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Evolution of an electromagnetic field in the presence of a mobile membrane
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We consider a one-dimensional cavity composed of two perfect, fixed mirrors and a mobile membrane in
between. Assuming that the membrane starts to move from rest and that the membrane moves appreciably in
a time scale much larger than the time scale in which the cavity electromagnetic field evolves appreciably,
we derive simple analytic formulas that describe to good approximation the evolution of the field and that
provide an intuitive physical picture. These formulas take into account the position, velocity, and acceleration of
the membrane and are valid for arbitrarily large displacements of the membrane along the cavity axis. Also, we
deduce the conditions under which the field can be described to good approximation by a single instantaneous

mode.
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I. INTRODUCTION

Optomechanics studies systems composed of a mechan-
ical oscillator, such as a mobile mirror or membrane, and
an electromagnetic field interacting by means of radiation
pressure or thermal forces [1]. Some of the main attractions
of this area come from the facts that it provides systems
that can interact with other quantum systems such as cold
atoms [2], that can serve as microwave-to-optical converters
in quantum information networks [3], and that are very
promising for studying the quantum physics of macroscopic
objects [1]. In order to do the latter, one needs to create
and manipulate quantum states of motion in the mechanical
oscillator. In particular, the mechanical oscillator has already
been prepared in its quantum ground state of motion in various
optomechanical systems by either cryogenic cooling [4-6]
or laser cooling using cavity fields [7,8], and it has also
been prepared in a squeezed state [9—11]. Moreover, some
experimental setups have demonstrated single-phonon control
in the mechanical oscillator using a superconducting qubit
[4], nonclassical correlations with longer lifetimes between
single photons and phonons from the mechanical oscillator
[6], the generation of entanglement between a microwave
field and a mechanical oscillator [12], and the generation
of quantum squeezed states of light [13,14]. Some of the
technical difficulties of these experiments consist in the
production of quantum states with sufficiently long lifetimes
and that they operate at very low temperatures. The situation
is now more encouraging because mechanical resonators for
optomechanics that may allow studies in the quantum regime
and at room temperature have recently been developed [15].

Optomechanical systems are usually described in terms of a
harmonic oscillator model [1] where the mechanical oscillator
can only have small displacements around an equilibrium
position. Nevertheless, there are works that go beyond this and
describe other physical phenomena arising from coupling the
electromagnetic field with the motional degrees of freedom
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of the mechanical oscillator; see [16-23] and references
therein. In particular, [18] develops a scattering theory that
allows the description of a pointlike scatterer (e.g., an atom
or mobile mirror with infinitesimal thickness) coupled to
the electromagnetic field through radiation pressure, while
[19] presents a model from first principles to describe a
mobile mirror with nonzero thickness interacting with the
electromagnetic field. In this article we use the model of [19]
to describe a one-dimensional cavity composed of two perfect,
fixed mirrors and a mobile membrane with nonzero thickness
in between. This setup is frequently referred to in the literature
as the membrane-in-the-middle optomechanical setup [24]. In
fact, it is one of the paradigmatic optomechanical systems
because it has been noted to combine good properties of the
cavity (e.g., highly reflective mirrors) with good properties of
the mechanical oscillator (e.g., a very thin, light membrane that
can be moved easily by radiation pressure). The objective of
this work is to determine how the cavity electromagnetic field
evolves in the presence of the mobile membrane. This has the
purpose of improving and extending the understanding of the
electromagnetic field in the presence of moving boundaries.
In particular, the work uses a model deduced from first
principles, where the membrane is not restricted to small
deviations around an equilibrium position. Furthermore, we
establish how, why, and when the electromagnetic field follows
adiabatically a single cavity mode, and we deduce and give
a physical picture of how and why other cavity modes are
excited. Moreover, we obtain simple analytic formulas that
describe the cavity field to good approximation and that
provide physical insight to its evolution. We note that some
results were presented without giving any proofs in the
conference [22].

The article is organized as follows. In Sec. I we present
the physical system under consideration and we establish the
equation governing the evolution of the electromagnetic field.
It is a wave equation modified by terms that arise from the
fact that the membrane’s properties are altered when it is in
motion. In Sec. III we review the evolution of the field when
the membrane is fixed and, in particular, we introduce the
modes of the cavity. In Secs. IV and V we determine to good
approximation the evolution of the field when the membrane
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FIG. 1. Schematic representation of the system under considera-
tion. The outer slabs are the perfect, fixed mirrors of the cavity, while
the slab in the middle is the membrane. The interior of the cavity
goes from x = 0 to x = L, where the boundaries of the mirrors are
located. The midpoint of the membrane along the x axis at time 7 is
q(t) and the membrane has thickness §,. The y axis points into the

page.

can move and when only one mode is initially excited. In
Sec. VI we extend the results to the case of several initially
excited modes. Finally, a summary and the conclusions are
given in Sec. VIIL.

II. THE MODEL

We consider a one-dimensional cavity composed of two
perfect, fixed mirrors and a mobile membrane in between;
see Fig. 1. Here we are assuming that the mirrors and the
membrane are slabs of infinite length and width that are parallel
to each other and that there is vacuum between the membrane
and the mirrors. This system is frequently referred to in
the literature as the membrane-in-the-middle optomechanical
setup [24]. To describe, it we consider a coordinate system
such that the x axis is perpendicular to the faces of the mirrors
and the membrane, the interior of the cavity extends from
x =0 to x = L, where the boundaries of the perfect mirrors
are located and the midpoint of the membrane along the x
axis at time ¢ is denoted by ¢(¢); see Fig. 1. In the rest of
the article we refer to g(¢) as the position of the membrane
and we assume that the membrane is a linear, isotropic,
nonmagnetizable, nonconducting, and uncharged dielectric
of thickness 8, when it is at rest. Moreover, the electric
susceptibility of the membrane is denoted by x[x — g(¢)] and
we assume that it is piecewise continuous with a piecewise
continuous derivative, non-negative and that it vanishes outside
of the membrane, that is, we assume that

Xl —q@O1 =0 if |x — ()] > %" (1)
We emphasize that the membrane is free to move throughout
the interior of the cavity, but only along the x axis. In particular,
the membrane is not restricted to small displacements around
an equilibrium position. The motion can be due to an external
agent or to the radiation pressure exerted by an electromagnetic
field inside the cavity.
Inside the cavity there is an electromagnetic field and we
use Gaussian units to describe it. We assume that it can be
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deduced from vector and scalar potentials of the form
A(x,t) = Ap(x,0)z, V(x,t) =0, 2)

where Z is a unit vector in the direction of the positive z axis.
Hence, the electric and magnetic fields are given by

1 0A 194,
E = - = - — 7
(x,1) Ry (x,0) Ny (x,0)2,
A
B(r.i) = V x A1) = =2 (x.0j. 3)
X

Here c¢ is the speed of light in vacuum and X and § are
unit vectors in the direction of the positive x and y axes,
respectively.

We now introduce the equation governing the dynamics of
the potential Ay(x,?). In order to do this, we first assume that

(i) Ag is the characteristic wavelength of the electromag-
netic field,

(i1) vo is the characteristic frequency of the field and
satisfies Agvy = c,

(iii) Agp is a characteristic value of Agy(x,?),
@iv) vo_sé is the time scale in which ¢(#) varies appreciably.

In the rest of the article we measure lengths in units of A
and time in units of v, !, Hence, the nondimensional position
& and time t are given by

X
= —, = t. 4
& o T “)

These quantities allow one to introduce the following nondi-
mensional quantities:

. CAreEvg ') qv'D)
Ao(g,f) - AOQ ’ (t) - )\'0 k)
_L 5%
&L = o 8o = o
x1& — (o)1 = x{rol§ — GO},
€& — G =1+4nx 3§ —G()],
UOSC
e = = )

First, observe that Ao(f ,T), 4(t), &, and o are the nondi-
mensional potential, position of the membrane, length of the
cavity, and thickness of the membrane, respectively. Moreover,
recall that x[x — g(¢)] is the electric susceptibility of the
membrane and that we have assumed that it vanishes outside of
the membrane; see (1). Hence, ¥[§ — §(7)] and €[€ — G(7)]
are the electric susceptibility and the dielectric function of
the membrane with a nondimensional argument [§ — §(7)],
respectively.

We now discuss the interpretation of the parameter €pey in
(5). Observe that the time scale in which the electromagnetic
field evolves appreciably can be taken to be 1/vy. Therefore,
€pert 18 the time scale 1/vp in which the field evolves apprecia-
bly divided by the time scale 1/v,s in which the membrane
moves appreciably. Since the electromagnetic field usually
evolves more rapidly than the membrane, one usually has
1/vo < 1/vose or, equivalently, 0 < €pery = Vose/Vo < 1. For
example, using the parameters of the membrane-in-the-middle
optomechanical setup in [24], one has vy = 2.82x 10 Hz,
Vose = 1.34x10° Hz, and, consequently, €pey = 4.8 % 10710,
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Before proceeding it is important to give an interpretation
of the first and second derivatives of g(tr) with respect to 7.
From the fact that Agvy = ¢ and from (5) one has

GOy ')

A
7= 2 1)
C

[a¥))

§'(v) = (6)
Here the ¢’ and G” denote the first and second derivatives of
g with respect to its argument t, while ¢ and g denote the
first and second derivatives of ¢ with respect to its argument
t = vy ' 7. Throughout the article f’(x) denotes the derivative
of f(x) with respect to x. For example, w},[§(7)] denotes the
derivative of wy(g) with respect to § and evaluated at §(t).

Notice that (6) indicates that §'(t) is the velocity of the
membrane divided by the speed of light in vacuum, while §”(7)
is the acceleration of the membrane divided by the product of
the speed of light in vacuum times the characteristic frequency
of the electromagnetic field. With this in mind, in the following
we assume that §'(t) and §”(t) are quantities whose absolute
value is small (that is, much less than 1). In other words, we
assume that the membrane has a speed much smaller than that
of light in vacuum and that the membrane has an acceleration
whose absolute value is much smaller than the product of the
speed of light in vacuum times the characteristic frequency of
the electromagnetic field. Notice that this is compatible with
the usual situation where €pey < 1.

Using a relativistic treatment, [19] established a general
equation that governs the dynamics of A(&,7) for all possible
values of the velocity and acceleration of the membrane. In
particular, it also showed that, to first order in §'(t) and ¢ (7),
that equation is given by

9%2A, 324,

952 — &, 1) =¢[¢ —q(r)]—z(é,r)

&
+87g'(1)x[€ — q(T)]aga ¢&.7)
+4ng"(O)xE — 4t )] (S ). (D

&

We note that [17] and some references therein also present (7)
for the special case of a constant electric susceptibility. Notice
that Ay(&,7) satisfies a wave equation with a nondimensional
position- and time-dependent coefficient €[ — §(7)] and that
is modified with terms proportional to the nondimensional
velocity ¢'(t) and acceleration §”(t) of the membrane. In
(7), the (nondimensional) position of the membrane §(7) can
be determined either by an external agent or by an equation
involving the radiation pressure exerted by the field [19]. Our
results are valid for both cases because further below we
assume that €pex < 1 and this allows us to solve (7) using
the method of multiple scales [25].

In order to take into account the perfect, fixed mirrors of
the cavity, one must supplement the equation for Ay(£,7) in
(7) with the following boundary conditions:

Ap(0,7) =0, Ag(52,7) =0. ®)

Recall that &, is the length L of the cavity in units of the
characteristic wavelength A of the electromagnetic field; see
(5). The boundary conditions in (8) come from applying the
usual boundary conditions for electric fields at interfaces
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between different media [26]. Explicitly, they come from
the following two requirements: (i) the electric field E(x,¢)
given in (3) must vanish inside the perfect mirrors and (ii) the
component of the electric field tangent to the surface of each
mirror must be continuous across the boundary of each mirror.

In the next sections we solve the boundary value problem
(7) and (8) to good approximation.

III. EVOLUTION WITH A FIXED MEMBRANE

In this section we briefly review the evolution of the field
in the case where the membrane is fixed and, in particular, we
introduce the modes of the cavity. The results of this section
are important because they will be compared with those of
the next sections, where the case of a mobile membrane is
considered.

In this section and only this section we assume that

- - o
G(t)=qo E[ EL——] )

Notice that gy is fixed in the interval shown in (9) because
go is the midpoint of the membrane along the x axis and the
membrane has (nondimensional) thickness 8.

The equation governing the evolution of Ay(&,7) is obtained
from (7) by using (9). One obtains the well-known wave
equation for AO(S ,T):

%4,

g2
Solving (10) by separation of variables [27], imposing the
boundary conditions in (8), and using the results of Sturm-
Liouville theory [28,29] (in particular, see Chapter 8 of [28]),
one finds the following results.

(1) The cavity has a countable set of (nondimensional)
angular frequencies {w, (qo)}n 1 with @,,(go) > 0 for all n and

N _ %A,
§.71) =€ — qo) 972 ¢&.7). (10

lim _ w,(go) = +00. (11)
n——+o00

Moreover, the frequencies can be ordered so that w,,(Go) <
w,(go) if m < n. Observe that the notation indicates that
w,(go) depends on the (fixed, nondimensional) position of
the membrane §y. Also, it can be shown that w,(§y) are
continuously differentiable functions of Gy; see Appendix A.
(2) The cavity has a set of modes {G, (&, qo)}n | consisting
of functions that satisfy the following boundary value problem:

5 52 ——(£.G0) = —0(§0)°€(E — §0)Gn(€.G0).

G(0,40) =0,  Gu(5L.G0) = 0. 12)

Here the notation indicates that G, (§,Go) depends on the (fixed,
nondimensional) position of the membrane gy and w, (o) is
the nondimensional angular frequency associated with mode
G, (&.do)- Also, it can be shown that G, (£,§p) are continuously
differentiable functions of gy; see Appendix A.

(3) The modes {G,(& ,qo)}Jr , can be chosen to be real-
valued functions that satisfy the following orthonormalization
relation:

&L
/0 dé é’(%‘ - qO)Gn(€7qO)Gm(E7q0) = 8nm- (13)
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Here and in the following &,,, is the Kronecker § (equal to O if
n # m and equal to 1 if n = m).

(4) Each nondimensional angular frequency w,(go) is
nondegenerate. In other words, there is only one linearly
independent mode G, (x,go) associated with each w, (o).

We expand AO(E ,7) in terms of the modes G, (£,go) of the
cavity

+00
Ao, 1) =) ea(t)GulE o). (14)

n=1

One can reduce Eq. (10) for Ay(£,7) to a set of uncoupled
equations for the coefficients c¢,(t) by taking the following
sequence of steps: (i) substitute the expansion of Ag(£,T)
given in (14) into the differential equation for Ay(£,7) given
in (10); (i) use the differential equation for the modes in
(12) to eliminate second-order derivatives with respect to &;
(iii) multiply the resulting equation by G, (§,§o); (iv) integrate
with respect to £ from £ = 0 to £ = &, ; and, finally, (v) use
the orthonormalization relation for the modes in (13) to get rid
of the summations involved. One obtains that

I (T) + 0 (o) cm(t) = 0. (15)

Observe that these are the well-known independent harmonic
oscillator equations for each of the coefficients c,,(tr) of the
modes G,,(£,4o) in (14). The equations in (15) are easily solved
[29] to give

cm(T) = alme—iwm(fio)f + Olgmeiw”’(%ﬁ, (16)

where o1, and oy, are complex constants that are determined
by the initial conditions.

