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Abstract

In this paper, we consider a scalar wave equation on a thin, laminated, three-
dimensional plate. We show that if the plate is sufficiently thin, then there is a hierar-
chy of two-dimensional equations whose dynamics model the dynamics of the full plate,
each of which successively lengthens the time interval over which the approximation
holds.

1 Introduction

Many problems involving the motion of elastic structures occur in domains
where one or more of the dimensions of the body is significantly smaller than
the others. One can think, for instance, of the vibrations of a long metal beam
or rod, or the metal plates that cover the outside of an airplane or ship. In such
situations, engineers have usually replaced the true equations of elasticity by
simpler model equations — for instance, the Bernoulli or Timoshenko models of
beams or the Kirchoff or Reisner-Mindlin models of plates. The reasons for such
approximations were that the simplified models were more amenable to exact
or asymptotic solution methods. Even with the advent of high speed computers
numerical solution of the full three dimensional elasticity problem is very time-
consuming and these model equations are still extensively used because of the
savings of time that they represent. In the last decade, through the work of
numerous authors (see [9],[10], [11] [2], [1], [3], [25], [18] for a small sampling
of this literature), a number of results have been established that justify using
these model equations as approximations in problems of static elastic behavior
— that is to say, when the beam or plate is at rest. Far less is known about the
validity of these model equations at describing the dynamic behavior of these
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elastic media. We are aware only of the work of Raoult [22], [23], Durdevié [14],
and Xiao [26].

In this paper, we begin a study of the dynamics of thin elastic media and the
approximation of their motion by “reduced equations” — that is, by equations on
lower dimensional spatial domains. Our approach differs from those mentioned
in the previous paragraph in that we are interested in developing a hierarchical
family of reduced equations which allow us to approximate the dynamics over
longer and longer time intervals — in particular for a time interval longer than
any fixed inverse power of the thickness of the domain. In this respect, our work
is similar in spirit to that of Schwab and Babuska [3] on the analogous static
problem (although our methods are completely different) who point out that in
real applications one is always faced with a domain of some fixed thickness and
one needs to be able to construct an approximation to the desired accuracy for
that given thickness.

We take as our starting point a model for thin laminated materials studied
in the static case by Babuska and Schwab, [3]. We prove that if one fixes
a tolerance for the error, then for sufficiently thin beams or plates, one can
construct a reduced equation which will approximate the dynamics of the three
dimensional equation to within this error for an arbitrarily long time. As the
length of time over which one wishes the approximation to be valid increases,
the reduced equation becomes more complicated, but our method provides an
algorithm for constructing refinements to the reduced equation inductively, and
in a companion paper, [13], one of us shows that the coefficients in the reduced
equations can be computed explicitly. We hope that using the experience gained
in studying this problem we can use the same methods to derive similar reduced
equations for the full equations of linear elasticity, just as in the static case the
results of [3] were later extended to the static elasticity problem in [25].

The viewpoint we adopt in this paper is to think of the original three di-
mensional partial differential equation as an infinite dimensional Hamiltonian
dynamical system. We identify in the (infinite dimensional) phase space of this
dynamical system an (infinite dimensional) submanifold which is left invariant
by the reduced PDE. We then show, by making appropriate canonical changes of
variables in the Hamiltonian for our original PDE, that this invariant manifold
is left approximately invariant by the flow of the full three-dimensional PDE. In
fact, we make a sequence of canonical changes of variables which systematically:
(1) change the submanifold slightly, leading to more and more refined approx-
imating equations, and (2) show that, given initial conditions of our original
PDE in some tubular neighborhood of this submanifold, the solution with these
initial conditions is well approximated by the flow on the manifold (and hence
by the reduced equation) for longer and longer time intervals.

The procedure is reminiscent of and inspired by the Nekhoroshev theory
[19] of classical mechanics. That theory shows that for a nearly integrable
Hamiltonian system, any solution behaves in a nearly quasi-periodic fashion for
a very long time. More geometrically, one may interpret it as saying that initial
conditions which lie close to an invariant torus in the phase space can remain
close to that torus for a very long time, and their motion is well approximated



by the motion on the torus. Our situation is similar in that the submanifold
corresponding to the reduced equations corresponds to the invariant tori. Just as
in the classical mechanics case, the flow near the invariant torus both stays near
the torus and is well-approximated by the flow on the torus, we will show that the
flow near the invariant submanifold both stays near the submanifold and is well-
approximated by the flow on the invariant submanifold. Note that in contrast
to the classical Nekhoroshev theory, and also in contrast to the extensions of the
Nekhoroshev theory for nearly integrable PDEs ([4], [20], [21], [7]), the manifold
to which we remain close is itself infinite dimensional. In order to apply the
classical Nekhoroshev theory, it is necessary that there be some small parameter
in the problem. In our case, we take advantage of the fact that vibrations of our
laminar material in its “thin” direction have much higher frequency than those
in its “long” directions. The inverse of the ratio of these two frequencies (which
is, in fact, a positive power of the thickness of the three-dimensional domain)
is effectively the small parameter in our expansion. Nekhoroshev-type theories
in which one exploits a large separation in frequencies have also been developed
for models of one-dimensional gases ([6]) and for models of diatomic molecules
(I3)).

One complication of this approach is that the approximation equations which
arise most naturally in this procedure are ill-posed. We circumvent that problem
here by showing that we can still approximate solutions of our original partial
differential equation if we choose initial conditions for the reduced equation in
a subspace in which it is well-posed. In a companion paper [13], a method of
deriving well-posed reduced equations is developed.

