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The statistical properties of a classical electromagnetic field in interaction with matter are investigated. To
this end a nonlinear extension of a model proposed elsewhere is studied by numerically solving the Newton-
Maxwell equations of motion. The time-average energy distribution of the electromagnetic normal modes is
also computed. It is shown that nonlinearity, no matter how large, does not completely destroy- the
dependence of the final energy distribution on initial conditions. One is therefore led to the conclusion that,
as far as one is concerned with electrodynamical systems of finite total energy, no statistical behavior is to
be expected. In particular, the Rayleigh-Jeans distribution law is not a general consequence of classical
physics. The dependence on initial conditions can be removed, however, by the introduction of white noise
delivering an infinite amount of energy to the radiation field. In this case equipartition of energy is reached,
but in accordance with an old conjecture by Jeans, this process takes place at a nonuniform rate, the energy

transfer being slower at higher frequencies.

I. INTRODUCTION

Since 1954 there has been renewed interest in
the ergodic problem of classical physics. The
main impulse to these studies was given by Fer-
mi’s numerical experiments on an anharmonic
one-dimensional chain of atoms' and by the analy-
tical results culminating in the celebrated theorem
by Kolmogorov, Arnold, and Moser on the perm-
anence of invariant tori in the phase space of inte-
grable systems under small perturbations.? In
particular, several systems of interacting par-
ticles have been extensively studied,®”!® in order to
check the traditional idea that such systems should
behave ergodically under any nonlinear perturba-
tion, no matter how small. The ultimate goal of
these investigations was to establish whether the
classical dynamics of an ideal crystal necessarily
entails equipartition of energy together with its
troublesome consequences (e.g., temperature-in-
dependent specific heats).

As a matter of fact, according to the numerical
experiments hitherto performed, a fairly large
set of invariant surfaces seems to persist in phase
space at least at sufficiently low excitation ener-
gies, thus precluding ergodicity. Whether these
facts have any relevant influence on the thermody-
namics of macroscopic systems still remains an
open question.

On the other hand, the point perhaps most criti-
cal in classical statistical physics, namely, the
problem of black-body radiation, has not yet been
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reconsidered on similar grounds. Indeed, the
problem of building the statistical mechanics of a
system of charges interacting with a radiation field
inside a cavity exhibits as an essential feature in-
definitely many degrees of freedom. In the phase
space of such a system there is no invariant mea-
sure at hand by means of which to define a micro-
canonical ensemble. Even the usual notion of er-
godicity, which is an essential tool in the finite
dimensional case, cannot be transferred to this
problem. It is very doubtful, therefore, that the
equipartition theorem is a necessary consequence
of a statistical theory built on purely classical
grounds. On the other hand, one could request er-
godicity in the restricted sense that time averages
should be to some extent independent of the initial
conditions, since this would be enough to justify
statistical methods. Should this be the case, at
least in a suitable range of energies, then the
problem could be posed, whether equipartition or
another distribution law follows.

The free electromagnetic field inside a perfectly
reflecting box wall is a linear system: it possesses
a spectrum of proper vibrations, the so-called
normal modes of the cavity, each of which repre-
sents an independent degree of freedom. There-
fore, it obviously cannot exhibit ergodicity in the
above sense, since the initial conditions are not
wiped out in the course of the system motion.
Some mechanism of energy exchange between the
normal modes is needed in order to bring about
statistical behavior. One might, therefore, consi-
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der a cavity inside which a number of charged par-
ticles interact with their own radiation field. For-
midable difficulties, however, arise in describing
this interaction, which can only be circumvented
by setting up simplified models amenable to effec-
tive computations.

In the present paper, we study a model'” which,
though extremely simplified, still retains one es-
sential feature: it provides a nonlinear interaction
between the normal modes of the field. In Sec. II,
the model is described and discussed; in Sec. III
the linear case is analytically solved. The numer-
ical results referring to the nonlinear case are
presented in Sec. IV. Section V is devoted to a
stochastic generalization of the model. Finally,
discussion of the results and concluding remarks
are contained in Sec. VI and VII.

