can make a unique, though necessarily local, association |¢y) > |n4,qq) of the
Floquet eigenstate |¢,) to the Floquet pendulum state with maximum overlap
[{n, q|¢a)|. As A — 0, this association will become an equality. We will see that
the fundamental characteristics of an avoided crossing between states |¢,) and
|¢s) will be determined by the difference

Adap = |da = gp]- (16)

In the subsections below, we first present a numerical analysis of some represen-
tative avoided crossings in the system with w = 24, and then use perturbation
theory to show that the results are quite general.
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Figure 3: A Agq,ps = 1 avoided crossing of the system Hy with parameters
w =24 and A\ = 5 x 1072, The Husimi distributions of the corresponding
Floquet eigenstates are shown at k = (7.455,7.460, 7.465) (the horizontal axis
is 6 € [0,2m), vertical is pg € [—15,15]). The dotted lines are the eigencurves
of the unperturbed Floquet pendulum.

4.1 Numerical Results

Three avoided crossings of Floquet eigenvalues in the fundamental zone with A =
5x 10~2 are shown in Figures 3, 4, and 5 with Husimi plots of the corresponding
Floquet eigenstates overplotted on the figures. The dotted lines shown are the
eigenvalues of the unperturbed Floquet pendulum. These plots were created
by numerically calculating the time-strobed Floquet states at a sequence of &
values. With each step forward in &, the new states were associated to those of
the previous step by calculating the maximum overlap and verifying continuity
of the eigenvalues. In the case that two Floquet eigenvalues crossed between k-
steps, the size of the step was reduced and the process repeated until no crossing
occurred.

Each of these three avoided crossings involves one Floquet eigenstate local-
ized within the pendulum resonance at p = 0 and another localized outside of
the pendulum resonance. The avoided crossing in Figure 3 involves the states
(Na,qa) = (1,0) and (ng,qs) = (5,—1); Figure 4 involves the states (nq,ga) =
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Figure 4: A Aq,p = 2 avoided crossing of the system Hp with the same A and
w values as in Figure 3. The Husimi distributions shown are the two Floquet
eigenstates at x = (7.82146, 7.82150, 7.82154) (axes are the same as Figure 3).
The dotted lines are the eigencurves of the unperturbed Floquet pendulum.
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Figure 5: A Ag,p = 3 avoided crossing of the system Hp with the same X and
w values as in Figure 3. The Husimi distributions shown are the two Floquet
eigenstates at k = (9.973221751,9.9732217534,9.973221755) (axes are the same
as Figure 3). The crossing of the corresponding eigencurves of the unperturbed
Floquet pendulum falls outside of the plotted region at k¢ =~ 9.973242.
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(1,0) and (ng,q3) = (7,—2); and Figure 5 involves states (na,go) = (0,0)
and (ng,qgp) = (8,—3). The associated crossings can be found in Figure 2.b.
These particular avoided crossings were chosen as representative examples with
Agqp =1, 2, and 3, respectively.

Some general characteristics of these avoided crossings deserve attention.
First, the “exchange of character” between the two states is evident in the
evolution of the Husimi distributions with . The associations |¢a) ¢ |Na;qa)
and |@g) <> |ng,qp) well before the avoided crossing become |¢o) ¢ |ng,qs)
and |¢g) ¢ |nq,qa) well after. For k values at the avoided crossing, the two
Floquet states are superpositions of the asymptotic states. Second, there is
quite a disparity of scale among the three avoided crossings. In particular, the
minimum eigenvalue spacing A,g, defined by

Aaﬁ = min (lQa — le) s (17)

is relatively large for the first and relatively small for the third. Finally, the
position kg4, of the minimum spacing (which we will henceforth call the “position
of the avoided crossing”), is not necessarily equal to the position ko of the
unperturbed crossing. Indeed, it seems that for Ag,g # 1, the avoided crossing
is significantly offset in both x and €.

To make these last two observations more quantitative, we have computed
dependence of Ayp and Akge = |Kg — Kqc| On the parameter A. The results for
the three example avoided crossings are shown in Figures 6 and 7. We see that,
for small values of A, the dependences are all well approximated by power laws
with integer exponents. The minimum spacing of the avoided crossings is given
by

Aaﬂ = A \Res ’ (18)

where the coefficients are A ~ {5.44x1072,1.02x103,7.35 x 10~} for avoided
crossings LII, and III, respectively. The k-offset of the avoided crossings are
given by

Atige = BA?, (19)
where B =~ {5.2 x 1073, —8.3 x 1073} for avoided crossings IT and III (Ak,. =0
for avoided crossing I).