Substituting (16) in the expansion of Ay(£,7) given in (14)
and demanding Ao(é;‘,r) to be a real quantity, one obtains that

Qo = o, 17)

Here and in the following the complex conjugate of a quantity
g is denoted by g*. Consequently,

+00

Ap€.1) = ) Jlonne™ @ + o, 0 0TIG (6. Go). (18)

n=I
To end this section we assume that only mode N is initially
excited; that is, we assume that

cm(0) = gondmn,  €,(0) = ginSun. (19)

Here gox and g;» have to be real quantities because, according
to (16) and (17), the c,,(t) are real quantities.
Substituting (16) into (19) one obtains that

w | SN &N
o 2 " 20y(Go)

Notice that the Kronecker § indicates that only the mode that
is initially excited remains excited.

Substituting the expressions for «y,, given in (20) into the
expansion of Ay(&,7) given in (18), one obtains

}szv- (20)

Ao(§,7) = byoe 1N PTONIG y (£,Go) + e, (21)
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where we have taken by and ® y( to be the amplitude and a
phase of ay, that is, ay = byoe'©", with

80N . &IN
byo = |5 48N |
2T 2080
80N . 8IN
Ono = -— — . 22
NO arg|: > +12w1v(@o):| (22)

Here arg(z) is an argument or phase of complex number z and
c.c. indicates the complex conjugate.

IV. EXPANSION IN TERMS OF THE
INSTANTANEOUS MODES

In this section we return to the case of a mobile membrane.
First recall that we introduced in Sec. III the set of (nondimen-
sional) angular frequencies {w, (cjo)};’;"f of the cavity and the
corresponding set of modes {G, (& ,qo)}jj‘; in the case where
the membrane is fixed at gy. Letting the position G(t) of the
membrane vary, we obtain the instantaneous (nondimensional)
angular frequencies {w, [c}(r)]}i’zo‘f of the cavity and the
corresponding set of instantaneous modes {G, [E,c}(r)]}jﬁ‘,’.
In all that follows we refer to the instantaneous modes
{G,£,G(0)]}/25 and angular frequencies {w,[G(t)]}2] of the
cavity simply as the modes and frequencies of the cavity. Also,
recall from items (1) and (2) in Sec. III that w,[§(7)] and
G, [£,G(7)] are continuously differentiable functions of g (7).

One can expand AO(E,I) in terms of the modes

{G,[€,G()]}]2S as follows:

+00
AoE,1) =) ca()Gul£,4(D)]. (23)

n=1

Before proceeding it is convenient to define the following
set of mode-dependent quantities:

&L 3G,
Quli(7)] = f dEE[E — G(OIGnIE GO~ [£,G(0)],
) 34(0)
~ 5 - ~ ~ aGn -
B [4(1)] = / dedn 116 = G(DIGAlE.4(D1 A
0

Linnlg(0)] = QunG ()] + Opn[G ()] (24)

Notice that these are all nondimensional, real quantities,
because we chose the modes to be real-valued functions.

We now deduce the equations for the coefficients c,(t) of
the modes G, [§,4(t)]in (23). One has to follow the same steps
used in Sec. III for the case of a fixed membrane. Substituting
the expansion of Ay(£,7) given in (23) into the equation for
Ao(£,7) given in (7), neglecting terms of order n > 2 in §'(t)
and ¢”(t), and using the orthonormalization relation for the
modes given in (13), one obtains

I () + Onld(T)]*cn(t)

400
== Tuld(OI27 (0)c, () + 3" (Den(D]. (25)

n=1

We note that Eq. (7) for Ag(&,7) was obtained by neglecting
terms of order n > 2 in ¢'(tr) and ¢”(z). This is the reason
why terms of these orders were neglected to obtain Eq. (25).
Therefore, (25) is correct to first order in ¢'(t) and §" (7).
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The equations in (25) reveal that all the coefficients c,,(t) of
the modes are coupled due to the term on the right-hand side.
Nevertheless, notice that this coupling is small if both |§’(7)|
and |G”(t)| are small, which is the case under which Eq. (7)
for Ayg(&,7) was deduced. In order to exhibit this smallness
explicitly, it is convenient to first define the quantity

q (v()_s(]j TOSC)

o (26)

g(fosc) =

Recall that v ;! is the time scale in which the membrane moves
appreciably. Therefore, Tosc = Voscf 1 @ nondimensional time
and §(Tose) is the nondimensional position of the membrane
where time is measured in units of the time scale vo‘sé in which
the membrane moves appreciably.

Using the definition of the nondimensional time 7 in (4)
and the definitions of €pey in (5) and G(Tose) in (26), it follows
that the relation between §(t) and g (7os.) and their derivatives
is given by

q(r) = é(épert"f),
q/(f) = €perté]w(epert":)y
G"(7) = €pond" (€pen). 27)

With (27) we are all set to exhibit the smallness we alluded to
in the paragraph before Eq. (26). Expressing (25) in terms of
the quantities on the right-hand side of (27), one obtains

Cr/ilz(f) + Wy, [é(epertf)]zcm(f)
+00
= _261381’15/(61)%7) Z | [g(fpertf)]ciq(f)
n=1
+00
- Egertq”(épertf) Z | Q. [q(epertf)]cn(f)- (28)

n=I

We emphasize that the equations in (28) are equivalent to
the equations in (25). Nevertheless, the equations in (28)
have a more transparent interpretation. They reveal that
the coefficients c, () of the modes approximately satisfy
uncoupled harmonic oscillator equations with a slowly varying
time-dependent frequency w,, [cf(epenr)] if 0<een <1, a
result that should be expected because the ¢, (t) indeed satisfy
harmonic oscillator equations when the membrane is fixed
(see Sec. III). Also, it is explicitly seen that all of the c,,(t) are
weakly coupled due to the term on the right-hand side of (28)
if 0 < €pen < 1.

In the rest of the article we assume the following three
conditions.

(1) 0 < €pen K 1.

Since €pert = Vose/ Vo, With vy the characteristic frequency
of the field and 1/v the time scale in which the membrane
evolves appreciably (see Sec. II), this condition indicates that
there are two clearly defined and separate time scales: a fast
time scale 1/vg in which the electromagnetic field evolves and
a slow time scale 1/v,s. in which the membrane evolves. Also,
as a consequence of this assumption, the equations in (28) have
coefficients that vary very slowly in the (nondimensional) time
7 and the ¢, (7) satisfy perturbed harmonic oscillator equations
with a slowly varying frequency. These properties indicate that
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the system of differential equations in (28) can be solved by
the method of multiple scales [25].

(2) The initial conditions for the coefficients c¢,,(t) of the
modes are

e, (0) = giNSmn (29)

where goy and gy are real numbers and N is a fixed, positive
integer.

Notice that the initial conditions in (29) indicate that only
mode N is initially excited. In Sec. VI (29) will not hold
because we consider the case of several initially excited modes.

(3) The membrane is initially at rest; that is, §'(0) =
eperlq/(o) =0.

Notice that this assumption combines with the one in the
previous item so as to consider the following physical situation:
The membrane is initially fixed and the field is found in one of
the modes; afterwards, the membrane starts to move from rest
either by an external agent or by radiation pressure. Moreover,
we used (27) to relate ¢'(0) to §'(0).

In Sec. VI we consider the case of several initially excited
modes. In that section the following physical situation is
considered: The membrane is initially fixed and the field is
found in several modes; afterwards, the membrane starts to
move from rest either by an external agent or by radiation
pressure.

Using the assumptions above and the method of multiple
scales one can solve to good approximation the initial value
problem posed in (28) and (29). This is what we do in the next
section.

Cm (O) = gONSmNs

V. EVOLUTION WITH A MOBILE MEMBRANE

In this section we first describe briefly how the initial value
problem in (28) and (29) can be solved by the method of
multiple scales. The details are provided in Appendix B for
the case of two time scales and in Appendix C for the case of
three time scales. We treat the case of three time scales in order
to have an approximate solution that is accurate for very long
times, while the case of two time scales is presented because
some of its results are used in the case of three time scales. In
the subsequent sections we only present the results and discuss
them.

The method of multiple scales is applicable whenever there
are several separate time scales involved in a system, that is,
when there are parts of a system that evolve much faster than
others. The method consists in appropriately separating the
parts of the system that evolve with the different time scales and
deducing the differential equations that govern the evolution
of each part. For example, in the weakly damped harmonic
oscillator there are two clearly defined time scales: the fast
oscillation of the harmonic oscillator and the slow decay of
its amplitude. In the method of multiple scales one separates
the original differential equation for the harmonic oscillator
into two differential equations, one for the fast oscillation and
one for the slow decay of the amplitude. Since epe < 1 [see
item (1) in Sec. IV], we have a similar situation in the system
under consideration. The analogue of the fast oscillation of
the harmonic oscillator is the evolution of the electromagnetic
field with a fixed membrane, while the analogue of the slow
decay of the amplitude is the dependence on the motion of the
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membrane. From (28) it is clear that the slow time scale in our
system is given by

h(t) = €pert T (30)

since all of the coefficients of ¢, (t) in (28) are functions
of €pertT. The deduction of the fast time scale is a bit more
elaborate, but using the assumption that only mode N is
initially excited [see item (2) in Sec. IV], it can be shown
(see Appendix B) that it is given by

v (T) = / onl[GE)Nde. 31)
0

Physically, this result is very reasonable, as we now explain.
First imagine that the membrane is fixed at gy and that only
mode N is initially excited. In this case the exact solution was
calculated in (21). Observe from that equation that the time
dependence of A(£,1) is of the form

won (o)t = / won(Go)dT'. 32)
0

If the membrane can move, then wy(go) becomes position
dependent and changes to wy[§(7)]. As a consequence, (32)
changes to (31).

With the two time scales #1y(t) and #(t) one can solve
to good approximation the initial value problem in (28) and
(29), and this is done in Appendix B. The problem with just
considering these two time scales is that the approximate
solution obtained might not be accurate for very long times.
In fact, the theory of multiple scales [25] indicates that the
approximate solutions obtained with the two time scales are
accurate at least for times

1
Oéepert1§0(1)<:>0§t§0< ) 33)
Vosc

Here and in the following O is the big O [25] and (33) means
that 0 < ¢t < D/vys for some D > 0.
To remedy this, we introduce an even slower time scale
t3(t) given by
(1) = € T (34)

pert “*

These three time scales allow one to obtain an approximate
solution of the initial value problem in (28) and (29) that is
accurate for long times. This is done in Appendix C, where it is
shown that the approximate solution of (28) and (29) obtained
by the method of multiple scales is accurate at least for times
T = vot such that

1
0<e§erlt<0(l)<:>()<t<0< ) (35)
Epe:rtvosc

Recall that 0 < €perr < 1 and that 1/v, is the time scale in
which the mirror moves appreciably; see item (iv) in Sec. IT and
item (1) in Sec. IV. Hence, (35) indicates that the approximate
solutions obtained using the method of multiples scales with
the three time scales t5(7), f2(7), and #3(t) will be accurate
for long times. Explicitly, at least for times ¢ greater than 0 and
less than or equal t0 D/(€pertVosc) With D > 0.

With the three time scales t;y(7), t2(t), and #3(7) defined
above, one then proposes an asymptotic expansion for each of
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the ¢,,(7) as follows:
molt1n (T),12(7),13(T)]
+ €pertYim1[t1n (T),22(7),13(7)]
+ € YN (D). 12(0).13(D] 4 -+ . (36)

The next step is to substitute (36) into the initial value problem
given in (28) and (29). One then equates equal powers of €pert
and solves the resulting initial value problems for the new
variables ty, 2, and t3. If one only retains the first n terms in
the asymptotic expansion in (36), then one speaks of an n-term
approximation. Therefore, c¢,, >~ Y0 is a first-term approxi-
mation, ¢, > Y0 + €pertYin1 1s a two-term approximation, so
on and so forth. Moreover, the (n + 1)-term approximation is
going to be more accurate than the n-term approximation. We
mention that the value of the multiple-scales method is that
it allows one to identify the contributions to c¢,(t) in order
of importance; that is, it permits one to obtain more accurate
approximations by adding more terms from the asymptotic
expansion and this allows one to identify which physical
phenomena are introduced and have larger effects than others.

We now present the results for the case of three time scales.
As mentioned above, the deduction of these is presented in
detail in Appendix C. Moreover, we note that the one- and two-
term approximations using three time scales are exactly the
same as the one- and two-term approximations using two time
scales. This suggests that (at least) the one-term approximation
is accurate for times longer than (35).

cu(T) ~

A. The first-term approximation

The first-term approximation c¢'(t) to ¢,(t) is given by
(1) = an[G(r)]byoe V@Ol ¢
(@) =0 (m#N), 37

with #;y(7) given in (31) and

500 G(t)
aylG(r)] = Mexp{— f dyFNN(y)},
wy[G(T)] 3(0)

8oN ig1n

2 2wy[g(0)]

8oN L8IN
o arg{ 2 " 20nG0)] }
Recall that (37) is accurate at least for the times given in (35).

Notice that by and ® y( are exactly the same real quantities
as in (22) if G(0) = go. Also, recall that goy and gy are real
constants given by the initial conditions in (29). Observe that
they define the initial amplitude by( and phase ® yo of mode N.
As before, arg(z) denotes an argument (or phase) of complex
number z and c.c. indicates the complex conjugate. Finally,
notice that oy [§(7)] is a real quantity.

From the expansion of AO(E ,7) in terms of the modes given
in (23) and the approximate value of c,(t) given in (37), it
follows that the first-term approximation A(()l)(é ,T) to AO(E ,T)
is given by

AYE D) = ay[§(D)lbyoe M O=OMIG y[E,G(T)] + c.c.
(39)

byo =

)

(38)
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Comparing (39) with the result for Ay(&,7) in the case of a
fixed membrane given in (21) and (22), we find the following.

(a) The electromagnetic field follows mode G y[&,§(7)]
with a frequency and an amplitude that depend on the position
of the membrane.

Notice that (39) embodies the physically expected result:
An electromagnetic field initially in mode N will follow mode
N if the membrane moves slowly.

(b) The amplitude changes from by to an[G(T)]bno-

Since the membrane moves, the amplitude of mode N
depends on the position of the membrane. Also, observe that
an[G(t)]bng reduces to by if G(r) = G(0) for all 7, that is, if
the membrane is fixed.

(c) The phase of the electromagnetic field changes from
[wn(Go)T — Onolto [tin(T) — Onol, witht;y(7) givenin (31).