II. DISCUSSION OF THE MODEL

We consider a uniformly charged infinite plane
moving vertically in the z-y plane of a fixed ref-
erence frame. The plane is situated midway be-
tween two perfectly reflecting plane mirrors a dis-
tance 2/ apart, and is subject to an external re-
storing force per unit area F(z), where z is the
displacement from the equilibrium position.

The relevant equations of motion in Gaussian un-
its are easily found to be'”
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where A is the z component of the vector potential,
Z is the volocity, o and m are the charge and mass
densities of the oscillating plane, and 6(x) is the
Dirac delta function. The boundary conditions on
the surfaces of the mirrors can be satisfied, with-
out loss of generality, by imposing that

A(l, ) =A(-L, 1) =0. (3)

Equations (1) and (2) are obtained on the assump-
tion that

AT, 0)=F(x), 3A,(T,0)/0t=g (x). (4)

With initial conditions (4) the model is one dimen-

sional, since at any later time A will be a function
of x,¢ only. The basic objection that can be

raised against the physical significance of the
‘model is that the Lorentz force, being counter-
balanced by the constraints, does not play any
role. This situation is of course common to every
one-dimensional model; in particular one should
note that even in Planck’s model the motion of a
harmonic oscillator in a radiation field was stud-
ied by means of an energy balance without taking
into account the Lorentz force. On the other hand,

as can be seen from Eqgs. (B1), our model provides
a nonlinear interaction between the normal modes
of the field. Let us now put Eqgs. (1) and (2) into a
form more suitable to numerical integration.
Expanding the functions f(x), g(x) defined in (4)
into Fourier series in the interval (~/, /) we get

f(x) =Za,, sinf w,(x +2)/¢],
(5)

g(x) =Z: b},1 sinfw,(x +2)/c],

where the w, =mcn /2l are the angular frequencies
of the unperturbed normal modes of the “cavity.”
Thus, the general integral A%(x, #) of the homoge-
neous equation
9%4° 1 9%4°
ax? ~c? i

=0 (6)

satisfying the initial and boundary conditions can
be written as follows:

bﬂ
wn

A%x, )=y <a,, cos(w,?) +—= sin(w, t))

X sin<f)ci(x+l)> . (7

Equation (1) can be written in the integral form

A(x, ) =A%x, t)+2170ftz'(t- DH(cr, |x])dr,  (8)
1]

with
H(er, |x]) = 6(cT= |x]) +Y (=1 {6[cT - (21n - |x])]

+6lcT—(2In+|x|)]},

where 0 is the Heaviside step function. From Eq.
(8) one gets

BA(0, 5 8A%0, t)
ot ot

x i 2 -1z <t——2£—n>9(t —%ﬁﬂ ,

(9)
and, substituting Eq. (9) into Eq. (2), one obtains

g A0, 1) + 2702
c at c

x [z'(t) +2‘L_:(—1)"9<t—gglﬁ>~é <t“ z_:l:ﬁﬂ

. (10)
Thus the solution to Eqs. (1) and(2) reducesto the
solution of the simpler Eq. (10). Actually the sum
on the right-hand side of Eq. (10) involves, at any
time, a finite number of terms. This feature

+270

mz=F(z) -
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makes the present model particularly simple to
numerically analyze.

Indeed if one defines the sequence of functions in
the interval (0, 7=21/c)

z (t-j7)=2(t) with jT<ts<(j+1)7,

j=0,1,..., (11)
then Eq. (10) is equivalent to the following sequence
of equations:

. 2702, o A%t +jT
m,+ F(g) == [zj(t)+8j(t)]———c—____%.t_il

(0stsT), (12a)

S, =0, (12b)
Si+1( )= '2éj( )= Sj( f). (12¢)

This system of ordinary differential equations can
be solved recursively.

III. LINEAR CASE

Despite the fact that the physically significant
case is the nonlinear one, the linear case, in
which F(z) = -mw}z, deserves some attention since
it is analytically integrable and may provide a use-
ful test of the accuracy of numerical computations.

In this case the term —(0/¢)2A%0, {)/3¢ repre-
sents an arbitrary driving force, whose effect
superimposes linearly to the solution of the equa-
tions. Therefore, this term may be dropped with-
out loss of physical generality.