4.2 Perturbation theory results

We now use perturbation theory to determine the behavior of the Floquet eigen-
values and eigenstates in the neighborhood of avoided crossings. We will obtain
approximate solutions (|@4), ) to the Floquet eigenvalue equation

Hi (5, Vlga(k,3) = (H2(R) + A7) [fa(r, ) = Qalk, Nléa(r, ), (20)

where HY (k) is the Floquet pendulum Hamiltonian, V = 2cosf cos(wt), and
A is considered a small expansion parameter. Our unperturbed system is the
two-fold degenerate system H%(kg), where kg is the parameter value at which

12
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Figure 6: The minimum spacing A, as a function of A of the three avoided
crossings shown in Figures 3, 4, and 5. The functions A,z = 5.44 x 1073},
Anp =102 x 107302, A, = 7.35 x 1077A3 are overplotted.
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Figure 7: The k-offset Ak, as a function of A for the avoided crossings shown
in Figures 4 and 5. The functions [Ake.| = 5.2 x 1072 A? and |Ak, | = 8.3 X
103 A2 are overplotted.
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the eigenvalue curves of two Floquet pendulum states [a®(k)) = |nq4,qa) and
|8°(k)) = |ngs,qp) cross. We have seen in Section 4.1 that, for A # 0, the closest
approach of the eigenvalues Q, and (24 involved in an avoided crossing may not
occur at kK = kg, so an offset must be allowed for. We therefore introduce into
(20) an arbitrary function &(\) = ko + Ax(A) and expand Ak(A) as a power
series in A. The particular value k4.(A) at which the eigenvalues make their
closest approach can then be determined by solving the extremal condition for
AQqup = [Qa(k, N) — Qa(K, A)|,

A5

K=Kac
at each order to fix the expansion coefficients of Ax(\). In this manner, we find
the perturbed eigenstates and eigenvalues at Kk = Kkg-

The details of the perturbation analysis are given in Appendix A. The re-
sults may be summarized as follows. The breaking of the degeneracy between
states |a®) and |3°) occurs at the lowest order AV for which the coupling be-
tween these states, USZ) (defined below), is nonzero. At this order, the two
Floquet eigenvalues in the region of the avoided crossing are determined by the
eigenproblem of a 2 x 2 matrix in the basis of the unperturbed states |a®(kq))

and |8°(ko)):
( AMSE, + ol o) ) ( ct ) _ o™ ( cz ) )
vg;]) AK(N)(SE[; + vg;) Cét * Cﬁi
The coefficients C and CE,—L determine the zeroth-order near-degenerate eigen-

states in the region of the avoided crossing; Ax™) and QQ_LN) are the coefficients
of AN in the expansions of the arbitrary x-offset and the near-degenerate Flo-
quet eigenvalues Q4 respectively; 6E; = (n;(ko)| cos8|n;(ko)) are the slopes of

the unperturbed eigencurves; and vgjv) depends on the matrix elements of the
perturbation operator:

Vim = ({11, @V I, @m)) = (mu(r0)] €08 1 (50)) (Sar,gm-+1 + Sarsgm—1) - (23)

For the first three orders in A, these couplings are

vl = Vi (24)
(2) _ Via Vas
Vit = Z 00 _ Q(O) (25)
v€{a,8} R

© _ Vot Vo,

+5 Vz"vai [Vaa(5Ea - 5E7) + VBB (5E7 _ ‘SEB)]
J <Q(0) _ Q,(YO))2

15



Kac (naa Qa) (nﬂa q,@) AQOLB Anum Apt Bhum Bpt

7.46 | (1,0) (5,-1) |1 544 x 1073 [ 5.5 x 1073 — —
7.83 | (1,0) (7,-2) |2 1.02x 1073 | 1.0 x 1073 | 5.2 x 10~% | 5.2 x 1073
9.97 | (0,0) 8,-3) |3 7.35x1077 | 7.3 x 1077 | =83 x 1073 | —8.3 x 1073

Table 1: Comparison of numerical results to those of perturbation theory. The
quantities Anym and Byym are obtained from numerical simulation and Ay, and
By, are obtained from perturbation theory.