Notice that this is physically reasonable because the field
follows the instantaneous mode G y[£,4(7)] and the frequency
wn[g(t)] associated with it depends on the position of the
membrane; see also the discussion in the paragraph following
Eq. 31).

We now turn to the two-term approximation. It gives a
more accurate description of the electromagnetic field and it
provides us with a criterion to determine when the first-term
approximation is an accurate description of the field.

B. The two-term approximation

The two-term approximation c¢'?(7) to ¢,(t) is given by

¥ (®) = a[G(e)byge 1 =Onl {1 + iq’u)—m [[Zig]]z }
+c.c.,
e (T) = anlg(n)lbyoe™ 1=l
o 2Lan (Do [G(0)]
TGP —anlgp TS
(40)

where an[G(T)], byo, and O yg are given in (38) and 71 y(7) is
given in (31). Recall that (40) is accurate at least for the times
given in (35). Moreover, during that time interval it is more
accurate than the first-term approximation.

From the expansion of Ay(&,7) in terms of the modes given
in (23) and the approximate value of c,(t) given in (40), it
follows that the two-term approximation Af)z)(é ,7) to Ag(E,7)
is given by

AP (E,T) = ay[g(D)byoe I @=OMIG \[£,G(0)]
Wy [g(D)] }

4oy [G(T)P2

+ay[g(r)]byoe WO =ON TG (1)

& 2T, [G (D) ]y [G(T)]
0§ ()? — wn[G(7)]

x {1 +ig'(1)

SGalE.g(D] +c.c.

n=1
n#N

(41)

Comparing the two-term approximation of Ay(&,7) given
in (41) with its first-term approximation given in (39), we find
the following facts.
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(a) All other modes m # N of the electromagnetic field
are (weakly) excited. Only modes m with w,,[§(7)] in a small
band around wy[§(7)] can have a non-negligible excitation.

The most evident change from the first-term approximation
to the two-term approximation is that all the other modes m #
N of the electromagnetic field are now excited. Nevertheless,
this excitation must be small if our results are to hold. The
reason for this is that the order of the asymptotic expansion
in (36) must be preserved; that is, each term el’,‘g:[l Yn(n41) must
be smaller than the term egen Y,.. before it. Since the first-term
approximation ¢((t) with m # N is zero [see (37)], it must
occur that the two-term approximation ¢?(t) with m # N
must be small. We now explain why it does indeed happen that
all modes m # N have negligible excitation except for those
with frequency w,,[§(7)] in a small band around wy[§(7)].

Notice that the coefficient of G,[£,§(7)] (n # N) in (41)

has a factor of the form
2 n[G(D)]ong(T)]
on[G(O — wn[G(0)?

Since w,[§(t)] = +oo0asn — +oo [seeitem (1) of Sec. II1],
it follows that the excitation of each mode m # N is
negligible except in the case where w,[§(7)] ~ wy[§(T)].
Therefore, only modes n # N with w,[g(7)] in a small band
around wy[g(7)] can have a non-negligible excitation. These
quasiresonant modes are weakly excited if the membrane
moves sufficiently slowly. This sufficiently slow motion of the
membrane is quantified in item (e) below.

(b) All other modes m # N evolve with the same fre-
quency as the original mode N, but with a £ /2 phase shift.
Since all the factors multiplying G,[£,G§(t)] (n # N) in (41)
are real, except for the complex exponential e~ [/1¥(F)=Ono=7/2],
it follows that all other modes n # N have a phase [#;y(7) —
Ono F /2], where —m/2(4m/2) is chosen if the product
of the real factors is positive (negative). Since the phase
of the complex exponential multiplying Gy[£,G(7)] in (41)
is [tin(t) — Onol and 1]y (7) = wy[G(7)], it follows that all
other modes n # N evolve with the frequency wy[g(t)] of
mode N but with a £7/2 phase shift. Furthermore, this also
happens because the multiple scales method indicates that, in
the two-term approximation, the coefficients of modes m # N
satisfy driven harmonic oscillator equations where the driving
is determined by the initially excited mode; see Appendix C.

(c) A Doppler-like phase shift appears in the original mode.

Since all of our results are correct to first order in §'(t) and
G"(t), one can express the coefficient cy(t) of Gy[&,§(7)]
given in (40) as follows:

(42)

2 ~ —i —®
CEV)(.L_) = ay[d(t)]byoe i[tin(T)—Onol

wy[G(7)]
—40)1\/ GOP } +c.c. 43)

Comparing the first-term approximation of cy(7) given in (37)
with its two-term approximation given in (43), it follows that
the phase of cy(7) changes from [#;y(t) — O yg] to

X exp{icj’(r)

wylg ()]
4on[G(OP

Hence, a Doppler-like phase shift appears in mode N, since it
depends on the velocity §'(t) of membrane.

tin(t) — Ono — §'(7) (44)
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(d) The two-term approximation includes information
about the velocity of the membrane.

Comparing cfll)(r) with cff)(t) [see (37) and (40)], one
readily notices that the corrections to ¢{"(t) involve terms
proportional to §'(t). Moreover, in the previous items we
observed that the aforementioned terms represent a Doppler-
like phase shift in the original mode and the excitation of the
other modes.

(e) The two-term approximation tells us that the first-
term approximation is accurate whenever the following two
conditions are satisfied:

()]
T ontaone| <"
L NalE@lenld@]
q (f)wm[q(t)]2 — a)N[(i(r)]zaN [G(D]bno| < 1,
m £ N). (45)

The first condition in (45) comes from demanding that the
first-term approximation cx)(r) of ¢y(7) must be much larger

than the added term in the two-term approximation C%)(‘L’), that
is, from demanding that

P (@) = )| < [ (@) (46)

See (37) and (40) for the definitions of ¢\{(t) and ¢ (1).

The second condition in (45) comes from demanding that
the two-term approximation ¢!? () of ¢,,(t) (m # N) must be
much smaller than 1 [recall that cﬁf)(t) is a nondimensional
quantity], that is, from demanding that

()] <1 (m#N). (47)

See (40) for the definition of cf,%)(r).
We note that we only used the first term in the definition
of ¢?(t) given in (40) to derive the conditions in (45); that is,

we omitted the complex conjugate (c.c) part.

Wy

7 \A
\/\../\/\/\/\/
L/O}‘
\—

\(é\

N 0.1F B
0.5 4 7 10 13 16 19.5q

FIG. 2. The ten lowest (nondimensional) angular frequencies w,
of the cavity as a function of the position § of the midpoint of the
membrane for the electric susceptibility in (54). The frequencies were
obtained by substituting the parameters in (59) into (58) and obtaining
the zeros of the resulting equation numerically. Notice that § ranges
from § = 0.5to § = 19.5 because the (nondimensional) length of the
cavity is &, = 20 and the membrane has (nondimensional) thickness
60 =1.
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From the second condition in (45) one immediately
notices that it cannot be fulfilled if w,,[§(r)] = wy[§ ()] for
some 7. It turns out that this crossing is not possible; see
Appendix A for a rigorous mathematical proof of this fact.
Also, Fig. 2 illustrates this result.

The frequencies w,[g§(t)] of the modes will vary as the
membrane moves. Although they cannot cross, some may
approach the frequency wy[g(t)] of the original mode; see
Fig. 2. Hence, the factors 1/{w,[§(7)]*> — wy[G()]?} in the
expression for Aéz)(é ,T) can become quite large. Nevertheless,
the first-term approximation Ag] )(E ,7) givenin (39) will remain
an accurate description of Ay(£,7) if the membrane moves suf-
ficiently slowly so that the conditions in (45) hold for all time 7.

C. The three-term approximation

The three-term approximation ¢(t) to c,(t) is given by

¢y (1) = a[g(0)lbyoe™ 10Ol {1 +o(@)

o oNg@l sz(O,eémf)}
O oGP T P bygeiom
+c.c.,
e (7) = g (z)byge 1= Oro=r/
L Awld@lexld@] }
D
) {q O oGP —antap PO

+ €pen@m[G(D)1e ™ Dby (0,65, T)
+c.c. (m#N), (48)
where oy [G(T)], byo, and O yg are givenin (38), ¢y () is given

in (31), and «,,[§(7)], t1.x(7), 0(T), and D(7) are defined as
follows:

70 i)
o [G()] = Mexp{— / dyrmm(w},
wy[G(T)] 30

tlm(t) = / dT/CUm[ﬁ(T,)],
0

)y [3(0)]
8NGO’
0uld(OP + 30y (G0
(@l d@F — onlg@ PP
(49)

ey oyld@]
o(t)=4q (r)—&oN[q(t)]3 g (0)

D(r) = ¢"(O)Twnlg(o)]

Recall that (48) is accurate at least for the times given in (35).
Moreover, during that time interval it is more accurate than
both the first- and two-term approximations.

Observe that #;5(t) and ay[§(7)] defined in (49) coincide
with ) y(7) and o [G(7)] defined in (31) and (38), respectively.

Moreover, by2(0,€p.,T) is determined by solving the O(ey.,)

problem. Also, bmz(O,egmr) (m # N) has two possibilities: (i)

It is identically equal to zero if §”(0) = 0 or I',,x[G(0)] = 0;

(ii) it is a nonzero function determined by solving the O(GSen)

problem if §”(0) # 0 and T',,x[§(0)] # 0. See Appendix C.
The three-term approximation AE)S)(E,I) to AO(E,Q can be
obtained by substituting (48) in the expansion (23) for Ay(§,7).
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Comparing (48) with (40), one finds the following facts.

(a) The three-term approximation incorporates informa-
tion about the acceleration of the membrane.

This follows by observing from (48) that ¢¥(7) includes the
terms o (7) and D(7) and by noticing from (49) that both o (1)
and D(t) are proportional to the acceleration of the membrane.

(b) Modes m # N start to evolve at their own frequency if
¢"(0) # 0 and I,y [§(0)] # 0.

If G”(0) # 0 and T',,,5[G(0)] # O, then the term multiplied
by e~ on the right-hand side of the expression for
c,(,f)(t) (m # N) in (48) is nonzero and has an associated
frequency ¢, () = w,[§(7)]; see Appendix C. Hence, each
mode m # N has a component that evolves at its associated
frequency w,,[§(7)]. In fact, notice that the term multiplied by
e~ in@ js very similar to ¢\ () in (37).

(c) The three-term approximation is only valid for three
situations: (i) frequencies in a small band around the orig-
inal mode’s frequency wy[g(t)], (i) ¢”’(0) =0, or (iii)
Iun[G(0)] =0forallm # N.

Appendix B shows that the evolution of the electromagnetic
field involves an infinite number of fast time scales, namely one
associated with each mode and given by #,,,,(7) in (49). In spite
of this, we were able to reduce the difficulty of the problem to
only one fast time scale because we assumed that only mode
N was initially excited. This allowed us to deduce the one-
and two-term approximations without any more assumptions.
Nevertheless, if one requires an n-term approximation with
n > 3, then it is shown in Appendix C that the problem of
an infinite number of fast time scales appears again and that
one way to remedy this is to demand that at least one of the
following three conditions is satisfied:

3"(0)=0, (50)
or
Lunlg(0)] =0, (m#N), (51)
or
d Wy [502)] }
waﬂﬁMJ 78 02

In particular, (50) is satisfied if an external agent moves the
membrane from rest in such a way that its equation of motion
is, for example, of the following forms:

.L.n

™+ 1

- V3G, (33)

i) §'(0)=—€

ViIg(ol,

(i) §'(0) = €
where £ # 0 is a (nondimensional) constant, n > 0, ij [G(D)]
is the derivative of the (nondimensional) potential V;(g) with
respect to ¢ and evaluated at §(t), and V;[§(0)] = 0. Notice
that the right-hand side of (i) in (53) tends to —€V/[§(7)] and
that the right-hand side of (ii) in (53) tends to £ — V;[§(7)] as
T — +00; that is, the right-hand side of the equations in (53)
tend to a force that comes from a potential.

On the other hand, T',,x[§(0)] =0 (m # N) could be
satisfied for some electric susceptibility functions, while the
condition in (52) is satisfied for frequencies w,,[§(;)] in a
small band around wx[§(f2)]. We note that one typically has
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G"(0) # 0 and T',,,§[§(0)] #£ O for some m # N. The former
condition usually holds because the force on the membrane
is, in general, not initially zero. Therefore, one has to restrict
to modes with frequencies w,,[§(T)] in a small band around
wpy[G(7)]. Notice that modes with frequencies outside of this
band can be neglected, since the two-term approximation tells
us that they are negligibly excited.

If either one of (50), (51), or (52) is not fulfilled, then
one can only have a one- or two-term approximation for the
coefficients ¢, (7) of the modes. Given that (52) is satisfied for
frequencies w,,[§(#,)] in a small band around wy[§(#,)], one
may think that it would be proper to make the approximation
wnl§(t)] = wy[g(r)] for all frequencies in this band. We
consider that this approximation is inappropriate because the
frequencies are, in fact, different and this approximation would
alter the system in a fundamental way. For example, the
quasiresonance factor {w,,[§(7)]* — wy[§(t)]*}~! included in
¢ (t) (m # N) in the two-term approximation [see (40)]
would not appear if w,,[§(t)] = wny[§(r)] and it would be
replaced by another term that is defined for w,[§(t)] =
wy[g(7)] in a similar way to a harmonic oscillator with
resonant driving [29].

D. Physical interpretation

In this section we add up all the information provided by the
one-, two-, and three-term approximations to give a physical
interpretation of how the electromagnetic field evolves in the
presence of a mobile membrane.

Suppose (as we have done in the deduction of all formulas
up to now) that only mode N is initially excited and that
the membrane starts to move slowly from rest. In a first
approximation the electromagnetic field will follow mode N
with a phase and an amplitude that depend on the position of
the membrane. In a more accurate approximation the phase and
amplitude of mode N include small corrections depending on
the velocity and acceleration of the membrane. In particular,
the phase includes a Doppler-like shift. Also, all the other
modes become weakly excited. The reason for this is the
following. As the membrane moves, the frequencies w, [G(T)]
of each of the modes G,[£,G(7)] will vary. If w,[§(7)] is near
wy[G(7)], then it is easy for light to jump from mode N to
mode n and, consequently, mode n becomes excited. On the
other hand, if w,[§ ()] is far from wy[§(7)], then it is difficult
for light to jump from mode N to mode n and, consequently,
the excitation of mode 7 is negligible. Therefore, only modes
n with frequencies w,[§(7)] in a small band around wy[G(7)]
can have non-negligible excitation. The newly excited modes
n have a component that oscillates at the same frequency of the
original mode N but with a =77 /2 phase shift. Also, a newly
excited mode has a component that oscillates at its frequency
0[G(D)]if 37(0) # 0 and T,y [G(0)] # 0.

Furthermore, the field can be described to good approxima-
tion by just the initially excited mode N but with an amplitude
and a frequency that depend on the position of the membrane
if (45) holds. These conditions essentially amount to requiring
that the membrane moves sufficiently slowly so that the speed
of the membrane divided by the difference of the squares
of the frequency of mode N minus that of another mode n
is small.
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E. Illustration of the results

In this section we illustrate the results in the case where the
electric susceptibility has the form

(54)
0 elsewhere.