We conclude this introduction with a brief survey of the organization of
the remainder of the paper. In the next subsection we define the problem we
study and state our results. Then in Subsection 1.2 we outline our proof in
some detail. Section 2 is concerned with the construction and estimation of
the canonical transformations described in the description of our approach just
above, while Section 3 studies the form of the Hamiltonian resulting from these
canonical transformations. Finally, in Section 4, we prove that the transformed
Hamiltonians give rise to the reduced equations we seek.

1.1 Notation and problem formulation

Let us consider w C R? a bounded domain with C! smooth boundary v. We
will use the coordinates x1, z2,y for R3. For simplicity, we will sometimes write
x = (x1,72). Given a two dimensional domain w and a positive thickness
parameter d we define the three-dimensional domain

Q=wx (0,7d)

with lateral boundary
I'=~x (0,7d)



and the faces

R_ = {(z1,72,y)|(71,22) € w,y = 0},
Ry = {(x1,22,y)|(x1,22) € w,y = 7d} .

In ©Q we consider the hyperbolic problem with prescribed forcing terms on
the faces, i.e.

Ut = Lu in Q,
u=0onT, (1)
dOpu = f* on Ry,

where the operator L is given by

o ou
tu= g (alw/50 ) + /07 ()T ),

with V, = (9/(0z1),0/(0z2))T, and we choose an initial condition (u®,u?) €
H' x L2

We further assume that a(-),b(-) € C*(0,) are independent of d and that
there are numbers a, A, b, and B so that

0<a<a(z) <A, 0<b<d(z)<B,

and that the matrix C(x) is symmetric and uniformly positive-definite, i.e. that
there are constants 0 < ¢ < C < oo so that

cle)? <€fclx)e < Clef,

for all ¢ € R?, 2 € w, and that C has C*> coefficients. The static version of
(1) (i-e. the case in which u is independent of time) was introduced in [3] as a
model for laminated materials.

The goal of this paper is to show that we can approximate the solutions to
(1) by the solutions to a 2-dimensional PDE in the variables (z1,z2) (or by a
system of such equations.) If we can find such a PDE which approximates the
full 3-dimensional problem well, we will refer to it as a “reduced equation”.

We begin by studying an apparently simpler problem in which the inho-
mogeneous boundary conditions on the top and bottom face of the body are
eliminated. After showing how we can approximate the motion of this problem
by a reduced problem, we will show that the same is true of (1) by combining
our results with those of Babugka and Schwab ([3]).

Thus, we first consider:

Ut = L in Q,
u=0onTl, (2)
Opu=0on Ry,



with the initial condition (u,us)|i=0 = (u°,u?). Denote

Lau = b(0) Vo (C(x)Vu),
Lyu = (a(y/d)uy)y,

where b(0) is the average value of b, i.e.
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Note that L, is a differential operator which depends only on x, and L, is
a differential operator which depends only on y. Our reduced equations will be
equations defined on w and thus we define the projection operator II, via

d
(M)(w) = — [ utw)dy.
wd J,

For technical reasons, we will later need a new function space. Consider the
eigenfunctions of L, as defined in (19), denoted by ¢,. Fix an o € (—1/2,0).
Then, given a Sobolev space H*®(w), we know that the ¢ will form an orthogonal
basis for H* (orthonormal if we scale them properly). We consider the finite
dimensional subspace of H® spanned by {¢}r<ge, denoted HS. Tt is proven
in Lemma 6 that H} x L2 is preserved under the flow of either (1) or (7), i.e.
given initial conditions (w®,wf) € HL x L2, then (u(t),u(t)) € HL x L2 for all
t.

If we choose u® € H®, where H® refers to functions weakly differentiable
in both the x and y directions, then we will abuse notation and say that
ur® = TI(u°) as defined above will be in H®, where H® here refers to func-
tions differentiable in the x directions. For clarity we could refer to these
two different Hilbert spaces as H*(Q) and H®(w), respectively. If we choose
(u®,u?) € H? x H', then we have (u™,uf®) € H> x H'. We will denote the

projection of u™ (resp. uf) into the space H2 x H} as u™0 (resp. ul?). Speaking
colloquially: to get ur0, we just expand u™ in a Fourier series in ¢;, and “chop
oftf” all of the terms in the expansion with k& > d®.

If we have a solution u smooth enough that all the derivatives in (2) exist
and are continuous, and (2) is satisfied for all 0 < ¢t < T, then we say that u
is a strong solution or classical solution of (2). We will typically study weak
solutions of these equations, however. Define the time-dependent bilinear form

Blu,v;t] = /Q a(y/d)g—zg—:+b(y/d) (Vau)" C(z)VyvdV. (3)

We define the Hilbert space
H(Q) = {u € H*(Q)| Trace(u)=0 on T, Trace(d,u)=0 on y = 0, y = nd}.

Then (following [15]) we say that u is a weak solution of (2) if u € L2([0,T], H()),
w € L2([0,T], HY(2)), and i € L2([0, T, L%(R)), and u satisfies

(i, v) + Blu,v;t] =0 (4)



for all v € H(Q) and for almost every time 0 < ¢ < T, and
u(0) = u", u(0) = 2°.

Remark 1. [t is a standard exercise to show that with the assumptions that we
have made on the coefficient functions in the equation, (2) always has a unique
weak solution. Furthermore standard results (again see [15]) also show that if u
is a strong solution of (2), then it is also a weak solution, and any weak solution
smooth enough to be defined as a strong solution is also a strong solution.

Remark 2. It is more standard to impose Neumann boundary conditions by
requiring that the solution take values in H'(Q), and in addition to satisfying
the equation (4) one requires that the boundary terms

Oou Ov
aly/d)——dxr =0 .
/Ri (/)5 5

Since we require that the solution lie in H? for some later estimates we have
chosen to enforce the boundary conditions in the definition of the function space

We can also cast the reduced equations (which appear below in (5)) in a
weak form. We will discuss this further after the introduction of the reduced
equations.