where i,j € {a,f}, the zeroth-order eigenvalues Ql(o) are taken at kg, and

we write Q0 = Qg_?). Using Egs. (22) and (21) we find that the N*"-order
corrections to the eigenvalues, at the position of the avoided crossing, are given
by

1

Q(iN) (Kac) 2

[vij + o5y + AR (5B, + (sEﬁ)}

Lr oy _ @ (N) 2 L™
s L[~y + Ak 6B, —oE)] 4P

(N) _ ()
= Ts TV @)
6E, —6Eg ~ "o

At orders 0 < M < N, the two eigenvalues (01 are degenerate at an offset from
(Ko, ) specified by the coefficients

o) _ {2
(M) _ 288 "oa
Ak SE. —3E, (28)

and () (M)
QM) _ Vgg 0Ey —vaa 0E3
T SE, _oE;

The origin of the numerical results presented in section 4.1 is now clear.
The matrix elements of the perturbation V;; are non-zero only when Ag;; = 1.
Therefore, for an avoided crossing between states |¢,) and |¢g), we must have
Aqap = N. Using Eq. (27) and the fact that Q(M<M) is the same for |$,) and
|¢s), we find that, to lowest order in A, the minimum spacing is given by

(29)

Aqq
Ags =2 ‘ugﬁ" B)‘ ABdas | (30)

Its interesting to note that the k-offset of an avoided crossing in this system is

dependent on A2, because v,(foz and v(? are non-zero, even when Agyg > 2.
Table 1 shows a quantitative comparison of the numerical results presented

in the previous section (in terms of the coefficients A and B of Egs. (18) and

(19)) to those obtained by the perturbation analysis. For all three examples
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of avoided crossings, we see excellent agreement. We have also verified the
predictions of perturbation theory for a number of other avoided crossings in
this system (as well as those in systems with different values of w), finding
similar agreement.

A number of other characteristics of the avoided crossings can be determined
from our perturbation analysis. Substituting Q;N)(nac) and Ax%Y) into Eq.
(22), we find that at the position of the avoided crossing, the two perturbed
Floquet eigenstates (to lowest order in A) become an equal superposition of the
two associated Floquet pendulum states, i.e.

|C3 (Akae)| = [CF (Akiac)| - (31)

We may also determine the relative magnitudes of these coefficients at some &
value near the avoided crossing. If, instead of calculating Ax(N) by the extremal
condition, we instead determine the k-offset where the eigenvalue separation is
a times the minimum value, we find

ol =iy 2va =1y
+

AK(N)‘ = . 32
AQaB:aAaﬁ 6Eaa - 6Eﬂﬁ |6Eaa - 5Eﬂﬂ| ( )
A simple calculation then shows that the coefficients obey
lmﬂ] _ 1 (33)
+ - J
IC5 Aus=aies la +va? —1|

where we have assumed that (0E, — dEg) > 0. As a — (0, 00), we see that, for
[
log |
in the Husimi distributions plotted in Figures 3-5.

example, — (1,0), as expected. This verifies the qualitative behavior seen

5 Implications for Dynamical Tunnelling

Under the evolution of the system given in Eq. (5), an initial quantum state
|4+ (0)) which is localized in classical phase space (in the sense of its Husimi
distribution) in a region of positive momentum at p & py may undergo time-
periodic dynamical tunneling, across the central resonance (and all intervening
KAM tori) to the opposite momentum region at p &~ —pg. The mechanism
for this behavior is the existence of a near-degenerate and opposite parity pair
of Floquet eigenstates which each have localization near py and —pg. If the
Floquet eigenvalues of these two states are far from any avoided crossings, the
tunneling dynamics are well described by a two-state process exactly analogous
to the tunneling through a potential barrier in the time-independent double well
system [20]. In the vicinity of an avoided crossing, however, the dynamics are
influenced by a third state with partial localization in the regions of +py and the
time-evolution takes on a more complicated beating behavior. In this section
we analyze this tunneling behavior in the perturbative regime (\ small) and
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Figure 8: The avoided crossing from Figure 3 (a), now with the relevant odd-
parity state included (dotted line). The vertical lines are the x values at which
the time-evolution in Figure 9 was obtained.

then apply the results to tunneling oscillations observed in a recent experiment.
Although the experimental system cannot be considered to be in a perturbative
regime, we identify the diabolical point associated to the relevant avoided cross-
ing and show that an approximate result can be obtained numerically which
characterizes this avoided crossing quite well.

