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The semiclassical Bloch-Maxwell system is studied for chaos. Diagnostic criteria for chaos such
as continuous power spectra and rapidly decaying correlations are shown not to be definitive. They
may occur simultaneously with a vanishing maximum Liapunov exponent. The presence of a feed-
back effect on the radiation field is shown to lead to the possibility of bona fide chaos with a con-
tinuous spectrum and a positive Liapunov exponent. Whether or not chaos is exhibited in this sys-
tem depends upon initial conditions as well, and cannot be deduced from the Hamiltonian alone.

Chaos is a well-established property of classical dynam-
ical systems. To what extent an analogous behavior
occurs in quantal systems is still being investigated.! > In
this paper we discuss a two-level quantal system driven by
a semiclassical electromagnetic field. This description is
intermediate between a purely classical and a purely quan-
tal treatment. We are able to clearly delimit the boundary
between chaotic and nonchaotic dynamics. In addition
the mechanism responsible for chaos in our system is elu-
cidated and is suggestive of bona fide chaos in a related,
purely quantal system.

The dynamics to be described below involves a finite
system of coupled first-order differential equations which
exhibit a bounded phase flow. Chaos refers to the ex-
istence of a positive Liapunov exponent for this flow.®
Power spectra and correlation function decays®>’ may be
used as a diagnostics for chaos but are not definitive evi-
dence.

The system we consider is in essence the Bloch-Maxwell
system for a two-level system in an electromagnetic field.
The Hamiltonian for this system is

H =5#iwg0, +#rA (t)o, (1)

in which o, and o, are Pauli operators for the two-level
system, fiw, is the level spacing, and A4 (z) is the semi-
classical electromagnetic field. The Heisenberg equations
of motion for the Pauli operators are

Ox=—wo0y , (2a)
Oy =weox—2AA(t)o, , (2b)
o, =2AA(t)o, . (2¢c)

The expectation values with respect to the initial state of
the two-level system satisfy identical equations because
the operator equations in (2a)—(2c) are linear in the Pauli
operators. Thus, we get a system of three coupled, ordi-
nary, first-order differential equations

X=—wy , (3a)
Yy=wox —2AA(t)z , (3b)
Z=2AA(t)y , (3c)
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in which x =Ex(o,), etc. So far, these equations consti-
tute the Bloch equations and are nonautonomous because
of A(t). For A(t) we consider two cases: (1) A (¢) satis-
fies the Maxwell equation’*
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FIG. 1. (a) z trajectory for Egs. (3a)—(3c); N =wo=0,
A(t)=cos(t); A=1, x(0)=yp(0)=0, z(0)=—1. (b) Fast

Fourier transform (FFT) of the z trajectory, F(z).
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and (2) A (1) is prescribed to be given by
(5)

in which » and o’ are incommensurate.> This second case
was recently discussed by Pomeau et al.’ and was shown
to exhibit a continuous power spectrum as well as a rapid-
ly decaying correlation even though it does not possess a

A(t)=cos(wt)cos(w't) ,
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positive Liapunov exponent. The first case, on the other
hand, does possess a positive Liapunov exponent for ap-
propriately chosen initial conditions, as well as nonchaotic
dynamics for other initial conditions. These behaviors are
a consequence of the simple, linear feedback term, x, in
Eq. (4).

We will describe the behavior of both cases in three dis-
tinct situations: (1) wp=0 (and N =0 for case 1); (2)
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FIG. 2. (a) z trajectory, wo=0, A4 (t)=cos(wt)cos(w’t), 0=17711/28657, »'=4637/13313, A=S5, same initial conditions as in

Fig. 1. (b) FFT of the z trajectory, F(z). (c) Expanded scale for b.
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w70 (N =0 for case 1); and (3) w0 (N =1 for case 1).
In situation (1) both cases yield explicit integrals for the
solutions. The power spectra show well-defined peaks in
case (1) but an apparently continuous spectrum in case (2),
and the Liapunov exponents are zero. In situation (2),
both cases may be described by time-ordered exponential
solutions which cannot be rendered in any simpler form.
In case (1), the power spectrum still shows well-defined
peaks and the Liapunov exponent vanishes. In case (2) the
power spectrum appears continuous, a correlation shows
rapid decay, but the Liapunov exponent is zero. In situa-
tion (3), case (1) exhibits chaos, i.e., a positive Liapunov
exponent, for appropriate initial conditions. Case (2), on
the other hand, is the same as in situation (2). Greater de-
tail for each situation appears below.