AE =] = {XO it 1§ -l < %,

Demanding the continuity of G,(&,§o) and its first (partial)
derivative with respect to & at the boundaries of the membrane
£ = §o =+ 8/2, the modes can be calculated explicitly in terms
of elementary functions:

Gu(§,40) = Asin(w,§) if 0< & < Go-,
Gn(quNO) = AZnSin[wHO(E - 670—) + ¢2n(60)]

. 5
it 1§~ qol < 2.
G(§,Go) = Azysin[w,(§ — Gos) + ¢3.(Go)]
if Gor <& <&, (55)
with
3 _ . %
wno = wpy/ 1 +47 X0,  Goxr = Go + >
sin[¢2,(Go)] = - sin(w,do-),
2n
. Ay cos(w, o)
cos[¢a, = —_—,
[¢2:(G0)] Aoy ST A
. ~ A n e . ~
sinl s, (o)l = - [COS(wno50)Sln(anO—)
3n
Sin(wnOSO)COS(wHQO)}
V1447 X0 ’
Von(go) = cos(w,080)cos(w,Go-)
-V 1 + 47[XOSin(wnOSO)Sin(wan—)s
~ Aln
COS[¢3n(CIO)] = A IpOn(CIO)
Ay, . 12
A —[ 1+4 cos (wnqo_)} ,
Az, 47[)(0 Ay, : ~\2 /2
= Yor(Go) .
Ao, 1 + 47T X0 \ A2,

(56)

Here A}, is obtained by requiring G, (£,4o) to be normalized,
that is, by demanding that

&L
/O dEE(E — Go)Gn(£,G0)* = 1. (57)

An analytic expression for A, can be given, but it is
quite lengthy and can be calculated with ease using the
expressions above and a symbolic programming language such
as Mathematica. For these reasons we have chosen not to
present it.
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Moreover, w, = w,(go) are functions of §y. They are the
solutions of the transcendental equation
sin[w, (62 — go+)]

cos(@y080)

—————=—cos(w, Go—
o)

X [Sin(anO—)Sin(wnogo) -

_ cos[w, (61 — Go+)]

N/1+47TX0

X [sin(w,,qo)cos(a)nogo) +

sin(w,080)

cos(w,qo—) |.
T dm (@ngo )]

(58)

In the rest of this section we take the following parameters:
£, =20, § = 1,

xo =10, gov =1,

€pert = 107", 2 =1cm,
giv =0. (59)

We calculated the exact frequencies w, numerically us-
ing the parameters in (59) and Eq. (58). Figure 2 il-
lustrates the lowest ten (nondimensional) angular frequen-
cies w, of the cavity as a function of the position § of
the midpoint of the membrane. Notice that the w, are smooth
functions of § and that there are no crossings between
frequencies.

Finally, Fig. 3 illustrates the evolution of A(£,7) using the
first-term approximation in (39) when the membrane follows
the motion

G(t) = 10 — 5cos(2m €pert T). (60)

Notice that the membrane follows a harmonic oscillation of
large amplitude centered at the midpoint of the cavity.

Figure 3(a) [3(c)] illustrates AO(E ,T) when g(7) is closest
to the left (right) mirror, while Fig. 3(b) shows Ay(&,7) when
G(t) is at the midpoint of the cavity. Notice that Ag(&,7) is
larger in the left (right) side of the cavity in Fig. 3(a) [3(c)].
One may interpret this behavior as light being pushed from one
side of the cavity to the other by the motion of the membrane.
A similar effect has been studied in quantum optomechanics
[30].

VI. THE CASE OF SEVERAL MODES

In Secs. IV and V we assumed that only one mode of the
cavity was initially excited, namely mode N. In this section we
consider the case where several modes can be initially excited.

We proceed in the same way as before, first expanding the
potential Ao(£,7) in terms of the modes [see (23)] and then
obtaining Eqgs. (25) for the coefficients ¢, (7). The difference
appears in the initial conditions (29). They have to be replaced
by

cn(0) = goms  €,,(0) = g, (61)

with g, and gi,, real numbers.

Now let N be arbitrary but fixed. Consider the initial value
problem with the differential equations in (25) and the initial
conditions

cm(0) = gondmn, €,(0) = g1nSmn. (62)
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FIG. 3. The figures show Ag(£,7) (red line) inside the cavity
for several values of 7 using the electric susceptibility in (54), the
first-term approximation in (39), the parameters in (59), and G(t)
given in (60). The frequency of the excited instantaneous mode is
w7 (the seventh-lowest frequency) and it is illustrated in Fig. 2. The
corresponding values of 7 are (a) t =0, (b) t = 2.5, and (c) T = 5.
The vertical blue lines indicate the boundaries of the membrane.

This initial value problem was solved to good approximation

in Secs. IV and V. Let ¢, n(7) denote its exact solution and

CE,{)N(‘L') denote the j-term approximate solution. Since the

differential equations in (25) are linear, it follows that the
exact solution to the initial value problem in (25) and (61) is
given by

+00
en(t) =Y emn (@), (63)
N=1
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while a j-term approximate solution is given by

+00
en(1) 2 Y ey (D). (64)
N=1

We now use the first-term approximation to ¢, y(7). First
observe from (37) that

D (0) = fan[G(@)]byoe v @=Oxl L ccls, v, (65)

where an[G(t)], byo, and Oy are given in (38) and ¢y is
defined in (49).

Substituting (65) in the expansion (23) for Ay(£,7), we
conclude that the potential is approximately given by

+00

Ao(&.1) = Y anlG(m)lbyoe M OONIG y[£,G(T)] +c.c.
N=1

(66)

We end this section by noting that (66) is an accurate
approximation as long as (45) holds for each N with a nonzero
coefficient involved in (66).

VII. CONCLUSIONS

In this article we considered a one-dimensional cavity
composed of two perfect, fixed mirrors and a mobile membrane
in between. Moreover, we assumed that the mirrors and the
membrane are slabs of infinite length and width that are parallel
to each other with vacuum between the membrane and the
mirrors. We modeled the membrane as a linear, isotropic,
nonmagnetizable, nonconducting, and uncharged dielectric of
thickness 8, when it is at rest. Furthermore, the membrane can
only move along the axis of the cavity, that is, along the line
perpendicular to the mirrors and the membrane (the x axis in
the article). Also, we assumed that there is an electromagnetic
field inside the cavity that can be deduced from a zero scalar
potential and from a vector potential with direction along a
line perpendicular to the axis of the cavity (the z axis in the
article).

Since the membrane can move, the evolution of the
vector potential is determined by a wave equation with time-
dependent coefficients and modified by terms proportional to
the velocity and acceleration of the membrane. Assuming
that the membrane starts to move from rest and that the
membrane moves appreciably in a time scale much larger
than the time scale in which the field evolves appreciably, we
were able to solve to good approximation the aforementioned
equation for the vector potential using the method of multiple
scales. This method allowed us to obtain simple analytic
formulas that provide physical insight for the evolution of the
electromagnetic field. We now describe the physical picture
provided by our results. Suppose that a single-mode of the
cavity is initially excited. In a first approximation the vector
potential follows the initially excited mode with an amplitude
and a phase that depend on the position of the membrane. In a
more accurate approximation, the amplitude and phase of the
original mode include small corrections due to the velocity and
acceleration of the membrane. In particular, the phase includes
a Doppler-like phase shift. Also, all the other modes are
excited because their coefficients behave as driven harmonic
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oscillators where the driving comes from the initially excited
mode. This gives the following picture. As the membrane
moves, the frequencies of the other modes may approach or
move away from that of the initially excited mode. If they
are near, then it is easy for light to pass from the initially
excited mode to the other mode and this other mode becomes
excited. On the other hand, if they are far from each other,
then it is difficult for light to pass from the initially excited
mode to the other mode and this other mode has negligible
excitation. Therefore, only those modes with frequency in a
small band around the frequency of the initially excited mode
can have non-negligible excitation. Furthermore, the newly
excited modes have a component that evolves with the phase
of the original mode with a + /2 phase shift and, in general,
they also have a component that evolves at their own frequency.

Also, we deduced the conditions under which the field can
be described to good approximation by just the initially excited
mode but with an amplitude and frequency that depend on
the position of the membrane. These essentially amount to
requiring that the membrane moves sufficiently slowly so that
the speed of the membrane divided by the difference of the
squares of the frequency of the originally excited mode minus
that of another mode is small. Furthermore, we generalized
the results for the case where there are several initially excited
modes.

Finally, we emphasize that the approximate solutions
obtained take into account both the velocity and the accel-
eration of the membrane and that they are valid for arbitrary
displacements of the membrane; that is, they are not restricted
to small deviations of the membrane around an equilibrium
position. In these formulas describing the evolution of the
field, the motion of the membrane can be determined by an
external agent or, alternatively, they can be substituted in the
self-consistent system of equations governing the dynamics
of the membrane and the field deduced in [19]. In particular,
the approximate expressions obtained allow one to investigate
the position- and time-dependent correction to the mass of
the membrane and the velocity-dependent force affecting the
membrane, effects that arise from the motion of the membrane
and its coupling to the field [19]. This is the subject of future
work. We emphasize that the only limitation of the results
obtained is that the membrane must move sufficiently slowly
so that the assumption of the different time scales of evolution
of the membrane and the field mentioned above holds.
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APPENDIX A: MODES

Consider the Sturm-Liouville problem in (12). Assume
that j is Lebesgue measurable, non-negative, and bounded
(this is true, in particular, if ¥ is non-negative and piecewise
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continuous). Then, for some constant ¢; and any fixed § €
[0,£],0onehas 1 < &(& — §) < c; foralmostevery & € [0,&].

Denote by L? the standard space of Lebesgue measurable,
square integrable functions on (0,£;) and by Lé with ¢ €
[0,£,] the space L? endowed with the scalar product,

5L
(. ¥); :/0 PE)W(E) EE — §)dé. (A1)

Note that the norms of L? and of Lc27 are equivalent:

lloll2 < ||§0||L§ < callell .

Denote by H, the second Sobolev space on (0,£;) and by
H, o the first Sobolev space of functions on (0,&) that vanish
for &£ = 0,&,. For the definitions, see [31]. Also, define the
following operator in Lf?:

Az = ! @ (A2)
YT e—pae”
with domain D(Ay) given by
D(Az) = H, N H, . (A3)

The operator A; is self-adjoint. Actually, it is the operator
associated with the quadratic form

&L
ha(o. ) = /0 dEg/ W' E)F. p.¥ € Hig,

See Chapter 6 of [32]. Moreover, by the Rellich compactness
theorem [31], the imbedding of D(A) into L; is compact, and
it follows that the resolvent R;(z) = (A — 27 s compact for
z in the resolvent set. From the results of Sec. 6 of Chapter 3
of [32] it follows that the spectrum of A consists of isolated
eigenvalues of finite multiplicity that can only accumulate at
00. Note that the eigenvalues of A are precisely the squared
eigenfrequencies a),,((i)2 (n = 1,2, ...) and, hence, they are of
multiplicity one.

Denote by J; the identification operator from L onto L*
given by

Ji0&) =), ¢l
Clearly, J; is invertible with bounded inverse. Let us denote
by B; the operator,

B; = J;AzJ; " (A4)

The operator B; can be understood as the operator A; but
seen as acting on the space L> whose norm is equivalent to
the norm of Lf]. Since B; and A; are related by a similarity
transformation, they have the same spectrum. Hence, the
spectrum of B is composed of the squared eigenfrequencies
0, (G (n=12,...).

Let us assume that ¥ is continuous for all £ € [0,&,] \ M,
where M is a set of Lebesgue measure zero (of course, this
will be true if ¥ is piecewise continuous). Consequently,

qlinqlo EE—-q)=8E—-qo), YELGo+ M. (A5)

Moreover, by (AS),

lim B; ¢ = By, ¢,

d—qo

v (/NS] D(qu) = H2 N H],(),
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where the limit is taken in the norm of L2. It follows that the
family of closed operators B; with D(B;) = H> N H; o and
G € [0,&.] is strongly continuous. Let us denote by Iéq(z) =
B; — 2)~! the resolvent of B,. By the second resolvent
equation, for any z € C \ [0,00),

R;(z) — Ry (2)

. 1
- _{R‘7°(Z)[é<s ~D

Since D(B;) C H,, we have that

1 d? .
G —q~0)“d§2 Rq(@).

dZ
H ae2 R;(2)

fora constant C independent of § € [0,£,]. Moreover, by (A5)
and since R, (z) is a compact operator,

lim
q—>40

N 1 1

Fa@ [5(5 —p  #E- qw} H

Hence, B; converges to B, in norm resolvent sense. Then
one can take the following results in [32]: Chapter 2,
Sec. 4.2 [in particular equation (4.18)]; Chapter 4, Theorem
2.25 in Sec. 2.6 and Sec. 3.5; and Chapter 7, Sec. 1.3. It
follows that we can apply to our problem the results in
Secs. 5.1 to 5.5 of Chapter 2 of [32]. Note that in our case the
transformation operator considered in Sec. 1.3 of Chapter 7
of [32] is only required to be continuous and, moreover,
that since B, is similar to the self-adjoint operator Ay, its
eigenvalues are semisimple. Then, by Theorem 5.1 in Sec 5
of Chapter II of [32], the functions w,(§) (n = 1,2, ...) are
continuous and there are no crossings because the eigenvalues
are of multiplicity 1; that is, w,(§) # w,,(§) for all § € [0,&.]
and n #m (m,n = 1,2, ...). Furthermore, the eigenvectors,
G,(&,g) (n=1,2,...) are continuous in § (note that, since
the eigenvalues are of multiplicity one, the projectors onto the
A groups are one dimensional).

Suppose, furthermore, that 3 (&) is piecewise absolutely
continuous, with bounded derivative [clearly, this will be true
if ¥(&) is piecewise continuous with piecewise continuous
derivative]. In this case the operator family B; is strongly
continuously differentiable and continuously differentiable in
norm resolvent sense. Then, by Theorem 5.4 in Chapter 2
of [32], the functions w,(§) (n = 1,2,...) are continuously
differentiable, and, by Remark 5.10 of Chapter 2 of [32], the

J

9 *9%d,, 92 dd,
[%(T’épert)} _[IIN(T)JZ(T)] + [ f(f 6pert)jl

2
otiy
2

a 0°dy,
+2€pert|:£(f,€pert):| 90,01,

+é2

+ Epertq (Epenf)rmm [q(epertf)]dm [th(T)’tZ(T)]

82
Sy S v (0),12(0)] 4 260G (epenr)me[q(epmr)]

PHYSICAL REVIEW A 94, 033846 (2016)

eigenvectors G,(£,§) (n = 1,2, ..
differentiable in 4.