Then the system of Egs. (1) and (2) can be solved
(through lengthy calculations relegated to Appendix
A) by means of Laplace transforms. One finds

z(t) =E zXcos(wkt+&F)
n
zx=C/D,

where

C=2(v2 +z(2]wg/w,’,"2)1/2 s

2 *2 2 2 *2 \2
W2 - W, l W2 -w
D:Zw*.{_.—_ﬁ___".—.'. w*[1+ -0 n_

n (A):f Y n ’)/2C2 Q),’f ’

* .
£x =arctan<— “n % ) ) (13)

2005(V5 + 2w/ W)

where y=27l02/mc? and w} are the angular fre-
quencies of the normal modes of the system
charged plane plus field and are given by the solu-
tions of

tan(w*2/¢) =(1/ye)(wh - w*?) /w*. (14)

v, and 2z, are the initial velocity and the initial dis-
placement, respectively, of the plane.
Solution (13) describes a quasiperiodic motion of

the system, resulting from the superposition of
oscillations of frequencies w}. One can easily
verify (see Appendix B) that these frequencies are
associated with stationary solutions of the prob-
lem of the form

Un =An sin[w,’,*( le-l)/C]. (15)

The u, can be thought of as the “normal modes” of
the total system charges plus field. To each u, is
associated an independent constant of the motion.-
One sees therefore that under a linear interaction
the constants of the motion are not destroyed but
merely transformed into new constants. The ex-
change of energy introduced by linear interaction
cannot yield the desired statistical properties, and
one is thus led to consider a nonlinear interaction.

IV. THE NONLINEAR CASE

Let us consider now the physically more inter-
esting case when F(z) is nonlinear, e.g.,

F(2)=-mwlz — az® .- (16)

The equations of motion are now no longer analyti-
cally solvable. A numerical approach is however
possible relying upon Eq. (12).

Note that once initial conditions are specified,
A%(x, t) and therefore 8A°(0, #)8¢ can be analytically
computed from Eq. (7). In the actual computations
Eq. (12a) was integrated in each interval

(j=0,1,...)

by means of a standard four-step Runge-Kutta
method, the values of S; being determined recurs-
ively from Eqgs. (12b) and (12¢). As for the distri-
bution of energy among the field normal modes, no-
tice (Appendix B) that the interacting (odd) modes
obey the equation

i, + wia, =2(n/1)'/%0% . (17)

jTsts@+)r7

From this, letting
£, =a, +iw,a,, (18)
one easily finds

£,(1) =e‘wn'[ fo t z(%) 1/2oée—*’wn8ds + gn(oﬂ . (19)

The time-average energy of the zth normal mode
is, therefore,

T
(E,) =lim —— f le(DFdt. _ (20)
Once Z has been computed as explained above one
can compute a certain number of average normal-
mode energies by numerical integration of Eq.
(17). '

As is shown in Appendix C, for the linear case
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(@ =0) the time-average normal-mode energies can
be analytically evaluated. This circumstance pro-
vided us a supplementary useful tool to check the
accuracy of our numerical computations. We nu-
merically integrated our system for different val-
ues of @ and B=270%c and for different initial ex-
citations, while some of the parameters have been
held fixed throughout all the computations; namely,
we choose'®

l=7m, m=1, c=1, w,=5.

The numercial integration was carried on until
stabilization of time-average quantities was
reached.'®

One should make sure that the energy redistribu-
tion produced by the nonlinearity alone does not
involve a time scale far exceeding that involved in
the linear case. A useful test would be the initial
excitation of a normal mode of the linear system.
One might use to this end the Fourier coefficients
of an eigenstate w,x (Appendix B) to find A%, #)
from Eq. (7). A more convenient procedure con-
sists in the excitationofthe (2% + 1) — sfunperturbed
normal mode, which differs (in energy) from
WX .\ by o(1/x?). A typical result is shown in
Fig. 1 which represents the time-average energy of
the mechanical oscillator. The upper part of the
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FIG. 1. Time-average energy of the mechanical os-
cillator as a function of time. Here, f=1, @ =10, and
total energy E=1. The upper part of the graph cor-
responds to the initial excitation of the fifth unperturbed
normal mode. The lower part corresponds to the initial
excitation of the 99th unperturbed normal mode.

figure corresponds to the initial excitation of the
fifth unperturbed normal mode while the lower part
corresponds to the initial excitation of the 99th un-
perturbed normal mode. In the latter case the dif-
ference in energy from the 99th perturbed normal
mode is ~1073 times the total energy involved.
Comparison of the two transients in Fig. 1 leads to
think that the two time-scales are of the same or-
der of magnitude.