Situation (1): wy=0 and N =0. This situation reduces
the problem to two variables, y and z. They satisfy the
equation
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which has the solution

A(t)=A(0)cos(wt)+ A (0)sin(wt) . 9

This expression is easily inserted into solution (7) and the
integrals are easily executed. In case (2), A4 (¢) is given by
(5), and insertion into solution (7) again leads to easily ex-
ecuted integrals. Thus, in each case we have explicit in-
tegral solutions. In Figs. 1 and 2, we show plots of z(z)
and its corresponding power spectrum for each case. The
Liapunov exponent in each case is zero, as can be deduced
analytically as well as numerically. In case (2) the power
spectrum appears continuous. For A (z) given by (5) with
incommensurate @ and o', the nonlinear combinations
created by the solution (7) create harmonic mixtures and
overtones in an apparently continuous manner.

Situation (2): wy%0 and N =0. Now we are back to a
three-variable problem. However, for case (1) the x-
feedback term has been eliminated and A (#) is again given

0 —1 by Eq. (9). In essence this makes case (1) equivalent to a
4y =2AA (1) 4 (6)  special case treated by Pomeau et al.’® in which the
dt |2 1 0 ]|z rescribed electromagnetic field is given by a pure tri-

p
ich has th 1 soluti gonometric function instead of by a product of two such
which has the general solution functions as in Eq. (5). In each case we know A4 () expli-
y( . 0 citly and can express Egs. (3a)—(3c) in the form
(1) | = | cos [2kfodsA(s)] 0 1
z d X 0 —®o 0 X
. 0 —1 $(0) P = | 0 —20A() | |y (10)
+sin (2 [las a4 ||} o || o] @ z) o 2240 0 |lz
In case (1), Eq. (4) becomes Because the coupling matrix does not commute with itself
. at unequal times, the solution to this equation must be ex-
A+a*4=0 (8) pressed in terms of a time-ordered exponential:®
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FIG. 2. (Continued).
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FIG. 3. (a) FFT for the z trajectory for Egs. (3a)—(3c), wo=1, 4 (t)=cos(wt)cos(w't), w=34/55, »'=34/89, A=S5, same initial
conditions as Fig. 1. (b) Expanded scale for a. The peaks identical by arrows are simple combinations of w and o', (Mw—Nw')/m,
to within £0.0005. From left to right, the values for (M,N) for each peak are: (—21,—34), (—8,—13), (26,42), (—16,—26),
(—3,-5), (—24,-39), (10,16), (—11,—18), (2,3), (—19,-31), (15,24), (—6,—10), (7,11), (—14,-23), (20,32), (—1,-2),
(—22,-36), (—9,—15), (4,6), (—17,—28), (17,27), (—4,—7), (—25,—41), (9,14), (—12,-20), (22,3), (1,1), (—=7,—12), (6,9),
(—15,-25), (—2,—4),(-23,-3), (11,17), (—10,—17).
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(1) 0 -—-o 0 (0) situation is identical with case (2) in the previous situa-
* t 0 * tion, we will only discuss case (1). Now it is impossible to
y) (= Z €xp f 0 ds |wp 0 —2)0A(s) y(0) |.  solve explicitly for A (¢) and one is forced to analyze a
z(1) 0 2AA(s) 0 z(0) five-variable system of coupled first-order equations

D

While this expression cannot be rendered in a simple, ex-
plicit, reduced form, it does not introduce sufficient com-
plexity to create chaos. In case (1), representative figures
for z(t) and its power spectrum are given by Figs. 1(a)
and 1(b) of Pomeau et al.> Well-defined peaks are seen
in the power spectrum. On the other hand, for case (2)
Figs. 2(a) and 2(b) of Pomeau et al.’ provide z(t) and its
power spectrum. Now, a continuous spectrum is again
seen; nevertheless, the Liapunov exponent in each case is
zero. Once again this may be demonstrated analytically
because Eq. (10) is linear and A (z) is independent of the
initial values for x, y, and z. Consequently, not only is
x24+y2+2z2 conserved, but (Ax)?+(Ay)*+(Az)? is also
conserved, that is, the norm of any tangent vector to the
flow is conserved. The numerical algorithm® for comput-
ing the Liapunov exponent will automatically yield zero
in such a situation.