As described earlier in the introduction, we actually derive a series of ap-
proximating equations for (2) which are accurate approximations over longer
and longer time intervals. More precisely we have:

Theorem 1. Fixn >0, Cy >0, € >0, and n > 0. Then there exist constants
Cc® Cc®) ... (which are computable in terms of the coefficient functions a, b,
and C) and a function Ny: N — N with the following properties:

e N,y(1) >3 —n, and lim,, o N”T(") >2—1.

Furthermore, there exists dy = do(Co,€,7), and Cr = Cp(Co, €,m) such that for
all d < dy, one has:

o Ifu(xw,y,t) is the solution of (2) with initial conditions (u®,u?) € H?x H*
satisfying [l + lluflln < Co, define (u,uf") € H2 x HY as the
projections into H2 and HY of II(u®) and II(u?). Let u,* be the solution
with these initial conditions of the equation

O™ = Dpug® (5)

where D, is the differential operator D1 = L, and

D, = L, + i C(q)d2(q*1)L'¢71:7
q=2
ifn>1, then
lu(@,y, ) = up (2, ) 1Y) | o g2 < €
for all t < Cpd=Nn(m),



Remark 3. Roughly speaking one can think of this theorem as follows. One
fizes a tolerance for error (¢) and the order (2n) of the reduced equation. The
theorem then guarantees that for a sufficiently thin plate, there exists a reduced
equation which will accurately approximate the solution of the three dimensional
equation (up to the chosen error) for a time scale of O(d=Nn(™). Alternatively,
if one wishes to approzimate the solutions of the three dimensional problem for
a predetermined length of time, one can choose n so that Cpd=Nn(") is greater
than this time, and the theorem guarantees that one can find a reduced equation
that provides a good approximation for at least this long. Not surprisingly, the
longer one wishes to have accurate approzimation, the more complicated (i.e.
the larger n) the reduced equation must be. However, in a companion paper
[13], explicit expressions for the coefficients CY) in the reduced equation will be
derived for all j so that in principle, the reduced equations can be computed to
any order.

Remark 4. The boundary conditions in equation (5) are those “inherited” from
the definition of the operator L, — i.e we require
L;ﬁf&d =0, fori<n.

Furthermore, as mentioned above, when we speak of a solution of (5) we mean a
weak solution. More precisely, since —L,, is a positive definite, densely defined,
symmetric operator on H}(w), let L be its positive-definite square root. We
define the bilinear form

B[u,v:f] = / (Cup + 3 Cud®a=D) (L)? da. (6)
Q —
A weak solution of (5) is then a functionu € L*(0,T, H*(w)), u € L*(0,T, L?(w)),
and i € L*(0,T, H~™(w)) that satisfies

(i, v) + B [u,v;t] = 0,
for allv € HJ*(w) and for almost every time 0 <t < T, where
u(0) = ur, w(0) = ul.

(Here, (ii,v) denotes the pairing of & € H~™, considered as a linear func-
tional on H™, acting on v € H™.) Note that if we consider the results of
Theorem 1 for the case n = 1 we obtain a particularly simple reduced equation,
at the expense of obtaining an approximation for only a relatively short length
of time.

Corollary 1. Fiz Cy > 0 and € > 0 and let u(z,y,t) satisfy (2) with initial
condition (u®,ul) € H?x H' satisfying ||u®|| g2+ ||ul ||z < C71, define (u0”,ud")
in H2 x H' as the projections into H2 and H} of TI(u®) and I(u?). There exists
do = do(Co,€,m), and Cr = Cr(Co,€,n) such that for all d < dy, Let u,* be the
solution with these initial conditions of the equation

Ofu" = Lyu”, (7)




subject to the boundary conditions
u'ly, = 0. (8)

Then one has
u(z,y,t) — ub, (2, ) 1Y) || g1y p2 < €

for all t < Cpd—G—7),

We now turn to the (apparently) more difficult task of deriving reduced
equations for our original equation (1). As we shall see, by combining Theorem
1 with results of [3], we immediately obtain an algorithm for deriving reduced
equations for (1). In [3], Babuska and Schwab considered the static version of
(1), namely the elliptic equation:

0= Lv in €,
v=0onT, 9)
dpv = f* on Ry.

They derived an efficient dimensional reduction method which given an s and
an ¢, allows one to derive a system of (two dimensional) elliptic PDE’s whose
solution ¢ € H® and if v is the solution of (9) one has ||[v — 7| ;1 <.

We now proceed in the obvious fashion. Given a solution u of (1), and a
solution v of (9), the function w = u — v solves (2). We then use the results
of [3] to derive a dimensionally reduced approximation to v and Theorem 1 to
derive a dimensionally reduced approximation to w and then their sum gives a
dimensionally reduced approximation to the solution of (1). There is one slight
complication in this approach which is that since we do not know v exactly, we
do not know the initial conditions of (2) exactly. To circumvent this difficulty
we proceed as follows. Fix 8 > 0. By the results of [3] there exists a system of
reduced equations for (9) whose solution v* € H? and which satisfies

[v—2"|lg= < B (10)
Now consider the equation

wy = Lw in €,
w=0onT,

11
Opw =0 on Ry, (11)

wli—o = u” = 0", wyi=o = uf
We would like to apply Theorem 1 to derive reduced equations for (11), but
since v* does not exactly satisfy the boundary conditions d,v = f* on Ry on

the top and bottom faces of the domain, w|;—o = u® —v* will not exactly satisfy
Opw = 0 on Ry. To circumvent this difficulty we appeal to the following lemma.

Lemma 2. For any (3 > 0, there exists a function w® € H?(2) such that



o J,w’ =0 on Ry and wo\wx(o,l) =0

o [ — (u® —v)|lm < 8.