In each run we computed the time-average energy
of a limited number of normal modes, and typical
results are shown in Figs. 2-5. Figure 2 refers
to the linear case for three different values of B.
Initially, the total energy is given to the charged
plane. Note that only a smallnumber of normal
modes close to the proper frequency of the me-
chanical oscillator are significantly excited. This
number,however,aswell as the energy transferred
from the charged plane to the field, increases
with the charge of the oscillator.

The curves of Fig. 2 were obtained both by inte-
gration of the equations of motion and by use of

Pt P Y,
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FIG. 2. Typical linear case (@ =0). Here, the total
energy is E =1 and initially only the mechanical oscilla-
tor is excited. Full line, 8=0.1; dashed line, 8 =1;
dotted line, B =70. The energy transfer to the field
grows with S.



(EK)

51

FIG. 3. Few typical nonlinear cases with g=1. a =1,
full line; o =10, dashed line; @ =100, dotted line. The
total energy E =12.5 was initially given to the mechanical
oscillator. Inthe three cases the average mechanical
energy was 2.52, 2.86, and 1.4, respectively.

formula (C2). The agreement of the results con-
firms the accuracy of our numerical computations.

No dramatic changes appear when the nonlinear-
ity is introduced. The only relevant fact, as is
shown in Fig. 3, is that when @ increases a grow-
ing number of modes to the right of w, are signi-
ficantly excited. The explanation of this fact is
given in Sec. VII.

Figures 4 and 5 refer to the case when one nor-
mal mode is initially excited besides the mechani-
cal oscillator. Note that the exchange of energy is
larger when the frequency of the initially excited
mode is close to the proper frequency of the me-
chanical oscillator. It is also apparent that by in-
creasing a or 8 a relevant exchange of energy
takes place among an increasing number of modes.
Nevertheless, in no case is the exchange of energy
large enough to destroy the dependence on the ini-
tial conditions.

V. STOCHASTIC CASE

For the sake of completeness we summarize
here some results which will be presented in full

16 STATISTICAL PROPERTIES OF A ONE-DIMENSIONAL... 1241
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FIG. 4. Nonlinear case with =1, @ =10, and total
energy E=1. The mechanical oscillator was given
initially an energy of 0.3 units. Full line: mode 1
initially excited; dashed line: mode 13 initially excited.
The average mechanical energies were 0.07 and 0.02,
respectively.
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FIG. 5. Nonlinear case with 8=200, @ =200, and total
energy E =1. Initial mechanical energy was 0.3. The
full, dashed, and dotted lines correspond to initial exci-
tation of modes 1, 17, and 23, respectively. In the three
cases the average mechanical energies were 0.13, 0.02,
and 0.01, respectively.
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detail elsewhere.'® It is apparent that the mechan-
ical oscillator behaves too regularly to bring about
any statistical effect. It is interesting therefore
to investigate the opposite case, when a random
force affects the oscillator. We choose a random
force

F(z, ) ==ymz +(2ymp~Y)n(¢), (21)

where v is a friction coefficient, 7' =KT, T being
the absolute temperature of a gas whose interaction
with the oscillator is supposed to account for the
random force, and 7(f) is Gaussian white noise.
When the electromagnetic force is removed from
(2), one recovers the familiar Langevin equation.

The stochastic model so obtained exhibits a num-
ber of rather unphysical features, e.g., the as-
sumption that the statistics of the gas undergoes no
change under the interaction with the oscillator,
and the presence of equally represented frequen-
cies, no matter how high, in the power spectrum
of n(#).