.) can be taken continuously

APPENDIX B: TWO TIME SCALES

The purpose of this Appendix is to deduce a two-term
approximation of the solution of (28) and (29) using two time
scales. Throughout this appendix we use the mode-dependent
quantities defined in (24).

Since the coefficients of ¢,, () in (28) are functions of €per T
and 0 < eper < 1 [see item (1) in Sec. IV], it is clear that the
slow time scale is given by €, T, but the fast time scale remains
to be determined. Therefore, we consider the two time scales

hy = f(fveperl)v Iy = €pert T, (B1)

where

(1) f(z,€pert) = Oforallz >0
We demand this property because t©
want t;y > 0.

(2) (3f/9t)(T,€pert) > Oforall T > 0.

We demand this property because the nondimensional time t
is strictly increasing and we want the fast time scale #;y to be
strictly increasing.

(3) f(0.eper)) = 0.

We demand this property because we want the fast time scale
tin to be zero when t = 0.

(4) For fixed €per, f(T.€pert) is two times continuously
differentiable as a function of t.

We demand this property because two derivatives with respect
to T appear in the equations for ¢,,(7) given in (28).

(5) For fixed T we have €pen T <K f(T,€pert) @S €pert 0.
Here €pers | 0 means that eper tends to zero through positive
values. We demand this property because we want ¢y to be
the fast time scale and ¢, to be the slow time scale.

Foreachm = 1,2, ... we define the function d,,(t,5,12) by

dnltin (1), 02(T)] = cu(T) (T 2 0). (B2)

We are now going to deduce the initial conditions and the
system of differential equations that determine the evolution
of the d,,(t,y,%). Substituting (B2) in the initial conditions
for ¢, (7) given in (29), we obtain the corresponding initial
conditions for d,,,(t|y,1)

od,,
f (O Epen) (0 0) + fpen

gON8mN = dm(0,0) (B3)

> 0 and, therefore, we

glNSmN (0 0),

Substituting (B2) in the system of differential equations for
cm(7) given in (28), we obtain the corresponding system of
differential equations for d,, (tn,%2):

118 (0),1(0)] + Ol (€pen D) dt1n (2),12(T)]

[th(T) h(T)] + 26pertq (Gpertf)rmm [Q(Eperlf)][ f(f 6pert):| [th(T) 1(7)]

od,,
[fuv(f) t(7)]

033846-13



L. O. CASTANOS AND R. WEDER

+00
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ad, ad,
= —€pert Z Lo Q(Gpenf)]{2q (epertf)|: f(f 6pert):| Iin [fin(T), ()] + 26pertq (epertf)_[th(T) (7)]

n=1

nstm

+€pen§//(€pertf)dn [fin (), 12(7)] } .

We now obtain f(7,€perr) from (B4). First observe that
in the case €per | O all the terms of (B4) cancel out except
for those in the first line. Now recall from (5) that €pey =
Vose/Vo; that is, €per is the time scale 1/vy in which the
field evolves appreciably divided by the time scale 1/v
in which the membrane evolves appreciably. Hence, €pert | 0
describes the case where the field evolves infinitely faster than
the membrane and, therefore, corresponds to the situation
where the membrane is fixed. Moreover, we know that
the coefficients ¢,,(t) = d,,[t15(7),12(7)] of the modes must
satisfy harmonic oscillator equations when the membrane is
fixed [see (15) in Sec. III]. Hence, one must recover a harmonic
oscillator equation (with angular frequency equal to 1) for
d,[tin(T),12(7)] in the fast time scale #;y. From (B4) we see
that this happens if and only if

9 : .
[%(Taepeﬁ)} = wm[é(epenf)]z’ (tr > 0),

A f(ts6pert) = / d‘clwm[é(epertf/)]’ (t20). (B
0

Notice that to deduce the last line we used that both
(3f/97)(,€pert) and wyy, [é(epenr)] are positive, as well as the
fact that f(0,€perr) = 05 see items (2) and (3) above and item
(1) in Sec. III.

From (B5) we find that the fast time scale is not uniquely
defined. This is to be expected because every mode should
have its own fast time scale determined by its corresponding
frequency wy, [(j(él,enr/)]. Since the initial conditions in (B3)
indicate that only mode N is initially excited, from (BS5) we
find that the appropriate choice for the fast time scale is

hy = f(fyeperl) = f dt'wy [é(epenf/)]' (B6)
0

There are certain quantities that appear quite frequently in
the calculations that follow. Therefore, it is convenient to define
them now and make reference to them as we proceed. We
benefit from this because the results will have more succinct

and transparent expressions. For each m = 1,2, ... we define
~ 2
Lo = on[§(0)) —— + oul§0)),
Otiy
= wy[§(12)]
é—m(t2) - me [q(IZ)] + N—:’
20n[q(t2)]

02 = 0
+4q (tz)g“m(tz)—}

m =2 %
Lo wN[q(tZ)][at T .

2
a 0.2
+ q”(IZ)me [ﬁ(fz)],

£m2 + Zq (IZ)me [6] (tZ)] .

(B4)

z/ = z Gl
»Cmnl = 26] ([2)(1)1\] [q(IZ)]an [q(IZ)]a_’
hn

~ ~ d - -
»Cng = 2q/(t2)1-‘mn [q(IZ)]a_tz + q//(IZ)an [6702)],

ol (12)]
won[§(®)]

mN [61 (IZ)]
wnl§(n)]’

5 5(0 q(r)
am[q(tZ)] - MCXP _/: dyrmm(y) )
V wn[q(t)] §(0)

d {( ) iG]

Wi (t2) =

T,(12) = 24'(t2)

n) = —i—1§'(t }—ié’(m%[é(m],

dt doy[§ ()]
() = Tyn)  Tan(y)?  ofy()?
2n(y)  20n()  8wn(y)?
+00
FNn(y)FnN(y)
-2 _ B7
N D o o) ®7)
n#EN

Substituting (B6) in (B3) and (B4), using the definitions in
(B7), and expressing all quantities in terms of ¢,y and ,, we
obtain a system of differential equations,

([me + EpertEmI + Egert‘CznZ)dm(th’tZ)

+00
= — Z (Epertﬁmnl + E;enﬁng)dn(thvIZ)y (B8)

n=1

n#m
with the initial conditions

ady,

gINOmN = a)N[q(O)]—(O 0)+ €pert 5~ (0 0),

gondmn = dp(0,0). (B9)

We now solve (B8) and (B9) to good approximation.
In the following we assume that each d,,(t;y,%) has the
asymptotic expansion:

dn ~ Yo + eperlle + esertYmZ + - (B10)

If one takes d,, >~ Y,,0 for each m, then one has a first-term
approximation. Similarly, if one takes d,, 2= Y0 + €pert Y1 for
each m, then one has a two-term approximation. In general,
one has an n-term approximation if one takes d,, ~ Y,,0 +
€pert Y1 + GSmsz 4ot ege_nl Ym.n—1y for each m. We are
now going to see how these are determined.

Substituting (B10) in (B8) and (B9) and equating equal
powers of epe; We arrive at the following first three initial
value problems for eachm = 1,2, .. .:
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o),
LnoYmoltin,t2) =0,
YmO(OvO) = gON(SmNa
= 8YmO
wn[g(0)] 5 (0,0) = gindun; (BI11)
hn
O(Epert)’

+00
LonoYmi(tin122) = =Lt Yo(tin12) = Y Lount Yao(tiy12),

n=1

nstm

Y,u1(0,0) = 0,
- Y, Y,
wy[§(0)]—21(0,0) + —22(0,0) = 0; (B12)
N ot
O(€2),

LnoYmar(tin, 1)
==Ly Yi(tin,02) — Lo Yio(tin, 1)

+o00 +00
- Z Emnl Ynl(th7t2) - Z LngYnO(tha[Z)»

n=1 n=1

n#m n#m
Yn2(0,0) = 0,
= Y2 Y1
wn[q(0)] 0,0) + (0,0) = 0. (B13)
3th 8[2

Notice that the O(1) problem corresponds to uncoupled
harmonic oscillator equations in the fast time scale 71y, a
result that was expected because the modes satisfy uncoupled
harmonic oscillator equations when the membrane is fixed.
Moreover, the O(GI’}en) (n > 1) problems correspond to un-
coupled, driven harmonic oscillator equations in the fast time
scale t;. Observe that the coupling between the modes is
going to be introduced through the driving because it depends
on the previous values Y,,0, Vi1, - - -, Yin—1)-

We first solve the O(1) problem. If m = N, one immedi-
ately finds that

Yno(tin,t2) = ano(t2)e™™ + byo(t)e "V, (B14)
where
80N . 81N
b 0) = —/— +1—),
o = e GO
ano(0) = byo(0)*. (B15)

To obtain (B15), we used that goy and gy are real numbers;
see Sec III.
Notice that if m # N, then

Yino(tin,t2) =0, (B16)

is a solution of the O(1) problem. In fact, if one solves
the O(1) problem for m # N and subsequently solves the
O (€pert) problem, then one finds that (B16) is indeed the unique
solution. In order to lighten the burden of the calculations,
we take (B16) from the outset. Moreover, this result can
also be motivated physically. One expects that the field will
approximately follow the instantaneous mode if the membrane
moves sufficiently slowly. This physical intuition is expressed
mathematically by requiring that the first term Y,,0(¢15,%2) of
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the asymptotic expansion of d,,(t|n,#,) is zero except for the
mode N that was initially excited.

Notice that the coefficients ayo(t;) and byo(t;) in (B14)
are not known for #, # 0. They are determined by solving the
O (€per) problem. This is what we do now.

Substituting (B14) and (B16) in the O(€per) differential
equation and solving the resulting driven harmonic oscillator
equations, one finds that

Y1 (tin, 1) = a1 (t)e VD b (1)e = Wnhy
iTm(IZ) —i i
+ W[bzvo(tz)e W —ayo(tr)e’"]
m\{2)" —
(m 75 N)7
Yni(tin.t) = ani(t2)e™ + by (tp)e "™
(1 +2it1ny)Bno(t2) —itiy
e

4on[q(n)?
_ L= 20 Awolta) i (B17)
doyl§n)P ’
where
Apo) .,
2oy[G(h)] ano(12) + G (R)En (R)ano(t),
Bno(t) -
2oy[G(h)] biyo(12) + G (2)sn (22)bno(t2).  (B1B)

Notice that one obtains Byo(f;) from Ayo(t;) by changing
ano(ty) to byo(tz). We remark that the initial conditions
for Y,,1(tin,tr2) (m # N) and Yy;(¢1n,%2) have not yet been
imposed. The reason for this will become clear when we solve
the O(e.,) problem further below.

Before proceeding, one must eliminate secular terms from
(B17); that is, one must eliminate terms that destroy the order
of the asymptotic expansion in (B10). In our case, these
correspond to terms in (B17) that become unbounded as 7,y
increases while t, is fixed. We observe that the secular terms
in (B17) are those that have ¢ y as a factor. Then, secular terms
disappear from Yy if and only if

Bno(t2) = Ano() = 0. (B19)

This condition is equivalent to the following differential
equation
2 (1) + §'(10)in(0)z(1) = 0,

with z() = ano(t2), bno(t2). (B20)

The differential equations in (B20) are linear and of order 1.
Hence, they can be solved analytically [29] to give
2(1) = z(0)an[G(12)],

with z(t) = ano(t2), byo(t2). (B21)

Recall that the values of ay((0) and by((0) had already been
obtained in (B15) and that oy [§(t2)] was defined in (B7).
Having eliminated the secular terms (B17) takes the form

Yni(tin,t2) = ani(t2)e™™ + byy(t2)e ™V,
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and

Yi(tin,12)
= aml(tz)ein(fz)th + bml(tz)efiwm(m)tw

iT,(t2) _i ;
+W)22_1[bN0(l2)€ I — ano(t)e'"],

(m # N). (B22)

Notice that the coefficients a,,1(t2), bni(t2), ani(tz), and
bn1(t2) are not known. They are determined by solving the
O(egm) problem.

Also, from (B14)-(B16) and (B21) we find that the first-
term approximation to d,, (¢, ,t,) is now completely specified.

J

Yio(tin.12) = amo(tz)e’Vn @ 4 by (ty)e ™ Wm0
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It is given by

Yno(tin, 1) = an[G(t)[byo(0) e + byo(0)e™"],
Yuo(tin,12) =0 (m # N), (B23)

where byo(0) is given in (B15) and ay[§(t)] is defined in
(B7).

We now solve the 0(6§ert) problem. As mentioned before,
not only will this give us an expression for Y,,»(¢;x,t2), but
it will also allow us to fully specify Y, 1(t;n,22); that is, it
will allow us to determine the unknown coefficients a,,;(t,),
by1(12), an1(t2), and by1(22) in (B22).

First assume that m % N. Substituting (B22) and (B23) in
the differential equation of the 0(€§ert) problem in (B13), one
again obtains a driven harmonic oscillator equation that can be
solved analytically [29]. One obtains

W Ani()  Amitiy . D) Dyi(t)tiy . D)ty
+ e m( 2) IN ) __ i i — i
4W,(12)? 2W(t2) 8Wn(t2)* ~ 4W,(12)? 4W,,(12)
4 oWl Byi1(12) l.Bml(lz)hN _; Fui(t) | Fmi()hin l.le(fz)flzN
4Wm(t2)2 2Wm(t2) 8Wm(¢2)3 4Wln(t2)2 4Wm(t2)
o HE (1) + RV(1) ity (1) + R(t)
Win(12)* — 1 W,(t2)? — 1
+o0
: HWD (1) , H2)(1)
+ equ(tz)le mn + et Wa(2)tin mn i|’ B24
; [ Wi (12)* — Wa(t2)? Wi (12)* — Wa(t2)? (524
n#m,N
[
where we have introduced the quantities I.vlG
| B () = B (1) — 24 )]
d wn[q(1)]
Amt2) = =y a L/ m()am (2] X [2§'(1)blyo(12) + " (0)bwo(E2)],
i i Tn(t2)ano(12)
28/ (1) Umo(ty) = — N2
Ly (1)1 (1) (1), o) = - 1
wn[g(12)] :
' i T (22)bno(12)
2i d Bmo(tr) = —————,
Bui(n) = m%[wm(tZ)bml(tZ)] W (t2)” — 1
NIRRT W 20000 25 (02)6n(t2)
124'(12) Rt =i i E ) o™
+ ——= = Win(22)bm1 (22)n (12), N1t N1t
on[q(t2)] n 2 o0
Wi ()W 200 N ()
m(l " (t = mn 2)1&n0\12),
Dyi() = 2M0ml(l‘2), onlg(n)] 45
wn[q ()] ntm,N
L Wa()W,,(1) RO()) = i 28,,(12) l.267’(t2)§m(tz) Boo(ts)
Fn() = 2= =y o). =G eGP
~ 1 +o0o
AT an[‘?(l‘z)] l2q (tZ) =~
HW b)) = —i2§'(¢ W, () ——=———a, (1), RS an[q(t ) Bno(12). (B25)
pt2) = =120 ()W) e S () o] 2 Bt
n#m,N
n 2 Cyun[G(12)]
HE (1) = 12 ()W, (1) 220, (1), . . .
wy[G ()] Observe that in each consecutive pair of quantities introduced
Tonl6(12)] in (B25), one is obtained from the other by changing a by b,
HO (1) = H R (1) — % D by F, a by 8, and (1) by (2) and by adjusting some signs.
WN 2

X [2§'(t)ayy(12) + §" (t)ano(12)],

We now have to eliminate secular terms from Y,,,»(tn,%).
Notice from (B24) that, for fixed #,, the terms multiplied by
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tiy and th grow without bound and the terms multiplied by
17\ eventually dominate. Hence, secular terms disappear from
Yuo(tin,1) if and only if

Dyi(t2) = Api(t) = Fui(t2) = Bi() =0, (1 = 0)
am ()W, () =0, Aui(t) =0
& {0 ()W, (1) =0,  Byi() =0,

for ©, > 0.