Proof:  The proof is a straightforward approximation argument. Define
U = (u® —v"). Choose U*® € C>(Q) N H?(Q) such that |U® — U||g= < B/4.
Furthermore since U|, 0,1y = 0, we can assume the same of ¢/>°. Since U is
smooth, we have

(z,y)
U™ (2, y) =u°°<x*,y*>+/ DU (&) - dt

(z*,y%)
for any points (z,y) and (z*,y*) in Q. Now replace DU by A € C* where
Az,y) = DU>®(z,y) if v € w, y € (vd, (1 —v)nd), while A(z,y) = 0if y €
(0,5d) U ((1 = 5)dm,wd), and || DU — Al|2(q) < B/4. Setting
(z,y)

w(z,y) =U°°(:r*7y*)+/ A(g,m) - de,

(z*,y*)
we find that 9,,w°| g, = 0 and wo\wx(oyl) = 0 by construction while
[ = (u® = o) < fJw® = (u® =07 L2 + [ Dw® = D(u® = v%)| 2

The second term on the right hand side of this inequality is bounded ||A —
DU ||z + || DU* — D(u® — v%)|| 2 < g + %. On the other hand, w°(z,y) —
(u® —v*)(z,y) = 0if z € w and y € (¥4, (1 — v)md), so the first term can be
made less than g by making v sufficiently small.

We now continue the discussion of deriving reduced equations for (1) by
replacing (11) by
Wit = Lw in Q,

w=0onT, 12)

Opw =0 on Ry, (

w|t=0 =w’ ,wt\tzo = U?

Given any n > 0, Theorem 1, guarantees that there exists a reduced equation
whose solution w* satisfies

sup ||w(7t)_m(at)HH1 <ﬁ- (13)
te[0,Cpd=Nn(™)]

Now consider the function u* = v* + w*. Note that u* is the sum of solutions of
reduced equations, and we now show that it is also an accurate approximation
to the solution of (1). Let @ be the solution of
ﬁ)tt = Lw in Q,
w=0onT,
Opw =0o0n Ry,

U~)|t:0 =u’ —v ﬂbt|t:0 = U?



where v is the (exact) solution of (9). Note that by Lemma 2, plus the results
of [3], we can assume that [|w® — (u® — v)||gn < 8. We will need another easy
lemma, this one based on the fact that (12) and (14) are Hamiltonian equations
and hence preserve energy.

Lemma 3. Let w be the solution of the intial-boundary value problem (12), and
let W be the solution of (14). Then there exists a constant C > 0 such that

[w(-,t) —@( 1)l < CP (15)
for allt > 0.

We postpone the proof of this lemma until the next section where the Hamil-
tonian nature of the problem is discussed. With this estimate in hand, we
complete the proof that u* provides a good approximation to the solution of (1)

Ju =g = Jlu=v—w" +v =0 g <[Jo—w]g+|v—0"m

| —w+w —w|| g1 + ||v — 07| g2

[0 = wllar + lw = w g+ [l = v*||

Co+B+p

Thus, if we pick (C' + 2)8 < e we have proven that the solutions of (1) can be

approximated by the solutions of reduced equations. More precisely, we have
shown:

<
<

Theorem 2. Fiz anyn >0, € >0, n >0 and Cy > 0. There exist constants
do = do(Co,€,m), and Cr = Cr(Cy,€,m) and there exists a function Ny(n) as
in Theorem 1 such that for all d < do, if u(x,y,t) is the solution of (1) with
initial conditions (u®,u?) € H? x H' satisfying ||[u°|| gz + ||ul||mr < Co, then
there exist reduced equations whose solutions, which we denote u®, satisfy

[u(-t) —u" () [m <€

forall0 <t < Crd=Nn(n),

1.2 An outline of the proof

To prove Theorem 1, we will actually do most of our work in the frequency
domain as opposed to the spatiotemporal. A common approach in applying
KAM or Nekhoroshev theory to partial differential equations is to expand our
solution in terms of a basis of the phase space (see [17]). We do that here and
then rewrite the Hamiltonian in these new coordinates. We then describe a
program which will allow us to change variables to get a Hamiltonian which will
generate the type of flow we need to prove Theorem 1.

Our first step is to make the second-order system (1) into a first-order Hamil-
tonian system with the Hamiltonian function

H:H xLy—R

(u,v) — %/ﬂ {’U2 + a(y/d)(uy)? + b(y/d) (qu)T C(m)vxu} dv. (16)

10



The canonical equations

o (u> N (—01 é) (g’:gﬁj ZZD N <<a<y/d>uy>y +b<yu/d>vm<c<x>vzu>>

are easily seen to be equivalent to (1). Furthermore, it is also easily seen that
our assumptions on a, b, and C make the function H equivalent to the canonical
norm on H' x L2.

Following the terminology of [17], we consider the Hilbert scale defined as
X, = H® x H*"!. Then H is a function defined on X;, and VH is an iso-
morphism of the scale of order 1, i.e. VH: Xy — X,_;. Defining J to be the

matrix < 0 above, we also have that J is an isomorphism of order 1. The

-1 0
canonical equations above, stated in this language, say that our PDE can be
written as

i = JVH(u) =: Vg(u)
where Vj is an isomorphism of order 2.

We can now easily prove Lemma 3.

Proof: By standard results from the theory of Hamiltonian PDE’s, the
value of H is constant along solutions of (1). Furthermore, because of the
assumptions on the coefficient functions, a, b, and ¢, there exist constants ¢ and
¢ such that

c(llullmr + llollz2) < H(u,v) < e(lullm + o] 2) - (17)

Thus, if w(+,t) is the solution of (12) and w(-,t) to solution of (14). Then the
difference w — w satisfies the same differential equation, with initial conditions
which satisty ||(w —®@)|t=ol|g1 < B, and (ws —W¢)|t=o = 0. But then the conser-
vation of the Hamiltonian along solutions and the estimate in (17) immediately
imply Lemma 3.