5.1 Tunneling behavior in the perturbative limit

To analyze the tunneling induced by the Hamiltonian in Eq. (5), we consider
again the one-period time-evolution operator ﬂ(T) defined in Section 3.2 and its
eigenvectors, the time-strobed Floquet eigenstates |9 (1)) = |9 (0)) (we will
drop the explicit reference to “time-strobed” in this section). As a particular
example, consider the avoided crossing shown in Figure 8 (the same as that
shown in Figure 3, but with the odd-parity state now included, shown as a
dotted line). At k = 7.456, a value far from the avoided crossing, the opposite-
parity pair of states |¢,) and |$,) are near-degenerate (|0, — Q4| = 4.5 x 1075)
and have localization at p ~ £5. The phase space localization of state |¢g) is
completely within the central resonance and does not overlap significantly with
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this pair. We can construct an initial state, localized at either p ~ 5 or —5, as
an equal superposition of the two near-degenerate Floquet states, i.e. |¢1+(0)) =
% (|#a) £ |#4)). When either is acted on by U(nT'), the evolution is periodic,
oscillating between p = £5 with a tunneling frequency wiyn = [ — Q|- The
corresponding number of modulation periods for complete oscillation is then
Nun = W/Wiun = 5.3 x 108,

In the region of the avoided crossing, the odd-parity state |¢,) will be ap-
proximately unchanged, while states |¢,) and |¢g) become, to lowest order in A,
superpositions of their unperturbed, Floquet pendulum, counterparts. There-
fore, in the neighborhood of the avoided crossing, both |¢,) and |¢g) will have
significant support in the same region of phase space as |¢,). At the exact posi-
tion k4. of the avoided crossing, where |¢o) and |¢g) are an equal superposition
of the unperturbed states, the initial conditions localized at either p ~ 5 or —5
can then be written

[$2(0) = 3160) + 31650 £ Z=10r), (34)

where all three eigenstates are evaluated at kK = Kq.. Applying the time-
evolution matrix to |¢4(0)) we find, after n applications,

[+ (nT)) = V(nT) |+ (0)) (35)

» e—inTAQaﬁ 1 e—inTAQ.,g
— o~ inTy (fkﬁa) + §|¢ﬁ> + T|¢7)) )

where AQ;; = Q; — Q;, here. If we make the assumption that |AQg,| =
|AQqy| = A at k& = Kqe, we see that [¢ (X)) ~ [¥_(0)). This three-state
process therefore generates a new, larger, tunneling frequency wy,, = A. The
time-evolution of |4 (0)) at kK & K4 is shown in Figure 9.a. Notice that the
theoretical tunneling period ng, = § ~ 1.8 x 10° is modulated by a beat period

resulting from the small difference AQg, —A,,. As the position of the avoided
Qa—‘rﬂﬁ
2

crossing is chosen more precisely, and ., —
to infinity.

Between these two extremes of regular two-state and three-state tunneling,
at other values of the parameter k along the avoided crossing, the tunneling
takes on a beating behavior due to the two eigenvalue differences between the
odd-parity state and each even-parity state. An example of this (the evolution
of [¢4(0)) under U(T) at k = 7.4605) is shown in Figure 9.b. For this and
all values of the parameter x, the evolution of the momentum expectation of
|14 (0)) is well fit by the simple function

(p)(nT) = Aq cos (AQ,onT) + Agcos (AQg,nT) , (36)

, the period of beating goes

where A, and Ag can be related to the overlap of |14 (0)) with |¢4) and |¢g),
respectively.

The variation of two-state tunneling frequencies in the vicinity of avoided
crossings has been remarked on by many authors [2, 21-26] in many differ-
ent systems, and is often attributed to the influence of underlying classical
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Figure 9: The evolution of state |¢4(0)) (created by the superposition of the
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chaos. Classical chaos in a non-perturbative regime will certainly introduce ad-
ditional complications to the quantum dynamical tunneling process which we
have not investigated here (notably the interaction between tunneling through
dynamical barriers and free evolution in a region dominated by chaos [27]);
and avoided crossings will become larger, more numerous, and may overlap,
leading to interaction of more than three relevant states. However, as we have
seen in this section, the basic mechanism for “tunneling enhancement” does
not necessarily require global chaos but only the non-integrability which leads
to avoided crossings. Indeed, for the non-integrability parameter used in this
section (A = 5 x 1072), the classical phase space has only small regions of chaos.