These weaknesses cannot be neglected as they
crucially affect the final results. A Fourier ex-
pansion performed on Eqs. (1) and (2) yields the
system

Cont1 ™ Wans1Cons2s

€ onta = =Wons 1Conyy +2(2/ml)1/2ﬁ000, r=1,2,... ,

. 2 1/2 =

G = —yco - <’;}7> OE Consg + 617( t) > (22)
[

where C,,,, is (2lm™)/?w,,,, times the Fourier
coefficient of A(x) corresponding to the eigenfunc-
tion (27)™*/2 exp(iWyny, ¥/€), Conyp iS defined by the
first equation, and ¢,=2. The linear system (22)
can be diagonalized by a linear transformation,
similar to the one of Appendix B from the variables
¢, to new variables K,; the resulting equations are

K, = QK +An(), n=0,1,2,..., (23)

where the A,’s are coefficients arising from the
diagonalizing transformation, and §, are the ei-
genvalues. The system (23) can now be solved by

K, (8) = h, exp(§,0) + A, f‘ explQ(t-w)dw(u), (24)

where %, are the nonrandom initial conditions, and
W(?) is the stochastic Wiener’s process [whose
formal derivative is the white-noise process 7(#)].
Finally, from Eq. (24) one can compute the time-
average energy (E,,. ) of the odd interacting
modes. One finds

(Epns 1> =2KT +0(0%). (25)

The seemingly paradoxical result that (E,,,,) does
not vanish for 0 =0 is accounted for by the fact that

the time averages tend to their limits for T -
nonuniformly with respect to 0. Moreover, aver-
aging over a finite time interval { yields

Lim(E,,, (8 =0,

>
however large { may be. Again this is due to non-
uniformity of the limit for ¢~ with respect to 7.'°
This circumstance rules out effective statistical
equilibrium. .

Indeed, relaxation of (E,,,,) to its limit, as well
as the decay of its dependence on 4,,,,, is scaled
by relaxation times 1/ReQ=0(n?). Therefore one
cannot find a time ¢ large enough for the time av-
erage up to time ¢ of all the E,,,,’s to approximate
their limiting values within a prescribed range of
accuracy, or their dependence on the initial condi-
tions to have reduced under a prescribed amount.

V1. DISCUSSION OF THE RESULTS

Numerical experiments indicate that the depen-
dence of the spectrum on initial conditions is
weakened but not destroyed by an increase in one
or more of the parameters: charge, anharmoni-
city, energy. These results can be explained,
qualitatively at least, in a relatively simple way.

In the linear (harmonic) case, the spectrum is
peaked in correspondence to the normal frequency
closest to the proper frequency of the mechanical
oscillator. In other words the oscillator gives up
appreciable energy only to those normal (unper-
turbed) modes whose frequencies are close to its
own.

In order to understand this behavior in the an-
harmonic case let us notice that an oscillator of
energy E obeying the equation

¥ =-wlx— ax? (26)

will have a period given by
2m
T=f (w? +4Eaw™cos'e) ™ 2dy. 27
0

The elliptic integral (27) can be approximated by
T=7V2 (Gw*+Ea)™t/4, (28)

On the other hand, when the oscillator interacts
with the field, formula (28), where E is now under-
stood as total energy, will presumably provide an
upper bound for the range of frequencies swept by
the oscillator in the course of its motion.

It is presumably in this range that effective en-
ergy interchange between the electromagnetic and
the mechanical degrees of freedom occurs. There-
fore, in view of formula (28), one expects the
highest frequencies of the cavity to be only slightly
affected by the charged oscillator both in the linear
and the nonlinear case.



16 STATISTICAL PROPERTIES OF A ONE-DIMENSIONAL... 1243

Should this interpretation be correct, then any
increase in the product Ea will not alter the basic
qualitative feature of the phenomena.

When a stochastic perturbation is added, an er-
godic behavior arises. However, the limiting val-
ues of the time averages are not uniformly ap-
proached; therefore no actual macroscopic obser-
vation will detect a significant excitation of the
highest normal modes. This fact is not a variance
with our numerical results since ergodicity is only
obtained at the cost of introducing unphysical ele-
ments in the model. To summarize, when finite
energies are involved one cannot expect any ten-
dency towards statistical equilibrium. One pos-
sible picture to explain our results can be bor-
rowed from the behavior of quasi-integrable finite
systems®®: namely, only those modes whose initial
energy is beyond some critical threshold will ef-
fectively exchange energy. In our case, therefore,
only a finite number of modes will take part in
the energy diffusion process.