‘We now chose a basis for this phase space, and expand the Hamiltonian with
respect to that basis. We have defined the y-range of our domain to be [0, wd],
so we introduce the new variable n = y/d, which ranges over [0, 7]. Consider
the eigenproblems

0 0 0 0
Lyt = o (a<n>ajf) —-w 20 =5m-o,
L.¢ = b0)V,.(C(x)Ve)= —ud,  ¢|,, =0.

Classical results (see [16],[24], [8]) imply that the above non-singular Sturm-
Liouville problems define complete L?-orthonormal sequences of eigenfunctions
and associated eigenvalues:

Ly = =y, (18)
Ly¢r = —prdbr, (19)

11



and we can index the eigenvalues so that

0=X <A <A<
0<pr <pg <
Furthermore, the eigenvalues satisfy the asymptotic estimates \; = O(I?) and

HE = O(k) B
To rewrite H in frequency coordinates, we expand u in its Fourier series as

u(w,y,t ZUM Jor(@)i(y/d), (20)

where ¢y, and v are the above eigenfunctions. Note that this expansion (when
coupled with the transform of @) is a canonical change of variables.
Plugging (20) into (16) gives

H= gz (’ak,l(t))Q‘i‘% Z)\l (g1 (t) Z g 1 (t) g 17 (t) é(o)> (21)

k.l k,l k LU

where we define

b(l,1') = /0 "B (€ (€) de.

We now introduce complex coordinates for our Hamiltonian defining
1 . . [ Wkl
ZEl = Upg + 0y | — g g, 22
ki N ol T\ [ o Uk (22)

_ A

with

In terms of these new coordinates the Hamiltonian takes the form

H=dY wilml® -~ ———0 (2 — Zwt) (2 — Zwrr)
T Z T (oht — %) )
where we define .
b1, 1
By = ( ) — O
b(0)
For ease of notation we define
—HE
P = B, 24
4, /wriwir 24)
and thus our Hamiltonian finally takes the form
H=d» wulal®+d > Tear (2 — Zr) (21 — Zrr) - (25)
k,l kLl

12



In these coordinates, Equation (1) is equivalent to the Hamiltonian system

i = JVH(2), (26)

where we write z = (2x1,Zx1), and J = <01 (1)>

_ Note that, formally, H = O(d). We define a new Hamiltonian H so that
H =d- H. Note then that

= JVH(z)=dJVH(z).

If we define 7 = d - ¢, then we have 3{ = JVH(z).

All we have done here is to rescale time from ¢ to 7 to remove a factor of d
from the differential equation.

Recall that we are trying to find a dimensionally-reduced PDE, i.e. one
which depends only on z; and x5, and not on y. One way to do this would be
to consider only the modes with | = 0, i.e. the z;y modes. For example, if we

. . . 2 X ~
consider the reduced Hamiltonian H* = )", wio |2ro|” = > % (ui o+ prad 0) )
then reverting to continuous variables, we have

2
17 = 5 [ (5@l )) +50) (Vo)) OV /),

whose canonical equations are easily seen to be equivalent to
ul, = b(0)V, - (C(x)V,ub) = Lyu*,

an equation which depends only on the x1, xo variables, and not y.

This is the theme. To dimensionally reduce our equation in the discrete
variables, we will work with an equation in which terms with [ > 0 are omitted.
However, it is by no means clear that the resulting equations will provide an
accurate approximation to the original dynamics. To make the replacement
legitimate, we will have to show that the modes with { = 0 (the reduced solution)
approximate all of the modes (the full solution) sufficiently well. In Section 2
we will make canonical changes of variables which ensure that the part of the
Hamiltonian with [ = 0 provides a better and better approximation to the
dynamics of the full system. However, this introduces a new problem since after
these changes of variables, it is no longer clear that the I = 0 terms in the
(discrete) Hamiltonian represent a partial differential equation. Showing that
this is the case will be done in Section 4.

We should note at this point that the second term in our Hamiltonian is
the source of all of our difficulties. For example, if we knew that the second
term in (25) did not couple any | = 0 terms with [ > 0 terms, we would be
done. Although the evolution of the { > 0 terms might be complicated under
this Hamiltonian, it would not affect the [ = 0 terms at all, and using the
smoothness of the initial data, we can conclude that very little of the energy
of the system is in the modes with [ > 0. In this case, simply throwing away
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the I > 0 terms would give us a dimensionally-reduced PDE. Geometrically,
what we would have shown is the submanifold generated by the I = 0 modes is
invariant under the flow generated by this Hamiltonian.

This is, of course, too much to hope for. This could only happen if I'y ;o = 0
for all I. This would be true only if b(l,0) = 0 for all I. But

b(1.0) = [ bty myntn dn =72 [ bl

0 0
is (essentially) the Ith Fourier coefficient of b, expanded with respect to the ;.
These will all vanish only in the case of constant b.

Thus, except in the most exceptional of cases, we are resigned to coupling
between the [ = 0 and the [ > 0 terms. Our goal here is to make the coupling
as small as possible. With this goal in mind, we write our Hamiltonian as
H=H +H+HY,

diag

where

HY = Zwkl EYi
kol

H, = Z (Trio0+Tro01) (2Rt — Zrt) (ko — Zko)
&l
150
Hy = Z T (zi0 — Zrt) (i — Zrrr) -
kLl
1,I'>0

Each of the above is a quadratic function defined on an appropriate Hilbert
space H (to be specified below). We will refer to quadratic functions on this
Hilbert space as one of three types: A term is of Type 0 if it couples only [ = 0
and [ = 0 terms, i.e. every quadratic summand is of the form zyzx0, 2K0Zk0, €tC..
A term is of Type 1 if it couples I = 0 and [ > 0 terms, and a term is of Type
2 if it couples I > 0 and [ > 0 terms. Note that in our original Hamiltonian
there are no Type 0 terms except for those already in the diagonal piece, but
the canonical transformations we make in the course of the proof will generate
such terms.