5.2 Analysis of a Tunneling experiment

As an application of the tunneling results of the previous section, we consider
the experiment of Steck, Oskay and Raizen [12]. The Hamiltonian implemented
in this atom-optics experiment depends on a single parameter, a, and can be
considered a special case of that in Eq. (5) by setting £ = «/2.17 (up to a
sign difference which can be removed by a w-translation of the angle variable),
A =£/2, and w = 6.04. It should be noted that this system is not connected to
the Floquet pendulum system since ) is not an independent parameter. Instead,
in the limit A\, k — 0, the free particle Hamiltonian is obtained.

The primary result of the experiments detailed in [12] is the observation of
dynamical tunneling, between two resonance islands in the classical phase space
(located at p ~ £3), which exhibits oscillation frequencies dependent on the
parameter value considered and independent of the modulation frequency. In
particular, for a range of parameter values, the observed tunneling oscillations
were dominated by two primary frequencies. The Floquet eigenvalue curves
for the experimental system are shown in Figure 10, and the experimentally
observed tunneling frequencies are shown in Figure 11.b, overplotted on the
differences of eigenvalues between three particular Floquet eigenstates. These
three states exhibit significant localization in the region of the classical resonance
islands at some values of the parameter x [11]. The experimental frequencies
are well predicted by only two of these differences, namely Af),, and AQg,.

The oscillations seen in the parameter region x € [3,4.75] are due to the
existence of an avoided crossing between the eigenvalues of the even-parity states
labelled |¢,) and |¢g). As can be seen in the overplotted Husimi distributions,
these two even-parity states originate at small k values from two disconnected
regions of the phase space, the first residing at p ~ 0, and the other at the
positions of the classical resonance islands where the odd parity state |¢,) also
has its primary support. In passing through this avoided crossing, the odd-parity
state retains its original character, while the two even-parity states become
mutual superpositions of their small x character. It is clear that this avoided
crossing is not of the ideal form considered in the perturbative regime. The
superposing effects of this avoided crossing are extend well beyond the minimum
eigenvalue separation at k =~ 3.0 (see Figure 11.a), due to the natural eigenvalue
curvature of a state with the low k character of |¢g) (a simpler example of this
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Figure 10: Floquet eigenvalue curves for the system considered in [12] (A = /2,
w = 6.04).
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Figure 11: The boxed region of Figure 10 where an avoided crossing occurs
between two even parity states (a). The Husimi distributions of these and a
third, odd-parity, state are overplotted, with axes of 6y € (0,27) and p € (—6, 6).
The differences of these three eigenvalues are shown in (c), with experimental
tunneling frequencies overplotted (circles, reprinted with permission from Steck,
et. al. [12], Fig. 1).
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is state (1,0) in Figure 2.b). Just past this minimum spacing, the eigenvalue of
state |@o) curves back downward toward that of |¢g), immediately beginning a
second avoided crossing and thus preserving the composite nature of these two
even-parity states through k =~ 6. As a further complication, in the parameter
region k € [5,7), states |¢o) and |¢pg) are joined by two other even-parity states
in a complex and overlapping set of avoided crossings.

Despite these complications, we can identify the dynamical tunneling in the
parameter region k € [2.5,4.75] to be a three-state process involving those states
shown in Figure 11.a. As predicted by the results of the previous section, the
observed tunneling frequencies involve only differences in Floquet eigenvalue
between the odd parity state and the two even parity states. A direct com-
parison of the oscillations from [12] with the numerically calculated evolution
of an initially localized state |4 (0)) under U(T) is shown in Figure 12 for the
values k = 3.68 and 4.50. Neglecting dissipation and a momentum offset of
the experimental values (due to the fact that not all atoms contributing to the
average are participating in the dynamics), there is good agreement in the sec-
ond case. In the first case, and for all parameter values between k = 3 and 4,
the experiment seems to pick up only one of the underlying frequencies (AQ,g,
while the numerics predict nearly equal contributions from A,z and AQ,,.
It was noted in Reference [28] that the detection of fewer than the predicted
number of frequency contributions to the tunneling behavior was also found in
another experimental system [10].