On the other hand, when an infinite amount of
energy is available to the system a tendency to-
wards equipartition of energy appears, even though
a real equilibrium state is never reached.

VIL. CONCLUDING REMARKS

Finally, we want to speculate somewhat about
the bearing of the above results on the general
problem of equilibrium between charges and field.

It was seen that the main feature giving rise to
the resonant and therefore nonergodic behavior of
the model is that there is just one mechanical de-
gree of freedom whose frequency band superim-
poses to a limited number of field frequencies.

Now note that, quite generally, interaction
among field normal modes only takes place in~
directly via interaction with one or more mechani-
cal degrees of freedom. One is therefore led to
conjecture that the bandwidth of electromagnetic
frequencies effectively taking part in the energy
sharing will depend on the bandwidth of frequen-

2
52

A(0, s) = [Af’(o, s)+

Substituting (A3)-(A5) into (A1),

A(x,s)=A%x, s) +270 [é— (vo +;_1—Zc_f (0) - wgz(s)>——r£—c—1§°(0, s)]

Substituting (A5) into (A3) one obtains

mc c

é(s) =l:zo<s + 2mo? tanh sl> +7, +7n??f (O)—%A"(O,s)]

Finally, (A6) becomes

i (% +% £(0) - wgz(s)> tanh =

cies occurring in the mechanical motion and will
therefore remain limited as far as the motion re-
mains nonsingular.

In view of the above considerations, we are in-
clined to think that our results are more a conse-
quence of classical electrodynamics than of the
very special structure of our model.
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APPENDIX A: SOLUTION OF EQUATION (8)

Equation (8) can be solved by means of Laplace
transforms. If §(x,s) indicates the L transform of
a function g(x, #), we have

A(x,s) =A%x, s) +2102(s)H (cs, |x]), (A1)
where s=17+iw is the complex parameter of the
L transform.
From Eq. (2) one obtains
t
=0 =o (A0, D= F O] - [ Andr, (ag)
where f(0) =A(0, 0). It follows that
g(s):sé(s) - 2(0)
=0y /s = (0/mO)A(0, s) = £(0)/s] - wi3(s)/s .
(A3)

The L transform of H(c, |x]) is

H(cs,|x|) = m}}Ts—ﬁF) sinh(%(l - lxl)) . (A9)

If we put x=0 in Eq. (A1), we obtain

][1 21{021: hsl ]'1
+ p anh — : (A5)

mcecs C

sinh[(s/c)( = |x])]
s cosh(sl/c) + (2m0%mc) sinh(sl/c)

(A6)

1
s? + w? +(270% /mc)s tanh(sl/c)

(A7)
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- %o o Wz, O & sinh[(s/c)(I - |x])]
Ax, 8) =A%x, 5) +210 <U° * mcf(o) s -EE-A (0, s)) cosh(sI/0)[s” + w? +(2m0% /mc)s tanh(sl/c)] * (A8)

The right-hand side of Eq. (A7) has only simple poles *iw},,, situated on the imaginary axis. They
are solutions of the equation

tan(w* /c) =[(w? - w*?)/w*]l/y c, (A9)
where
v=2ml0%/mc?.

From Eq. (A7) we obtain

yc w*l yw* ~1
f= *4——tan —— +——
z(1t) ;[Zw + tan - +cosz(w*l/0)]

20w*
mc

¥
X [2zo<w* + —Z—c—tan “)Tl> cosw*t+2 (vo +—’~n(Lc—f (O)> sinw*f{—

t
7 j; A%, 7) cosw*(t=17) dr] .

(A10)
From Eq. (A8) we obtain

cos(w*t)

o o 2 sinf(w*/)(I = [x])]
Alx, 1) =A%x, §) +2m0 <U° +Wf(0)> ; 2w* +(yc/l) tan(w*1/c) + yw*/cos*(w*1/c)

) 2 sin[ w*/c)(l = |x|)]sin(w*t)
- 2170“0220;; w* cos(w*/c)[2w* +(yc/l) tan(w*l /c) +yw*/cos®(w*l/c)]

2702 2 sin[(w*/c)(l - |x])] ‘o *
~ mec ; 2w* +(yc/l) tan(w*l/c) +yw*/cos?(w*l/c) fo A%0, 1) cos[wX(t = 7)]d7,