In light of the above comments, if we have a Hamiltonian with no Type 1
terms, the system would decouple, meaning that the points {zg; | 2z = 0 if I >
0} form an invariant submanifold. If we could find a change of coordinates
in which our new Hamiltonian had no Type 1 terms, then, again, the system
would effectively decouple, or, in the new coordinates, the [ = 0 terms form an
invariant manifold. We will find that we cannot do this, but we will be able
to change coordinates so that the Hamiltonian in the new coordinates has a
small Type 1 piece. Then, what we have done is find coordinates such that in
these new coordinates, the submanifold generated by the [ = 0 modes is nearly
invariant, in that the submanifold interacts with the rest of the space only very
weakly.
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Briefly, we implement this program as follows. In the next section we first
formally construct canonical transformations that reduce the size of the coupling
between the modes with [ = 0 and [ > 0. In Subsection 2.2 we prove estimates
showing that these formal canonical transformations are well defined. Then in
Section 3 we prove estimates on the transformed Hamiltonian showing that these
canonical transformations do actually reduce the size of the coupling between
the [ = 0 and [ > 0 modes. Finally, in Section 4 we show that the [ = 0 modes
of the transformed Hamiltonian define dynamics which accurately approximate
the dynamics of the original Hamiltonian for a very long time and then show
that these [ = 0 modes actually correspond to the Hamiltonian of the reduced
equations in Theorem 1.

2 The transformed Hamiltonian

In this section we describe how the Hamiltonian (25) can be transformed so
as to make the coupling between the modes with [ = 0 and [ > 0 smaller. In
Subsection 2.1 we compute formally what the canonical transformation that
reduces this coupling should be. Then in Subsection (2.2) we prove consider
what happens if we iterate these canonical transformations.

2.1 The formal change of variables

In this section, we describe the type of canonical transformation we will use to
reduce the size of the Type 1 terms, and prove a lemma which formally describes
the effects of these canonical transformations.

If we have a Hamiltonian system with Hamiltonian x, then the time-t map
of the system, ¢?, is a symplectomorphism. Let us denote ¢ := ¢!, and we can
calculate

HO(]S:H+{X,H}+%{X,{X,H}}+"'

where {A, B} = (JVA,VB). Recall that we write H = H?

diag —+ H1 + HQ, SO
that

Ho¢=HJ, + Hi + H,
+ {X’Hdoiag} + {X?Hl} + {X7H2}

1 1 1
+5 06 D0 Hi b b+ 5 06 Do bl + 5 O O Ha b o+
If we choose x so that {x, H,,} = —H;, then we would also have

{X7 {X’Hc(i)iag}} - - {Xle}v

so that
Ho¢:Hgiag+H2+{X7H2}+{X7{X7H2}}+'”
1 11 (27)
+ 3 {x, H1} + <2 - 6) Do Hidy A+
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Although this is a complicated expression, we should note that the original
Type 1 term has disappeared, and that everything in this expansion which may
potentially be a Type 1 term is O(x). If x is small, then this is an improved
Hamiltonian from our standpoint, since the Type 1 terms are now smaller.

We can repeat this process. We identify the lowest-order Type 1 terms in
H o ¢, then make a similar change of variables to cancel them. Hopefully, this
improves our Hamiltonian further, in that the remaining Type 1 terms are yet
smaller.

Lemma 4. Ifthe Type 1 term of H is of the form A =" j1 Ak,l (zk1 — Zx1) (2k0 — Zko0),
1£0

we can choose x to solve
{X7H(?iag = _Aa
with the following properties:

1.
X = Z Xkt (2k12k0 — ZriZk0) + X7 (261Zk0 — ZR12K0),
k.l
>0
with . A
—i Ay, —i A
Xkl = ——"—— Xpg= - 28
Wko + Wki HE wk — wi (28)

2. If H is a quadratic term of Type 0, 1, or 2 as defined above, then {x, H}
is a linear combination of terms of Type 0, 1, 2, i.e. the map {x, -} maps
the set of these quadratic terms to itself. More specifically, we have the
following table:

Type of H | Type of {x, H}
1
1 0+2
2 1

Proof:  To prove the first part, we simply make the Ansatz that

X = Z Xk1Zk12k0 + X5 Zk12k0 T X 77k1Zk0 + X772 kIZK0, (29)
k.l

and solve the equation

{X,Hgag} =—A.
An easy calculation then shows that we can choose xz; = — X7 and xz7 = —X&i,
and that . .
—1 A, —iAg,
Xkl =—"——, Xpgi= —— - 30
wro +wrr T wro — wie (30)

If we write x as

X = Z Xkt (261260 — ZriZk0) + X371 (201ZR0 — ZR12K0)-

k,l
>0
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and assume that we have a general quadratic function H = Hy, ;v (261 — Zit) (2 — Zrrr),
then using the definition of the Poisson bracket, one has

OCHY =) (Heow + He0) Sk (210 — Zka) (2r0 — Zkar)

%
1>0 (31)
+ Z <Z(Hk,l,l’ + ch,l’,l)chl’) (211 — Zkt) (200 — Zko)
k1 \I/>0
where
Se =1 (Xet + Xp7) » (32)
Dy =i (Xk — Xp7) - (33)

If H is of Type 0, then the second sum disappears entirely, and the first
sum only has terms with I = 0. Thus {x, H} is of Type 1. If H is of Type 2,
then the first sum disappears, and the second sum has terms with [ > 0. Thus
{x, H} is again of Type 1. If H is of Type 1, then the first sum has terms with
" > 0, making it Type 2, and the second sum has terms with [ = 0, and is thus
of Type 0.