Finally, we would like to consider the origin of the avoided crossing involved
in the dynamical tunneling observed in [12]. Figure 13 shows the avoided cross-
ing of Figure 11.a lying on the eigenvalue surfaces {1, and €1z in kK — X space.
One can see that these two surfaces meet at a diabolical point on the k = 0
axis, where A = 2.8. Numerical analysis shows that, in the neighborhood of the
diabolical point, the minimum spacing between the two eigenvalue surfaces is
linearly dependent on k, with

Aup =9.22 x 10 %K. (37)

This result is in good agreement with a perturbation analysis similar to that
of Appendix A, but with & as the small expansion parameter. The predicted
minimum spacing from such an analysis yields

Aaﬁ’pt - 2| 6|K: ~ 9 2 X ].0 K/, (38)

where the matrix element must be numerically calculated as the coupling of
the two degenerate Floquet eigenstates of the (k = 0.0,\ = 2.8) system through
V' = cos 0 the coefficient of k. Although the avoided crossing in the experiment
(Figure ll.a) appears at a parameter value outside the range of validity of
perturbation theory, the observed minimum spacing between AQ, and AQg
agrees with Eq. 38 to within a factor of two.
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6 Conclusions

We have shown that the minimum spacing of avoided crossings in a near-
integrable time-periodic system, and therefore the minimally separated “ridges”
of the double-cone structures surrounding a diabolical point, exhibits a power
law dependence on the non-integrability parameter, with integer power. A mod-
ified degenerate perturbation theory has allowed us to relate the coeflicient of
this dependence to the direct or indirect coupling of the two related unper-
turbed Floquet states through the perturbation operator, and the integer power
to the number of “photon energies” w connecting their related energy eigenval-
ues. Moreover, the perturbation analysis predicts a qualitatively identical struc-
ture for all avoided crossings which allows us to characterize generically their
affect on dynamical tunneling. This description was applied to a particular
avoided crossing generating multiple-state tunneling oscillations in an experi-
mental system, and its connection to a nearby diabolical point was revealed.
It is hoped that these results will provide guidance for the development of new
experimental setups which intend to use avoided crossings in the realization of
multiple state tunneling processes and adiabatic transitions, or the preparation
of Schrédinger’s cat type superposed states.
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A Perturbation Theory for Avoided Crossings

The Floquet pendulum system ﬁ%(m) has a two-fold degeneracy at k = ko where
two eigenstates [a®) = |nq(ko),¢a) and |8°) = |ng(ko), gp) have eigenvalues
Qu (ko) = Qp(Ko). We will use a modified degenerate perturbation theory to lift
this degeneracy at the k-position of the resulting avoided crossing when A > 0.
In light of the discussion in Section 4.2, we write the Floquet Hamiltonian as

Hp(k) = HY 4+ 0Hp Ac(\) + AV, (39)

where we now write H9 = H9% (ko). The operator d H is % = cosf with the
simplifying assumption that this operator is diagonal in the unperturbed basis.
This is equivalent to the assumption that the unperturbed eigenvalue curves are

linear in the small region of k under consideration. We expand Axk()), setting
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Ak(0) =0, so that
Ak(\) = AsMA + AP + ... (40)

We expand the near-degenerate eigenstates and eigenvalues in powers of A about
their (k = kg, A = 0) values:

|6) = Cala®) + CplB%) + Alg") + N*[§7) + -

Q=00 1200 £ 220® ... =

where H%|a®) = Q©]a%), A%|3%) = Q©|3% and the zeroth-order eigenstates
have been assumed to be a superposition of the two degenerate unperturbed
states. As is usual in degenerate perturbation theory, the lowest-order near-
degenerate eigenstates and the corrections to their eigenvalues will be the eigen-
vectors and eigenvalues of a 2 x 2 matrix in the basis of the two degenerate unper-
turbed states. At this order, we will make the distinct assignments |¢) — |¢+)
(corresponding to the solutions of the quadratic characteristic equation). The

final expressions for CF, Cgt, |¢%), and Qg?o) will depend on k through the

particular choice of the Ax(?’s. The Floquet eigenvalue equation (7) for the
near-degenerate state now takes the form

(15 — @) (Cala®) + C518)]
+ X [(H5 — QO)jgt) + (ARDSHE + T = QM) (Cala®) + C58%)]
+ X2 [(A% - Q0)|¢%) + (ADSHE + T - oW)|gh)

HARDSHE — QP (Cy]a®) + cﬁwo))] =0, (42)

A.1 First-order results
At first order in A\ we have the eigenvalue equation
(HY — Q) |¢"y + (AkMGHE + TV = Q) (Chla®) + C5|8%)) = 0. (43)