We have studied in detail the origin of the apparently
continuous spectrum. Pomeau et al. used w=17711/
28657 and w’'=4637/13313 in their numerical computa-
tions. We have instead looked at a succession of Fibonac-
ci series ratios which exhibit the same behavior as seen by
Pomeau et al. when these ratios are comparable to the
values quoted above. Specifically, if 1,1,2,3,5,8,13,21, ...
are the Fibonacci numbers F,,F,,F;,F4,Fs, ..., respec-
tively, then we choose w=F,/F, ., and o'=F,/F, ,,.
Thus, F,,/F,3=17711/28657. However, an apparently
continuous spectrum can be obtained for w=Fq/Fy,
=34/55 and o'=Fy/F,;=34/89, as is shown in Fig.
3(a). We have enlarged the initial portion of this spec-
trum in Fig. 3(b) and have identified many of the peaks as
simple combinations of » and w’. The combination
340’ —2lw, ie., Fyo'—Fyw is particularly small (0.0069)
and its mixture with other combinations as well as its
overtones produces the apparently continuous character to
the spectrum. As the Fibonacci index n increases, a cor-
responding combination with the value
Q,=F,F,/F, ,—F,_|F,/F,,, appears and is even
smaller, e.g., for n =20 this difference is now 0.000035.
This value makes it a practical impossibility to enlarge the
spectrum enough to be able to see and identify the discrete
peaks which we have shown for n =9. As n— «, Q,—0
and the spectrum becomes truly continuous, correspond-
ing to a quasiperiodic trajectory.

Situation (3): wy#0 and N =1. Since case (2) in this

equivalent to Egs. (3a)—(3c) and (4):

xX=—ay , (12a)
y=wpx —2AA(t)z , (12b)
z=2AA(t)y , (12¢)
A=—wB , (129)
B=0Ad +2\x . (12¢)

We have studied this system extensively.* For special ini-
tial conditions [x(0)=y(0)=0, z(0)=1, A=0.5] a con-
tinuous power spectrum®* for z(t) is found as well as a
positive Liapunov exponent’%* (0.196). It is also possible
to choose a different set of initial conditions
[x(0)=z(0)=0, y(0)=1, A=0.05] such that nonchaotic
dynamics is observed, that is for which the Liapunov ex-
ponent vanishes ( <0.003). Our analysis* elucidated the
mechanism for this behavior in terms of a periodically
perturbed pendulum dynamics which is embedded in the
Bloch-Maxwell system. The pendulum dynamics is
known to be a generic source of chaos in classical systems,
as was shown by Chirikov.!® This pendulum mechanism
has its origin in the simple, linear x-feedback term in Eq.
(12e).

The Bloch-Maxwell system with a semiclassical radia-
tion field is on the borderline between chaotic and non-
chaotic dynamics. We have shown that diagnostic cri-
teria® for chaos such as a continuous power spectrum or a
rapidly decaying correlation are not definitive. Only the
positivity of the maximum Liapunov exponent confirms
bona fide chaos in a bounded, first-order differential,
phase flow. In the Bloch-Maxwell system, chaos is possi-
ble only if there is feedback on the radiation field. Other-
wise the system is at most ergodic. Even when chaos is
possible for certain initial conditions, it is also possible to
exhibit nonchaotic dynamics for different initial condi-
tions. Therefore, criteria based solely upon the structure
of the Hamiltonian or its eigenspectrum cannot be correct.
The Bloch-Maxwell system appears to be the minimal sys-
tem in which each of these distinctions may be demon-
strated.
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