Note that if H is of Type 1, then so is {x,{x, H}}. If H is of Type 0 + 2,
then so is {x, {x, H}}.

We make a few remarks about the previous lemma. First, we can calculate
directly that

: A A 2d%wro Ay
St = D) = T N
Kl 7 (Xkl + Xkl) Wio + Wk * Wro — Wkl Al 7 ( )
| A A 2d%wiq A
- o B _ , 35
k=1 (Xkt = Xp) Wro + Wk Wko — Wk A )

Second, we point out a potentially confusing abuse of notation. Recall that
we have defined HY as the Type 1 piece of the Hamiltonian H°, and that we
have

HY = Z(Pk,l,o + Tk,0,0) (261 — Zkt) (20 — Zko) -
Lo
Since we do have that I'y ;o = I'; 0./, we can write
HY = Z 2T%1,0 (201 — Zrt) (280 — Zio) -
%o
Throughout the paper, we will solve equations of the form

{Xa Hdoiag} = G,
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where G is some Hamiltonian, and G its Type 1 piece. We will frequently
choose coefficients for symmetry, i.e. so that Gy 10 = G1 k0. In this case, if we

apply Lemma 4, the term Ay will be 2G1 k0 and not Gy 0. Also, we calculate

that
4d2w}€0leo 4d2wlek¢l0
— e Dy =—"7-—.

)\l ’ /\l
We now extend the previous lemma and compute the form of the terms in
{x, H}:

Lemma 5. If H is symmetric in the sense that

Skt =

Hy 10 = Hypr g for all 11,

then we can choose coefficients so that {x, H} is also symmetric. Furthermore,
the coefficients of {x, H} can be found in the following chart:

H Type {x. H}
Z Hp 0,0 (210 — Zro) (210 — Zko) 0 {x,H},0 = HiSki
ZHk,l,O (281 — Zr1) (2x0 — Zko) 1 {X’H}o,koo = 2ZHk,l,0Dkl
1>0
{Xa H}Q ki = Hk,l’,OSkl + Hk,l,OSk-l’
> Hiww (zw = Zw) (e = Zwr) |2 {6 H}po = Y Hiet v Dir
>0

where we define
St =1 (XKt + Xp7) »
D =1 (XKt — Xp) -

Recall that if H is Type 1, then {x, H} is Type 0 + 2. We denote this in the
above table by saying that {x, H} has two pieces, one of Type 0, {x,H},, and
one of Type 2, {x,H},.

The proof is a straightforward computation applying Lemma 4.

2.2 TIterating the canonical transformations

In this subsection we study (still largely on a formal level) what happens if
we iterate the sort of canonical transformations constructed in the previous
subsection. Let us define the Hilbert space H® as

H = Lo}l D wit laul” < oo g,
k,l
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with inner product
o0

(2, W)y = Y Wi} 200 Wk
ol

Remark 5. Note that z € HY? if and only if H, (2) = Dk W lz0|* < 0.
Thus, H'/? is a natural space in which to work.

We say that H is a quadratic functional on H® if H: H® — R, and H(z) =
(z, Az);,0 where A is a linear map on H*. We denote the set of all C! quadratic
functionals on H* as QF(H*). Thus H € QF (H®) if H is quadratic, and H,,
called the derivative of H, exists. For each x, H,.(x) is by definition a linear
map. We should note that since H is quadratic, H,(x) is also linear in the
argument x.

Since H,(z): H® — R is a linear map, we can (by the Riesz Representation
Theorem) identify it with a member of (H*)". We will define our dual spaces
with respect to the H inner product, i.e.

Il == sup (2w (36)
weH NHC
llwllyes =1
There is a canonical identification of (H*)" and H~* (see [[17], section 1.2])
so, if H,: H® — R, we define VH to be the corresponding element of H™°, i.e.

(VH(x),y)30 = Hi(2)y.

By the above remarks, if we have an H € QF(H'/?), then we know that
V H () exists, and a priori, VH(z) € H~'/2, for z € H'/2. Since VH happens to
be linear in its argument (since H is quadratic), we can think of VH as a linear
map from H/2 to H~1/2. Thus if H € QF(H/?), then VH is a priori an anti-
smoothing linear map, i.e. the range of VH is a Sobolev space which contains
functions less smooth than those in the domain. Let us consider A ¢ QF(H'/?),
where H € A if and only if VH maps into H'/2, and ||V H||;1/2 41/2 < 00, and
define [|H|| 4 = [[VH||31/2 3412 - Our goal in the following will be more or less to
show that the terms HY and HY are in A, and that our changes of variables will
leave us in A. This will prevent us from loosing smoothness as the inductive
argument proceeds.

If we have a Hamiltonian flow under y with an associated flow map ¢!, then
it is again a standard result that the canonical transformation ¢ = ¢*=!