& api(t2) =bpi(2) =0, (2 20). (B26)
In the second step in (B26) we used the definitions of D,,(t,)
and F,,(t;) in (B25) along with the fact that W, () # 0
and wy[§(t2)] # 0 for all f,; see the definition of W, ()
in (B7) and item (1) in Sec IIl. Also, in the last step in
(B26) we used that A,,(t2) = B,,,1(t;) =0 for all r, > 0 if
am1(tr) = by1(t) = 0 for all 1, > 0; see the definitions of
An1(f) and By, (1) in (B25). Moreover, we note that, except
for a discrete set of values of #,, one has W, (,) # 0 because
W, (t2) = wnl§(t2)]/wn[G(t2)] s, in general, not constant; see
Fig. 2 for an example of how the w,[§(t,)] vary with respect
to §(t,). Therefore, the last line in (B26) is, in general, also
a necessary condition for the disappearance of secular terms
from Y,,»(tn,12).

Taking a,,;(t;) = by 1(t2) =0 for all 1, > 0 and m # N,
it follows that from (B25) that H\)(t,) = H®(t,) = 0 for all
tp 2 0andn # N,sothat Y, (t;n,t)in (B17) and Y,,2(t1n,12)
in (B24) reduce to

iT(t2) » ;
V(i) = B Tbvo(i)e ™" = ano(i)e™
m\t2 -
(m # N), (B27)
and
Yoo(tin 1) = ama(t2)e "N 4 by (ty)e = W
- ginw Hun(®2) + RD()
va(tZ)2 -1 '
iy Hon (02) + RO(12)
+ —itiyy ~"mN m , N ,
¢ Wor -1 "FEN
(B28)

with the quantities defined in (B25).

Notice that Y,,;(f1n,t2) is completely specified in (B27).
Nevertheless, we still have to verify that it does indeed satisfy
the initial conditions of the O(eper) problem in (B12). Recall
that we did not impose them when we solved the O(€per)
problem in (B17). We postponed this in order to use the
simplified expression in (B27). Using the initial conditions in
(B12), the values of ayo(0) and byo(0) in (B15), the definitions
of T,,(t>) and W,,,(¢,) in (B7), and the expression for Y,,,; (¢ x,12)
in (B27), it follows that

81N Tm (0) —
[Wn (0 — Hwn[3(0)]
Can[G0)]=0 or §'(0)=0,

Y,1(0,0) =0 & —

< givn=0 or (B29)
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and that
Y, T,,(0
1 (O 0) = gonT,,(0) _
8 VVm(O)2 -1

& gow =0 orTun[g0)] =0 org'(0)= (B30)
This is the first time we use the assumption §'(0) = epenc?/(O) =
0 given in item (3) of Sec IV. Using this assumption in (B29)
and (B30), we find that Y,,,1 (#; 5 ,%2) in (B27) does indeed satisfy
the initial conditions of the O(éper) problem in (B12) for the
case m # N.

We are now going to solve the O(EPen) problem in (B13)
for the case m = N. Substituting the expressions for Y, and
Y0 in (B22), (B23), and (B27) into the 0(e§en) differential
equation in (B13) with m = N, one obtains a driven harmonic
oscillator equation that can be solved analytically [29] to yield

Yno(tin,h) = ana(t)e™ + bya(tr)e "™
ith

1 (1 —i2t1§)AN2(t2)

—itiy

(I +i2t18)Bna(12),  (B31)

where we have introduced the quantities

Ana(tr) = {ayo(t2) + 2T yn[G(12)1G () al(t2)

1
wn[§(@)]?
+ Cynl§(0)1§" ()ano(t2)}

+ m[aﬁw(b) + ¢ ()N (a1 (1)]

T nal§(t2)]
—i2G (l); oxla)] a,0(12),

n#N

Bya(t) = ———=——{bj(12) + 2T yn [G(02)1G (12)D)yo(12)

1
on[§(1)]?
+ FNN[CI(fz)] §"(12)bno(1)}

+ m[bm(!z) + G (1) en(t)by1(12)]
+i2§ )Z L [q(( 2))]] Bro(t2). (B32)
o

From (B31) we observe that secular terms disappear from
Yno(tiy,1) if and only if
Ana(t2) =0, Bya() =0 (1 = 0).

Using the definitions of Ayz(f2) and Bya(2) in (B32), this
condition is equivalent to the differential equation

(B33)

Z(1) + § ()N (1)z(tr) = n(t2)zo(t), (B34)
with
2(t) = ani(t2), zo(t2) = ano(t2),
or z(t) =byi(tr), zo(t2) = —byo(2). (B3S)
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Solving this differential equation [29], one concludes that
secular terms disappear from Yy, (¢ y,%) if and only if

1) = an[q(n)] [Z(O) + z0(0) /O 2 dt, n(té)} (B36)
with

20(t2) = ano(2),
20(t2) = —bpo(t2).

() = ani(t2),
or z(h) = byi(h), (B37)

Notice that the values ay1(0) and by1(0) remain to be found.
These are obtained by applying the O(€per) initial conditions
in (B12) to Yy in (B22). One finds that

Yn1(0,0) =0 < ani1(0) + by1(0) = 0,

and

Yy 9Yno
0,0
BITN ( )+ ot
< ayn1(0) — by1(0) = 0.

wy[g(0)] 0,00=0

From these two results it is straightforward to conclude that
an1(0) = by1(0) = 0. (B38)

Substituting the values of ay;(0) and by (0) given in (B38)
into the expressions for ay;(f;) and by (t;) established in
(B36), and then substituting the result in the expression for
Yyni(tin, 1) in (B22), one obtains that

Yni(tiy. ) = OlN[é:(fz)]/ deyn(t})
0

x [bno(0) e — byo(0)e™™].  (B39)

Recall that n(t,) is given in (B7), while by((0) was established
in (B15).

Moreover, without secular terms, Yy, in (B31) takes the
form

Yna(tin,t2) = ana(t)e’™™ + bya(t)e™ . (B40)

We are now in a position to write a two-term approximation
of d,(t1y,t2) using the definition of the time scales in (B1)
and (B6) and the asymptotic expansion in (B10). First, using
the expressions for Yyo(t1y,%2) and Yy (t1y,%2) established in
(B23) and (B39) and the expressions for ayo(t2) and byo(t2)
in (B21), we conclude that a two-term approximation is

dy(tin,t2) = Yno(tin,12) + €pert VN1 (tin, 12),

= ay[§(n)]

. 2
% {bNo(O)*EmN |:1 + Epert/ dtﬁ ﬂ(té)il
0

+ bNO(O)e_ith |:1 - 6pel‘t/‘o dté ﬂ(lﬁ)} }
(B41)

Recall that 1(#,) is given in (B7), while by((0) was established
in (B15).

Using the expressions for Y,o(t1y,%2) and Y,,1(t1y,%2) in
(B23) and (B27) and the expressions for ayo(t2) and byo(t2)
in (B21), we conclude that a two-term approximation of
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d,(tiy,t) withm # N is given by

dn(tin,12) = Yyo(tin,12) + €pert Vi1 (v, 12),

o iepertTm(t2) =
=W —1 ](XN[Q(tz)]

x [byno(0)e ™" — byo(0) e ™™], (B42)

where by(0) is given in (B15).
Finally, we comment on the accuracy of the two-time-scales
approximation [25]. The two-time-scales approximation is an
accurate approximation to ¢, (t) forall T such that 0 < 7,(7) =
€perntT < O(1). Since €penT = vosct [see (4) and (5)], it follows
that the latter condition is equivalent to
0< 1< 0(vy).

0sc

(B43)

Therefore, the two-time-scale approximation will be accurate
up until = Dv;! for some D > 0. For example, if the
membrane is oscillating, then the two-time-scale approxi-
mation will be accurate during some oscillation periods of
the membrane. Moreover, during the time interval in (B43)
the two-term approximation will be more accurate than the

one-term approximation.

APPENDIX C: THREE TIME SCALES

In Appendix B we obtained an approximation for the
coefficients of the modes of the field that is accurate during
an interval of the form 0 < 7 < O(v,!), where v,! is the time
scale in which the membrane evolves appreciably; see (B43).
Hence, the approximation obtained might not be accurate for
very long times. The purpose of this appendix is to remedy this
by solving the equations for the coefficients using the method
of multiple scales with three time scales.

From what we learned in Appendix B, we know that the

fast time scale is given by

fy = f 47 o [§(Epent)], €
0

while a slow time scale is given by

1) = €pentT- (C2)
Now we introduce a slower time scale given by

13 = €penT. (C3)

These three time scales allow one to obtain an approximate
solution of the initial value problem in (28) and (29) that is
accurate for long times. In fact, the theory of multiple scales
[25] indicates that the approximate solution of (28) and (29)
is accurate for times T = vyt such that

1
Ogeéenr<0(1)<:>0<t<0< > (C4)
EnertV
pert Yosc
In order to use the three time scales introduced above, define

form=1,2,...

dm[th(T):tZ(T)’t3(T)] = cm(f)' (CS)

Throughout the appendix we make use of the quantities
defined in (B7) in Appendix B. Now, we also introduce the
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following quantities foreachm =1, 2, ...

2

8t38t1N’

' = Lo 4 20y[§(1)]

2
£m3 =2

. . 9
26" ()G (t2)]—,
PTTS +2q' () [q(z)]a[

o ~ d
‘cmnS = 2‘?/(1‘2)an [67(1‘2)]8— (Co)
13

Notice that £,,, is defined in (B7).

Substituting d,,[t1n(7),12(7),13(7)] given in (C5) into the
equation for ¢, (7) in (28) and using the differential operators
defined in (B7) and (C6), one concludes that d,, (t;y,2,13) must
satisfy the equations

82
2
I:EmO + Epertcml + epen m2 + eperl£m3 + epen 8l2
3

X dm(that27t3)
+00

2 3
= - E [Epert£l71nl + Epenﬁng + épenﬁmn?}]

n=1

nsm

X dy(tin,12,13). (C7N

Moreover, the initial conditions for d,,(t1y,%,t3) are obtained
by substituting the definition of d,,[#;5(7),%(7),#3(7)] in (C5)
into the initial conditions (29) for ¢,,(t). One obtains

dm(o) = gONava
and

od,, ad
(0) te pert

o [67(0)] —(0) = ginSmn-
of N ot3

(C8)

Here and in the following 0 = (0,0,0). Also, recall that gon
and gy are real quantities; see Sec. III.

Now assume that each d,,(¢iy,%,#3) has an asymptotic
expansion of the form

dm ~ Ym() + Epertle + egenYmZ + - (C9)

Substituting the asymptotic expansion given in (C9) into the
differential equation and initial conditions for d,,(#y,%,t3) in
(C7) and (C8) and then equating equal powers of €y, One
arrives at the following four problems for eachm = 1,2, .. .:

o),

‘CmOYmO = 05
with
mO(O) = gONSmNs
mN’ (C10)
O(Gpert)a
+00
EmOle = _EmIYmO - Zﬁmnlyno’
n=1
n#m
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with
ml(o) = Oa
aY,,, BYm
onlgO)] : () + 0 =)= 0; (C11)
O,
~+00
EmOYm2 ‘szYmO - Enzlyml - Z(LngYnO + EmnlYnl)a
i
Y,
[q<0>] (0> ;2 1<0> + = 20y =0;
3
(C12)
O (€pert)s
EmOYm3 = _EmS YmO - E;nzyml - ‘Cﬂllsz
+00
- Z(»CmrBYnO + »CngYnl + »Cmnl YnZ)’
v
with
m3(0) = Oa
on (GO ‘(0) + 2(0> + 1(0) =0. (C13)

In the initial value problems above, observe how the
subindexes add up to give a constant number in each of the
problems. Moreover, it is important to note that the O(1) and
O (€per) problems above are exactly the same as the O(1) and
O (€pert) problems using two time scales; see (B11) and (B12) in
Appendix B. Also, notice that the differential equation for the
O(1) problem in (C10) corresponds to a harmonic oscillator in
the fast time scale #, y; see the definition of £, in (B7). Hence,
we obtain that all Y,,0(f;x,%,#3) satisfy uncoupled harmonic
oscillator equations in the fast time scale. This reflects the
fact that the coefficients of the modes satisfy uncoupled
harmonic oscillator equations when the membrane is fixed;
see Sec. III. Finally, observe that the differential equations
in the higher-order problems O(ESm) (n > 1) correspond to
driven harmonic oscillator equations.

First, we solve the O(1) problem. Since the differential
equation in (C10) corresponds to a harmonic oscillator in the
fast time scale #;y, one immediately finds that

Yno(tin,t2,13) = anolta,t3)e™ + byo(ta, 1),
Yyo(tin,t2,13) =0 (m # N).

Notice that we took Y,,9 equal to zero when m # N because of
what we learned in Appendix B, namely that in the first-term
approximation only the coefficient of the mode that is initially
excited should be different from zero. Physically, this amounts
to demanding that (to lowest order) the field should follow
mode N as the membrane moves if only mode N is initially
excited. Also, observe that Y,,,o = 0 with m # N does indeed
satisfy both the differential equation and the initial conditions
of the O(1) problem.

(C14)
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Applying the O(1) initial conditions in (C10) to Yy¢ in
(C14), one finds that

8N igIN
bno(0,0 —_—,
w000 = o GO

ano(0,0) = bno(0,0)". (C15)

To obtain the second line of (C15), we used that both ggy and
g1y are real.

We now solve the O(eperr) problem. Substituting Yyo and
Y,,0 given in (C14) into the right-hand side of the differential
equation of the O(eper) problem in (C11) and solving the
resulting harmonic oscillator equations with driving, one
obtains

Yni(tiy12,13) = ani(ta,13)e"™ + by (12,13)e™""™

A,
t i A2 3)(1—1211N)
. B(t N
eriny (2 2Dy i,
and
125 ()T [3(12)] .
Yo (tistanty) = — e MLy [G(10)]

ol §()]? — wnlG(t2)]
X [byo(ta,13)e™"Y — ano(ta,13)e"V],
(m # N), (C16)

where we have introduced the quantities A(#,#3) and B(t,,13).
The former is defined by

—2i

M) =

day
{ % (t2,13) + ano(t2,13)q (tz)CN(tz)}
datr

(C17)

while B(t,,t3) is obtained from A(f,,#3) by changing i to —i
and ayg to byg. Also, ¢y(2;) is defined in (B7).