(A11)

and finally,

o 2 sinf(w*/c(l = |x])]
Alx, ) =A%x, ) +2Wﬁ: 2w* +(yc/l) tan(w*l/c) +yw*/cos®(w*l/c)

o 1 . o rt
X [(vo +;¢?f(o)> cosw*t — wﬁzow—* s1nw*t——m—ej; A%0, 7) cos[w*(t - -r)]dr] . (A12)
It may be observed that the following relation is valid:

ftA"(O, 7) cos[ w*(¢— 7)] dr=i —(ﬂn—-—{bznﬂ cos(w*t) - w*a,,, , sin(w*!)
(o]

2 *2
n=0 Wan+1 — @

= D311 COS(Wans 1 &) + By Won sy SIN(Wopy ). (A13)
r
APPENDIX B Lagrangian L, as a function of the variables a,, 4,
reads

Equations (1) and (2) can be deduced from the
Lagrangian 1

1 n, 2,2
8mc? Z(—l) Wnln = 5rc?

L=3m#* - U(2) ao
xZ(-—l)"(ifﬁ——é—z’Zan +%mz’2 -U.

+f'dx[ 1 (aA 2 1 (8A>2 % 52
I 0 R S .
- 8nc® at) 8w \dx ¢ ] ’ We find the kinetic moments
U(z) being the potential of F(z). Let us perform oL . G, _8dL . ao~~
the Fourier expansion Pn= ad,,_'(' Viiger» Pz mirg 2 Ons
- tw,x where primed sums extend over odd values of n
A= x
“Z;a" exp( c ) ? only. The Hamiltonian is then

_ - - 1

where a=(21)"'/2. We have to assume @,=@a_, (the H=-27c2y " (=1)"p% - WE(—I)"Q)?,“?,

bar denotes complex conjugacy) in order for A to

be real. The boundary conditions are satisfied 1 oo Z' 2 U
putting Rea, =0 for even n, Ima, =0 for odd n. The * 2m P c ) +U(Z).
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The Hamiltonian equations of the motion are

&n = —41{02(—1)"[)" ’

’

z=i<p+9£2 a,,), (B1)

m C
. 1 .
ba= gz -1V wha, - (1= (-] 22,
i):aU/aZ .

Normal modes with even n do not interact with the

charged plane, and will henceforth be disregarded.

We take U = -3mw3z? and go over to adimensional

variables x,,y,,#=0,1,2, ... defined as follows:
27\ /2 Wy op

Yo=bo/V2me, x,=2/w,cV2
Then, system (Bl) becomes

Xn=Wansy Yn s
w
¢, = +2w€ ) Wit X
Xo = Wo Yo 0 2n+1%n 5
S

. 1.
Yn= —Wons 1 Xy — €Wy Xg,

Yo = =weX, -
States of finite total energy are described by real
sequences

"yo’yl""yn?“')

such that mc®2; (x2 +y2)< +=, i.e., by vectors in
the Hilbert space H of such sequences. This Hil-
bert space is the direct sum of the space H, of
“configurational” sequences (xy, %), ..., %Xy, .- -)
and of the space H, of “momentum” sequences
(Yo Vs ++-3¥n,--.). Thus system (B2) describes
the evolution of vectors in H =H,®H,.

We may look for eigenvectors of the linear sys-
tem (B2), once its phase space is so enlarged, as
to allow for complex values of the x,,y,’s. Then
the components of an eigenvector corresponding
to the eigenvalue Q solve the system

(Xgy Xys ey Xps oo

QX =Wy Yn»
X0 =Wy Yo + 2‘*’052"11 Wane1 5
_ -1
QYp = —Wyny 1 Xn — €EWg X,
QY= =weX, -
From the third equation, we get
Zx wil | = —ex Qwt i——l—-——
n*“an+l 0 (4] 2 2
§ 5780 + Wonyy

_ tlex, tan ilQ
dcw, c

(the sum is readily evaluated by means of the
residue theorem).  Upon substitution into the sec-
ond equation we get the eigenvalue equation

. mo® ilQ  Q°+w?
i —tan—— = ——2,
mc c Q
This equation has a sequence of imaginary roots

tiw¥% . To each eigenvalue © is associated an
eigenvector of the form

—€Q2W,p4,1%0
T, 2
wWol®® +w5nyy)

 —eQx, >

U=\ KXoy Xn = n= T, 2
( Wo(Q% + Winyy)

(B3)

ug may be normalized by suitably choosing x,,.