If we now act on this equation with (a’| and then with (8°|, we obtain

AkVSE, + Voo — QO Vg Co \ _ 0. (44)
Vﬁa Aﬂ(l)(SEg + Vgﬁ -0 Cg -

where V;; are the matrix elements of the perturbation in the basis of the degen-
erate unperturbed eigenstates,

0E; = ((ni, qi|6Hp|ni, qi)) = (nil C05é|ni); (45)

and we have used the identity

o0

1= = Y Invaedny.al= Y Ina(ng.  (46)

(T 8v) n,q=—00
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At this point, we must consider two possible cases: Vo3 # 0 and Vo3 = 0. In
the first case, a nontrivial solution for the C; requires first-order corrections to
the unperturbed Floquet eigenvalues

1
o) =2 [Vaa + Vg + A6V (3B, + 5Ep)]

-

2 2
+ % { [(Vaa — Vag) + Ak (6B, — 5E,3)] + 4|Va5|2} . (A7)

We can then write the spacing between the two Floquet eigenvalues
An=0 oW (1) 2 ak 2
=o' —® = x [(Vaa — Vi) + AV (6B, — 6E5)] +AVas2t +O(02).

(48)
In order to determine the particular value of Ak(!) at which the minimum
spacing occurs, we solve the extremal equation

PAQ\ 1/ BAQ
(am)A =X (aA,i(l)')A,M(m) =0 (m#1), (49)

Vas — V.
A = /BB~ Yoo
ac = 5B, — 0B,

If we substitute this into Eq. (47), we obtain first order corrections to the
eigenvalues of

finding that
(50)

VppdEy — VaoOE
Q(l) — BB @ ao B + 3 - 1
3. — 08, 12%] (51)

Therefore, we find the minimum splitting to be
Aog = 2A|Vag| + O(N?). (52)

In the second case (Vo = 0), we find that the nearest approach of the two
Floquet eigenvalues is in fact a crossing (to first order in A). In this case we

define Ax'Y to be the offset of this crossing, i.e.

Vas — V.
- 2 1) — VBB aa
AQ=0(\?) at AxlY) = 5E. —5E; (53)

The coefficients C; remain undetermined until the degeneracy is broken.

A.2 Second-order results (Vo3 = 0)

For the case Vo3 = 0, the zeroth order states must be determined from the
second order equation, which takes the form

(Hy - 9)|¢?) + (AsMSHE +V — QM)|g")
+(AKP6Hp — QP) (C,4la®) + C5|8°) =0, (54)
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Following the same procedure as in first order, we obtain

AkPSEy + vgq — 22 Vaf Ca ) _p (55)
VB AI‘&Q)(SEB + vgg — Q(Z) CB IR
where we have used the first-order result
ViaCo + V5 5C
041 yaVa 8%~ B
= yerat 6P a, 56
OOl = 2Rl (¢ (s (56)
with ngo) = (n.,q,|H%|n,,q,), and where we have defined
_ Vi'yvvj ..
’UZJ = Z m (Z,J € {0[,,8}) . (57)
v¢{a,8} g

Again we must consider two cases: vog # 0 and veg = 0. In the first case, our

procedure for determining Am(fc) is identical to that of first-order and we obtain

vgg — U
Ak = (ngiﬁ and  Aup = 2X2|vas| + O(N?). (58)
In the case that vas = 0, we find that AQ = O(A®) at an offset of
Ap(® = Y88~ Vaa
ac = §E, — 0B, (59)

A.3 Third-order results (Vo5 = 0 and v,5 = 0)

If the conditions Vo3 = 0 and v,g = 0 are satisfied, we can attempt to lift the
degeneracy at order \*. We obtain the following results

AKBISE, + g + 0y — QO Vap Ca ) _o
( Y3a AkPI§Eg +vg5 + 05 — QO ) ( Cp ) o
(60)
where we have defined

i = Vi Vo Vo - 61
"= (20 - a?) (2@ — o) G.jedafl), (6D

and

6 = (AMSE, — QM) V;, Vo,

e (a0 -aP)’

and where we have used an expression for (7°|¢?) (analogous to Equation 56)
determined from the second-order equation.

These equations are nearly of the same form as those at first and second
order. By the same procedure we determine

Uﬁﬁ + Bﬁ - Daa - Ba
5B, — 6E;
for the case that bas # 0 and A,z = O(A?) when v,5 = 0.

(i € {a, 8}) , (62)

Ak = and  Aup = 2X3|vag| + O(NY), (63)
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