It is important to note that we have taken the complementary
function associated with Y,,,;; (m # N) in (C16) equal to zero;
that is, we have taken the general solution of the homogeneous
differential equation associated to Y,,; (m % N) equal to zero.
The reason for this is that we obtained that it is equal to zero
in the two-time-scales approach in Appendix B. Moreover,
observe that Y, (m # N) in (C16) satisfies the O(€pert) initial
conditions in (C11) because §'(0) = 0. Recall that §'(0) = 0
means that the membrane starts to move from rest and that we
made this assumption in item (3) of Sec. I'V.

Now we must eliminate secular terms from Yy ; that is, we
must demand that terms that become unbounded in Yy for t,
and 13 fixed become zero. From (C16) we observe that secular

J
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terms in Yy disappear if and only if

A(tr,13) = B(t,13) =0, 1,132 0.

Using the definitions of A(f,#3) and B(f,t3) in (C17), it
follows that this condition is equivalent to the differential
equation

0 -
Z (1) = —§ ()N (1)2(02.13),
datr

with z = ayog, byo- (C18)

Recall that ¢y (2,) is defined in (B7).
Solving this differential equation one concludes that secular
terms in Yy disappear if and only if

2(t2,13) = 2(0, 1)y [§(12)],

with z = ayo, bno. (C19)

Here ay[G(2)] is defined in (B7). Notice that both ayo(t2,t3)
and byo(t2,t3) are not completely determined yet, since
ano(0,13) and byo(0,#3) have not been specified. One needs
to solve the O(ESert) problem to do this.

Without secular terms, Yy in (C16) takes the form

Yni(tin,ta,13) = ani(ta,t3)e’™ + by (ta,13)e™""" . (C20)

We still have to impose the O(eper) initial conditions on
Yn1. Substituting into the aforementioned initial conditions
the values of Yyo, Yn1, ano, and byg given in (C14), (C19),
and (C20), and using that §'(0) = 0, one finds that

an1(0,0) = by1(0,0) =0 (Cc21)

Recall that the assumption §'(0) = 0 was made in item (3) of
Sec. IV.

We now solve the 0(6§en) problem in (C12). In the
following assume that m # N. Substituting into the right-hand
side of the differential equation of the O(Glfm) problem in
(C12) the values of Yy¢ and Y, given in (C14), Y,,; given in
(C16), ano and by given in (C19), and Yy; given in (C20),
one obtains a driven harmonic oscillator equation for Yy, in
the fast time scale ¢, . The general solution of this equation is

Yno(tin,ta,13) = ana(ty,13)e™™ + byo(ty,t3)e "1V

At
iny A1(2 3)(1—i2t1N)

Bi(t2,13)
4

+e

+ et (I +i2ty), (C22)
where we have introduced the quantities A;(f;,73) and

By (t,t3). The former is defined by

—2i da
A, 13) = W(ltz)]{ 821 (t2,13) + (fz,f%) +§' t)TwnIg (fz)]aNl(fzJ.%)}
Can[g(n)] 2 1 d%ano % iz
- m[ (t 2) (tz,ts) +q (fz)aNo(tz,l‘a)] on GO { 012 (t2,13) +ig (l‘z)wN[Q(fz)]aNl(fzJa)}
+00 =
IﬂNn ([2)]FnN[q(t2)]
45 23
7@ avo(its) Z oGP — xR ()
n#N

and B (1,t3) is obtained from A|(#,3) by changing i to —i, ay; to by, and ayg to byy.
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We now eliminate secular terms from Yy, given in (C22). Using the expressions of ayo(t2,#3) and byo(t2,23) in (C19), it
follows that secular terms in Yy, disappear if and only if

. 9z R
Ai(tr,3) = Bi(th,13) =0, & z(tr,13) = an[q(t2)] [Z(O,ls) - fza—tl(oh) - 22(0J3)/ dtzﬂ(fz)i|y
3 0

z=>bn1, 21 =Dbno, z2=bno,
with { or (C24)
Z=4dayni, <21 =4d4ano, <2 = —ano-
Now one must also eliminate secular terms from ay(2,#3) and by (¢, 13); that is, one must eliminate terms that become unbounded
as f, grows with 3 fixed. From (C24) one finds that secular terms disappear from ay(#,,73) and by (#,,#3) if and only if

8(11\/()
o —0.,13) =

(t3 = 0),

gon ig1n
2 205[§(0)]

In deducing (C25) we used the fact that the factor of z, in (C24) is not a multiple of #,. This is seen explicitly further below in
(C63). Also, notice that we used the initial conditions in (C15) in the last line of (C25).

Substituting the values of ay((0,#3) and byo(0,73) given in (C25) into the expressions for ayo(t2,t3) and byo(t2,t3) in (C19),
one concludes that

< bno(0,13) = bno(0,0) = ano(0,13) = ano(0,0) = byo(0,0)". (C25)

2(t2,13) = 2(0,0)an[(12)],  Wwith z = ano, byo. (C26)

Therefore, ano(t2,13) and byo(t,,13) are now completely specified and it turns out that they do not depend on #3. Also, notice from
(C15) and (C26) that

ano(tz,13) = byo(t2,13)". (C27)

Eliminating secular terms from Yy, ayi, and by; according to (C24) and (C25), one obtains that

. . - o)
Yno(tin,ta.13) = ana(tr,13)e"™Y + bya(ta,t3)e™""Y,  any(ta,13) = aN[‘j(tZ)]{aNl(O,IS) + byo(0,0)* / dfﬁ’)(té)},
0

byi(1,13) = azv[t?(tz)]{bm(o,tz) - bNo(O,O)/ dtén(lﬁ)}- (C28)
0

Notice that ay(t,t3) and by (t2,t3) are not yet completely specified because ay;(0,#3) and by (0,#3) remain to be determined.
This is done by solving the O(GSm) problem. Also, the initial conditions for ay»(#;,#3) and by (t2,t3) are obtained from the
0(6§ert) initial conditions in (C12) by substituting the expressions for Yo, ano(0,0), byo(0,0), Yy1, an1(0,0), by1(0,0), and Yy,
given in (C14), (C15), (C20), (C21), and (C28). One obtains

givwy[G(0)]
8wn[g(O))*
We now solve the 0(6§ert) problem for Y,,, with m # N. Substituting in the 0(e§m) differential equation given in (C12) the

expressions for Yyo and Y, in (C14), Y,,;; in (C16), Yy in (C20), ayg and by in (C26), and ay; and by; in (C28) and solving
the resulting harmonic oscillator equations with driving, one obtains that

by2(0,0) = ig"(0) an2(0,0) = by2(0,0)". (C29)

e"V D(ty,13) + e "' F(t,13)
va(l‘Z)2 —1

Yoo (tint2,13) = ama(ta,13)e V"N - bs (1 1)~ Wn 2w , (m#N), (C30)

where we have introduced the quantities

s 2Lanld()] - v 2ano(.6) [z, Tunld(t2)] Kk Tu(t2)
ho(t) = —ig (IZ)—a)N[ﬁ(tz)] OlN[CI(tz)]aNo(O,O)/ dtyn(ty) PN { (lz)—sz[q:(tZ)] P [—Wm(tz)z — 1]
7 T(2)Tanl§()] -, T, (fz)an[CI(fz)] o o Tunl§(12)] }
G =y T )Z . A O |
n#N

7 2FmN [502)] = % %

hio(t) = —ig' () ———=———an[g(t)], D(t2,13) = ho(t2) + hio(t2)an1(0,13), F(t2,t3) = ho(t2)™ + hio(t2)"by1(0,13).
wn[q(t2)]

(C31)

Notice that we used that ayo(t2,#3) and byo(t2,#3) do not depend on t3; see (C26).

033846-21



L. 0. CASTANOS AND R. WEDER PHYSICAL REVIEW A 94, 033846 (2016)

Applying the 0(e§m) initial conditions given in (C12) to Y, given in (C30) and using that §'(0) = 0 [see item (3) in Sec. IV],
it is straightforward to show that

©nlq(0)]* + 3wy [§(0)]
{0nlG(0)? — on[§(0)2)?
Lun[§(0)] 3wa[g(O)]) + @n[g (0]
©nlg(0)] {0n[GO) — wy[g(0)2}>

Observe that both a,,,(0,0) and b,,>(0,0) are, in general, different from zero because goy and gy cannot both be zero (there
would be no field in that case) and the rest of the quantities involved in the right-hand sides of (C32) are, in general, different
from zero. As a consequence, the terms that vary as e W= in (C30) will not disappear, in general, from Y,,,,.

‘We now solve the O(esm) problem for Yy3. This will allow us to completely specify ay(t2,t3) and by (t2,13).

Substituting into the O(ESm) equation in (C13) the expressions for Yy and Yo in (C14), Y,,; in (C16), Yy in (C20), ayo and
byo in (C26), Yy, ay1, and by in (C28), and Y,,» in (C30) and solving the resulting harmonic oscillator equations with driving,
one obtains that

an2(0,0) + by2(0,0) = gong" ()TN [G(0)]

@n2(0,0) = by2(0,0) = —iging"(0)

(C32)

= iy —itiy ity M —itiy M
Yni(tin,t2,13) = an3(tz,t3)e'™Y + bys(t2,t3)e +e 4a)N[§(t2)]2R(t2’t3)+e 4wN[c?(t2)]2S(t2’t3)
T iWn(t2)tin o —iW,(t2)tiy
D e T e T ©)
— wy[q(1)]* — wulq(2)] —~ wy[q(82)]* — wa[g(1)]
n#EN nEN
where
iR(ty,r3)  dan> %/
ronla] - (t2,13) + G ()N (B)ana2(t2,13) + ano(t2,13)
o) — fii) . fio(t) — fia(2) 1 dani }
_ + . 0,3) + —————(0,13) ¢,
8 {‘ 20nG] T 2onigon MO T 0.0 o O
S(ty, ob =
i2wfvtz[c§tzt)2)] = at]ZZ (t2,13) + G (2)in(82)bN2(t2,13) — byo(t2,13)
 J16(0) — fua() | f1e(2) — fi5(t2) 1 by }
- + = bn1(0,83) — 0,3) ¢,
x {l 2wna) T 2oxg@) VO T bre0) a5 O
IRABD) )P G W ()anat1)
ZwN[(f(tz)] =q ()1 nulg(12 n(12)an2(12,13),
Su(a,t3) 4, .
m = G () NalG@)IW, (82)D 2 (12, 13). (C34)

Here we had to introduce quantities which also make use of D(t,,3) and F(t,,t3) in (C31), the quantities defined in (B7), and
the result that ayo(t2,#3) and byo(t2,13) do not depend on #3 [see (C26)],

hs(t) h1(t2) /lz ;o
= — = di,n(t,), he(tr) = s
vy ol Jo MRS Rel) =0 0)

bt byo(ty,t
ano(t2,13) hs(ty) = bNo(((z) 03))’
~o(0,

- " 4] - 5] d - 5]
fi(r2) = 0'(t)—2q" (L)n(t2)En (1) —q" ()N (1) / dtﬁn(tg)—c?’(tz)[ / dlﬁ'?(fé)i|d—tsz(tz)+67/(l2)2§'N(l2)2 / dty n(13),
0 0 0

_ 4 _ §n) d q'(n)’ > __ano(0,0)
f) = 2o (0.0) In(t) o (0.0) 5 In(t) + 2000.0) N, fan) = Dro(0.0) f2(12),
_ 5 T R ACY 0] _ §'()en(n)
f5(12) = 1) — § (D) (1) fo O R

B +00 ~ 5 T, - N
f9<tz)=izq/az)ZFNn[qoz)]{a—tz[ (t2) } wnl§(n)1hs(t) }

W22 — 1] ano(ta,13)[Wa(t2)? — 1]
n#EN
. . X T, ()T [6(2
+il§" (1) = 25 () I Y —;f)(t 2’; [f(f)] :
o
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+00

_om . hio(t2) Cwalq(0)]
fuolta) = =i27 (eonGe)) 2= Z W =T
n#EN
Ji1(t2) = fi(t) + 24 (12)Can[q(02)] f5(12) + é’/(tz)FNN[é(tz)]Lh), (C35)
ano(t2,13)

and
(1) fi12(12) is obtained from fj;(;) by changing f(%;) to f2(t2), f5(f2) to fe(t2), and hs(ty) to he(t2);
(i1) fi6(r2) is obtained from fi;(#;) by changing hs(#;) to h7(t;) and ayo(2,13) to —byo(t2,13);
(iii) fi7(t) is obtained from fi(t;) by changing fi(#2) to fu(t2), f5(t2) to f3(t2), hs(t2) to hg(tz), and ano(f2,13) to —byo(t2,13);
@iv) f]5(l‘2) is obtained from f]()(l‘z) by changing h]o(l‘z)/(l}vo(lz,l}) to ]’l]Q(l‘z)*/bNo(Z‘z,l‘3);
(v) f14(t2) is obtained from fy(#,) by changing ho(t2)/ano(t2,t3) to ho(t2)* /bno(t2,13).
From (C33) it follows that secular terms disappear from Y3 if and only if

R(t2,13) =0, S(r,13) = 0. (C36)

Using the definitions of S(#,,73) and R(#,,t3) in (C34), one finds that this is equivalent to

an2(h,t3) = OlN[g(lz)]{aNz(O,%) — b ]},
y ab
bua(ta,13) = ay [q<r2>]{sz<o,r3> —1 ag' (0,13) + bro(0,0)[¥3(12) + w4<r2)bm<0,r3>]}, (C37)
where we have introduced the quantities
@) — fo(th) / o J128) = fio(t))
n)= | dihi—2—F"= = 2l T2
yie) / X iz 0 i 201§ (#)]
i fie(t) — fra(®) / . f11(8)) — fis(t)
- jroal JIa) = | dnpiflT2 2 C38
yal) = /0 2wz = e G (©9

We now use the expressions for ay,(#;,#3) and by,(t2,13) given in (C37) to completely specify ay(2,13) and by (t2,13) [recall
that ay1(0,#3) and by1(0,3) remain to be determined]. This is done by eliminating secular terms from ay,(#,,t3) and byo(t,13).
From (C37) we find that secular terms disappear from ay(#;,#3) and by,(f,,t3) if and only if

aClzv1
(0 ) = (0 $3)=0, (5=0). (C39)

We note that in deducing (C39) one uses that ¥;(r2) (j = 1, 2, 3, 4) does not give rise to terms proportional to #,. This is seen
explicitly further below in (C62).
Integrating (C39) and using the initial conditions in (C21) one finds that this is equivalent to
an1(0,t3) = by1(0,13) =0 (13 = 0). (C40)

Substituting the values of ay1(0,#3) and by;(0,#3) given in (C40) into the expressions for ay;(f2,#3) and by (t2,13) given in
(C28), one concludes that

ayi1(tr,13) = ay[§(t)]bno(0,0)* / ndlﬁn(lﬁ), byi(t2,13) = _aN[g(IZ)]bNO(O»O)/ dyn(ty). (C41)
0 0

Also, substituting (C40) into ay(#2,#3) and by (t2,#3) given in (C37) and using ayo(0,0) = by(0,0)* given in (C27), one obtains
that

ana(t2,13) = an[§(2)][an2(0,13) + byo(0.0)" V1(12)],  baa(ta.13) = an[§(02)][bn2(0.13) + byo(0,0)¥3(12)].  (C42)
If one only requires a one- or two-term approximation for d,, then one could stop here because all the necessary quantities
have already been determined. Nevertheless, we are now going to solve the O(GSen) problem in (C13) for Y,,,3, with m # N. This

will serve to point out the difficulties one encounters when one requires an n-term approximation for d,, with n > 3.