It can be shown that the vectors u, form a basis
in H, regarding them as the result of a perturba-
tion, scaled by o, operated on a suitable complete
orthonormal set.'® A much more suitable basis

is obtained, introducing the vectors

Vyx = (1/20%) (U x +2_j %),
Wy = (1/21)(u;w* _u—iw*)‘

Inspection of (B3) shows that the w +’s alone
form a basis for H,, while the v,%’s form a basis
for H,. Thus the equation of motion (B2) can be
solved, expanding the initial configuration on the
basis w s with the coefficients p(w*) [w(w*) coin-
cide, apart from scale factors, with the coef-
ficients of (z,a,,a,, ...) on the basis v, ] then the
initial momenta on the basis v, with the coef-
ficients v(w*) and finally solving the equations of
the harmonic oscillator,

Hw*) =v(w*), D(w¥)=-w*u(w*),

with the initial conditions thus found. It is apparent
that the variables p(w*) play the role of normal
coordinates. Insofar as the field variables are
involved, the vector v, « describes an excitation

of the type

Aw*(x)~sin<_“:‘fﬂ"?|:_l_)>,

as may be checked by means of a Fourier trans-
form. The frequencies w¥,,, tend, in the limit
n— o, tothe frequencies w,,,, of the free cavity.
This is most easily seen by graphical solution of
Eq. (14). The corresponding (normalized) eigen-
vectors wex tend, in the norm of H, to the un-
perturbed eigenvectors [1/(21)V/2]e'2n+1x=¢,, ..
In fact,

wa.* =1 |?=2(1 - Re (onrilwex )
2n+1 2n+1
=o(1/n?).

[We used Eq. (B3) properly normalized, to eval-
uate the Hilbertian scalar product.]
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APPENDIX C

The energy which one finds for kth unperturbed
normal mode (initially not excited) at time ¢_is
given by

We shall now evaluate the time average of E,(¢)
expressing z as the sum of a uniformly conver-
gent series

z(t) = Z a,sin(w}t+a,) .
n=0

2112(:202 t . . 2
Bu)= 5| [ s emp(-iay)as| . (©) g g
, .
L e | J'T cosa, —cos[(wF+wy)t+a,] cosa,-cos[(wF — w,)t+a,]\]?
<Ek> - 2 il_’rri_’ A [Za"< w;‘.},wk * w,’}‘ - Wy ] at

27c?0? 1 (7 <sin[(w* - wp)t +a, |- sina
4 lim — n R n n _
e 2 G

Tsw

sin[(w¥ + w,)t + a,] = sina, \ |2
: dt .
Wk +wg

The time average can be evaluated term by term, thanks to uniform convergence, thus finding, after cum-

bersome calculations,

+
o (W = wg)? (Wi + w,)?

. m*c%o? 1 1
(Ep) = _az_z a; <

N n2c?o? Z aa wiw¥ +wi
2 rs 2 2
o £ (w3 - wp)(w}* - w})

In the derivation of (C2) an essential role is played
by the assumption that

WFtwF+ 2w, (C3)

whatever k, s,» may be with s#7 and % an odd
number. This is easily verified, since there is
one, and only one, root of the Eq. (A9) in every
interval (Wyn, s Wonss). We call this root w} and
form the differences

€n:w: = Wans1s

which are the roots of the equation

cos’a, - sin’a,
Wi - W}

cos(a, — a )+ 12—0—20—2 a,a wfwE - wh cos(a, +ay)
T a? ; T (wE - W W - wh) T
(C2)
f
€l Cowiea?
—cot?=F(e + Wonye1); F(x)=——9—x——- —67

in the interval (-w,, +w,).

Monotonicity of F(x) implies that the €,’s form
a monotonically decreasing sequence. Then (C3) is
equivalent to

€s+€r¢2wk+r-s; . (C4)

€ — €, # 2("’k«-r—s -1

which are true since €,<w, .
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