033846-23



L. O. CASTANOS AND R. WEDER

. . . 3
First substitute into the O (e
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) differential equation the expressions for Y,,0 and Yy in (C14), Y,,; and Yy, in (C16) and

(C20), and Yy, and Y,,» in (C28) and (C30). Solving the resulting harmonic oscillator equations with driving, we obtain

e J(ty,13) ie Wy {|:H10(12J3) Lo(fz,f3):| 2
Ys(tin,to,3) = = = —i [1—=2itiy Wn(t2)] — Hio(tz,13)t
T oGPy G AW | 2Wa(2)? W) TR T TR R TN
*ileK t ,l i =i Wy ()t H-o (1 1 P (t ,t
:e : (t2 32 - ie {[ h0(t2 32) ; o(t> 3)][1 ity W ()] — Hzo(tz,t3)t12N}
oulG(1))* — oy[§(t)] AW, (t2) 2Wpu(t2) Wi (t2)

+ ama(ta,t3)e’ DN b (1, 1) WY 4 Z

with
iTn(h)
W (t2)> —
iTm(fz)
W (t2)* —

J(t2.13) = §" ()T (12)] llNo(fz 1)

- - 0
+ 25 (1) T [3(22)] “NO

aaNo

52
(tz,t3) +azvo(t2,t3) [

—+00

eI R, o(1h,13) + e Wil S, o (15, 13)

‘/Vm(l‘Z)2 - Wn(t2)2 ' (C43)

n=1
nstm, N

Wp(t2)? — 1

iT,(t2) }
W(t2)? — 1

< iTu(t2)
+ 24 ()T um [q(fz)]azvo(lz,t3) [ i|

iT,() d*an

53) — G ()T un[§(t)]lan (t2,13)

T

(t2’3) [ iTn(12) }

W (1‘2)2 -1
iD(ty,13)

—2wN[q(tz)]—[W (rz)z

-2 (tz)FmN[q(tz)]

+ 3" ()ano(t2,13) Z iT, (1)

n=1
n#m,N

W (1) —

+00

+2§' () Y rmn[qaz)]—

n=I1
n#m,N

RmnO(t2at3) _ SmnO(IZat.”) _ 2:/ an[é(h)]

- = - =2q(h)———=——
iap(1,13) ibyo(t2,13) wn[g(n)]
=/ Zié‘m(tZ)Wm(tZ)
)= G

2i8m () Wy(t2)
wn[§(12)]

Lo(t2,13) = am(t2,13) —

- 2i
Po(t2,13) = ¢'(12) b (t2,13) +

and K (1,,13) is obtained from J (,,#3) by changing i to —i, ang
to byg, D to F, ayy to by, ans to by,. Notice that we made
use of some quantities defined in (B7) and (C31).

From (C43) it follows that secular terms disappear from
Yu3(tin 12,13) for all t)y,5,23 > 0 if and only if

Hio(t2,13) = Hao(t2,13) = Lo(t2,13) = Po(t2,13) = 0,
(t2,t3 = 0). (C45)

Using the definitions of Hig, Hyg, Lo, and Py in (C44) and the
fact that wy[G(f2)] and W,,(t,) are positive [see (B7) and item
(1) of Sec. III], one finds that (C45) is equivalent to

a2 (t2,13)W, (12) = bya(t2,13)W, (12) = 0

Lo(t2,13) = Po(t2,13) =0, (12,13 > 0).  (C46)

ts
W) — 1 o1 (t2

} — G (NG (12)] + 2T G (1) ]y [ ()]}

mn Q(IZ)]

{aNo(fz 13)

Wl’l (t2)5

2iW!,(12)
wn[§(12)]
W, (2)
wn[§(12)]

iD(1,13)
Wu(t)? — 1

(l‘z,fa) — 24 ()N [T NG (0)]an2(t2,13)

~ . +00 an ~
—2i§ (n)on[§(t)]1D(0.1) Y %

ns#m,N

iTy(12) }

W) =1}

Hyo(tr,13)
anzZ(IZ,ti%)

Hyo(12,13) _ 2W,(22)
bua(t2,13)  wn[§(12)]
2i Wy, () 0am

onlg] o, 2
2i Wm(tZ) ame
wn[§(t)] 0n

W, (t2),

am(t2,13) —

bina(t2,13) (t2,13), (C44)

[
From (C32) and (B7) one has, in general,

a2 (12,13) # 0, bun(t2,13) #0, W, (1) #0. (C47)

From (C47) one observes that the first two equalities in (C46)
involving a2 (t,13)W,, (t2) and by,»(t2,t3)W,, (1) cannot be
satisfied. The origin of this difficulty is that there are actually
many fast time scales involved in the problem, one associated
with each (instantaneous) mode. In fact, in Appendix B it was
shown that the fast time scale #;(7) should be chosen to be

T
/ dt' [ (€pent)].
0

In other words, each (instantaneous) mode has its own fast time
scale given by (C48). This is physically reasonable because
each mode has its own angular frequency wm[cf(epent’)].
We chose the fast time scale in both Appendix B and this
appendix to be (C1) because we considered initial conditions

(C48)
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such that only (instantaneous) mode N is initially excited.
This choice allowed us to obtain a two-term approximation
in Appendix B and in this appendix. If one wants a three-term
or higher approximation in Appendix B or in this appendix,
then one encounters the problem stated in (C46) and (C47).
Now one encounters this problem only for (instantaneous)
modes m # N and for the aforementioned higher-order
approximations because these other modes are not initially
excited and in these higher-order approximations these other
modes begin to oscillate at their respective frequencies.

One can remedy this difficulty in three ways.

(i) §"(0) = 0 or, equivalently §”(0) = 0 [see (27)].

One can consider the case where the membrane is moved by
an external agent in such a way that §”(0) = 0. For example,
see (53) for possible trajectories of the membrane that satisfy
this condition. Substituting §”(0) = 0 in (C32), one concludes
that

an2(0,0) = b,2(0,00) =0 (m # N). (C49)
Hence, one can take
am2(t2,13) = byp(t2,13) =0 (m # N). (C50)

From (C50) and the definitions of Ly and P, in (C44) one
concludes that (C46) is satisfied and, consequently, secular
terms are eliminated from Y3 (m # N).

(i) Tn[g0)] =0 for all m#N or,

I,n[G(0)] = 0 for all m # N [see (27)].
One could consider special electric susceptibilities J[§ —
G(7)] such that T',,5[§(0)] = O for all m # N. Substituting
this into (C32) leads to (C49) and, consequently, one can take
(C50). Using the same argument as in item (i) above, it follows
that secular terms are eliminated from Y,,3 (m # N).

(iii) W) (1) >~ 0.

From (C14) and (C16) one can observe that Y,,o(t1y,5,13) =
0 and that Y,,;(ty.t2,13) is proportional to {w,[§(t2)]* —
wyn[§()]1?)~" (m # N). In item (1) in Sec. III it is stated
that @, [§(t))] = 400 if m — +oo. Hence, Y,,1(tin,t2,13)
will be negligible except for m # N such that w,,[§(t)] is
in a small band around wy[§(#,)]. Given this observation, we
can assume that the membrane interacts only with a narrow
range of frequencies around a)N[ﬁ (2,)]. It then follows that

equivalently,

Wm(tz) — W [?’:([2)] ~

~ > 0),
wonl3()] (>0

(C51)

so that
W () ~ 0 (t=0). (C52)

J

(b) A two-term approximation to d, (f|y,t2,13) is given by

PHYSICAL REVIEW A 94, 033846 (2016)

We mention that we prefer not to make the approximation
that all frequencies in the narrow band are equal, that is, the
approximation that

W [5(’:2)] -1
wn[§(1)]

for all frequencies in the narrow band. The reason for this is
that we actually do know that the frequencies are different
[see Sec. III and item (e) in Sec. V B] and we consider
that assuming that they are equal would alter the system in
a fundamental way. For example, the quasiresonance factor
{on§())* — wn[§(1)1P}" included in Y, (m # N) in
(C16) would not appear if ,,[§(t,)] = wy[§(t2)] and it would
be replaced by another term that is defined for w,,[§(t2)] =
wn[G(t)] in a similar way to a harmonic oscillator with
resonant driving [29].

With the approximation in (C52) it follows from (C46) that
secular terms disappear from Y,,3(¢1y,%2,13) (m % N) for all
tin,t2,t3 2 0if and only if

Lo(t2,13) = Py(t2,13) =0,

Win(t2) = (rp 2 0), (C53)

(2,132 0).  (C54)

Solving the resulting equations for a,,, and b,,», one concludes
that

2(t2,13) = 2(0,13)a,[§(12)], (12,13 = 0),

with z = a,2,bm0.

Notice that a,,[§(t,)] is defined in (B7).

Before proceeding, we emphasize that choosing #y(7)
given in (C1) at least allows one to obtain a one- and two-term
approximation using three time scales without making any
further assumptions or approximations. The problem appears
when one requires an n-term approximation with n > 3.

We are now going to give a summary of the results obtained
above. We use quantities defined in (B7).

(a) A first-term approximation to d,(t;y,%,t3) is given by

(C55)

dn(tin,12,13) = Yno(tin,12,13),
= aylq(©)1[bno(0,0) ¢ + byo(0,00e "],
dpn(tin,12,13) = Yio(tin,12,53) = 0, (m # N), (C56)
with

8on igIn
bno(0,0) = — + —————.
A R PN TO]
This follows from (C9) and the results in (C14), (C15), and
(C20).

(C57)

. )
dy(tin,t2,13) = Yno + €pernYv1 = aN[ﬁ(tz)]{bNo(O,O)*emN |:1 + Epert/ dt, U(fﬁ)i|
0

(1N 12.13) = Yoo + €pertYm1 = €pertYm1(tin,12,13) = —i€peng (1)

. 2
+ bNO(OaO)eimN |:1 - Gpert/ dté ﬁ(fé)] }7
0

20,un G (t)]wn[G(12)] o
oGP — on[§)? "

x [bno(0,0)* e — byo(0,0)e™""¥]  (m # N).

[G(1)]

(C58)

This follows from (C9), item (a) above, and the results in (C16), (C20), and (C41).
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(c) A three-term approximation to d,(ty,#,t3) is given by
du(tin,12,13) = Yuo(tin,2,83) + €pertVn1 (tin, 12, 13) + Gngnz(thJz,%), (C59)
where the following terms must be added to the right-hand sides in (C58):
GgertYNz(le,fz,%) = EgenOlN[é(fz)]{eit'N[sz(O,ts)* + bno(0,0)* Y1 (12)] + e~ [by2(0,13) + bno(0,0)¥3(12)]1},
and form # N

2 2 = i Wy —iWn
Epert Yma (11, 12,13) = €@l (12)][an2(0,13)e" MY 4 b (0, 13)e = W]

L {e””v wn[§(0)? D(t2,13) it on[§(0)PF(1r,13) }
pert onl§()]? — on§()]? onl§()? — onl§()? )

Here D(t,,t3) and F(t,t3) are defined in (C31) and ay2(0,13) = by2(0,13)* and by,(0,13) are obtained by solving the O(GPen)
problem, eliminating secular terms, and applying the initial conditions in (C29). Moreover, (C60) follows from (C9), item (b)
above, and the results in (C28), (C30), (C42), and (C55). We emphasize that three- and higher-term approximations are deduced
with either one of the following two conditions [see the discussion following (C47)].

(c.1)§"(0) =0o0rT,n[G(0)] =0forall m # N.

In this case one has from (C50)

(C60)

61,,12(0,1‘3) = bm2(0at3) =0, (t3 = 0) (C61)

(c2) W, (1) ~0fort, > 0.

In this case a,,2(0,3) = b,,2(0,3)* and b,,»(0,3) are obtained by solving the O(egm) problem, eliminating secular terms,
and applying the initial conditions in (C32).

The final step is to return to the original variable t and obtain an approximation for ¢, (7). In order to do this, one has to take
the following sequence of steps: (i) use the definition of the time scales and the relationship between ¢, and d, in (C1)—(C5);
(i) use the approximations for d, in items (a)—(c) above; (iii) use the relationship between §(t) and §[t,(t)] given in (27); and
(iv) neglect terms of order > 2 in §'(t) and §”(t). The last step has to be taken because the equation governing the evolution of
cn(7) is correct to first order in §'(t) and ¢”(t). This is how the results of Sec. V are obtained. In particular, to first order in §'(t)
and ¢"(t) one has the following results:

o oylg@l - wy[g(0)]
Eren V1 [02(D)] = € 3lta(t)] = G (”W - (O)Wq(m]f
s . J@ oGOl L §) oyld)]
Gpenl/f2[t2(7:)] = leperleo(O 0)* 4w N[ ( )]zs GpertW4[l2(l')] = leerthO(O’O) 4601\/[6('[)]2’ (C62)
n@ . ol[g(0)]
e /O ity = —ig' (07 L
2 {D[tz(f) t3<r)]} ISRV (r)]{bNo[rz(rxts(r)]*}wm[é<r)]2+3wzv[é<r>lz (C63)
“pert| Flta(2),13(7)] wn[G(0)]? | bryola(T),5(0] | w,,[G(0)]? — wy[d(T)]?

To end this appendix, we establish one final approximation. From item (c) above and (C61) note that the terms e*W»(2v ip
pen Y,y do not appear if §”(0) = 0 or I',,5[§(0)] = O for all m # N. Then, one can use W, (r,) 2 0 for both cases in items (c.1)
and (c.2) to obtain the following approximation:

T
eE Wl (@) ~ exp{:ti/ dr/wm[é(f/)]}- (C64)
0

This result is obtained by using the expressions for #;(7) and W,,(t,) in (C1) and (B7) and the relation between §(t) and §[t,()]
in (27) as follows:

W) () ~0, (1, = 0)= W,(t,) ~ constant

o Wl () = f At W[t o (G (2]} = / A’ onlG )] = / dr'onld(@)].  (C65)
0 0

0
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