Hoab:;U(.!H) : (37)

7

provided the sum converges. (Here L(H) is defined inductively by L(H) =
{x,H} and L't (H) = {x, L(H)}.) Furthermore, one has the “partial expan-

LZ(H) 1 t1 tr—1 % «
Z_! +/0/0 /0 LE(H) o ¢'™dty ...dt (38)

-1

Hogp=>_

=0
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Let’s assume that we start with a Hamiltonian of the form H?

diag
as above, where
HY,(2) = w|zul®,

and Hy4o combines the remaining terms of Type 0 4 2, and H; is the term of
Type 1. The separation of Type 1 terms from Type 0 and Type 2 terms is natural
in light of Lemma 4 and our goal of eliminating the Type 1 terms. Assume
further that we’ve chosen y so that {x, HY, } = —H;. Then, following (37),

+ Hoyo + Hy

— L'(HY.,) L'(Hy) | ~—= L'(Hot2)
Ho¢ = il : +Z il +Z il
i—0 i=0 i=0
H0+2 < /1 1 _
- § +3 (5 | L(H
Hyug + < 1<i! (i—l—l)!) (Fa)

where the second line uses the fact that L(H?, ) = —H; implies L'(HJ,,) =
—L*=Y(H;), and hence a cancelation occurs. ~Note further that since 0! = 11,
there is no H; left in the second sum, only L*(Hy) for ¢ > 0.

Choosing £(i) = (i + 1)!/4, we can write the above as

Hop— dlag+z H0+2 Z g

From Lemma 4, we know that if we start with a Type 1 term, and apply an
even number of Poisson brackets to it, we are left with a Type 1 term. Also, if
we start with a Type 0 or Type 2 term, and apply an odd number of Poisson
brackets to it, we are left with a Type 1 term. Accordingly, if we want to
calculate, for example, the Type 0 + 2 term of H o ¢, it is

(Ho¢)ot2 = Z )+ Z M (39)

|
i odd 5 ) 1 even v

We note for later that the second term includes a summand for ¢ = 0, i.e.
the term Hy,o itself. Similarly, the Type 1 term of H o ¢ is

(Hog)= Y HO“ + > 5 . (40)

7 odd 1 even
i>0

In our particular case, we start with our original Hamiltonian given by (25),
which we denote as H?. Separating by type as we did above, we write H® =
Hgmg + HY + H{.,, where we note that H{,, happens to be a term purely of
Type 2 (see Section 1.2). Because of this, we will interchange the notation HS
and H{ , below.

We choose x¢ so that {XO; d,ag} —HY, and we define ¢ to be the time-1

map of the flow under xo. Defining Lo(H) = {xo0, H}, we are left with

Ly(H) Ly HS o(HY)
HlZHOO%ZZ il H&JZ Z )
i=1

=0
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If we then choose to write

H'=H + H} +Hg,,,

diag

then we know from (40) and (39) that

Li H0
H&H = Z O (41)
i odd %
Hl = (42)
i odd i even

>0

We stress again that in (41), the second sum includes a term with ¢ = 0,
i.e. that one of the contributions to Hg,, is HY itself. Let’s assume that we
have shown that Lg is an operator of small norm, so that the above power series
make sense. If we think of HY and HY as terms of about the same size, then
(formally) the leading order term in H{ is Lo(HY). So if we formally ignore all
but the leading order term, then we expect that Hi can be bounded as

| H1]| 4 < I Loll 4 || HS (43)

= -

We will show below that all of these power series do in fact converge. We
note here that we expect to formally improve our approximation by a factor de-
pending on [| Lo 4 4, in the sense that the Type 1 term of our new Hamiltonian
is smaller by a factor of || Lol 4 4. Again, this assumes that Lo is an operator of
small norm, and that HY and HS are terms of about the same size at the start.
We will justify these assumptions below.

In general, the induction will work as follows. Assume that we have done n
steps of this process, so that we have the Hamiltonian

H"=H0¢go- 0¢,_1,

which we write as

H"=H°

diag

+ H{' + Hy 5. (44)

We separate out the lowest-order (in d) terms of Hf* to form HY' , and then
define -
Hf = Hf — H},..

We choose x,, to solve {Xm } = —H7,,. Note by Lemma 4 this means

diag
that R R
X . _Z2H1,1ow,kl X . _Z2H1,1ow,kl (45)
Nkl = ———————, ="
Wro + Wkt ™ Wro — Wit

Doing the coordinate change as above gives us

Li,(H")
I;[n+1 _ I;[n §
B °n = —~ il

=0
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Applying Lemma 4 once again, we have

Li(HP ) Li (H7) Li (H2.,)
n+1 _ n 1,low n 1 n 042
MRS T A T W
i odd i odd 1 even
Li(H2.,) Li(HP..) Li (H7)
n+1 __ n 042 n 1,low n 1
Hith= ) =S4 ) St . e @)
i odd iie>\78n i even

By inspection, we see that the lowest-order terms in (47) will be L, (Hg, )
and HY'. The lowest-order term of H{',, will be HY, so we expect

[ Ln(H )|y < Il [ HS| -

Since ﬁ? was chosen to be the terms not of lowest order in H{", we expect ﬁ?
to be of higher order in d than Hf'. So, if [|Ly| 4 4 is significantly smaller than
[Ln—1ll 4 4, then we expect ||Hf+1HA to be significantly smaller than ||H{'|| 4.

Unfortunately, there is one problem with the above argument, and that is

that HHSH 4 is not finite. For example, we calculate:
2
2 2 _
IVHS |52 = > wn [VHS | = " wit | Tewr (2r0r — Zrr)
k k £l
1>0 1>0
Wio 2 —_—t
< Zwkl Z 1B ™ (21 — Zgr)| (48)
P’ 172y Wkl
>0 >0
< Baoo Y witowip [(zrer — Zwr)|,
k
>0

where we have defined B oo = sup;~o > ;50 |61 |”, which is finite for b(-) € C*,
by the Plancherel theorem and the definition of 3; ;.
Looking at the final line in (48), we see that since wg; > wyo for I > 0,

IVHS (2)]] 112 < B.oo l|2ll3g5/2 -

Unfortunately, we're trying to calculate HHQO
right-hand side to involve ||z[/;,1/> instead.

Looking more carefully, we see the obstruction to an estimate of this type
is not the behavior of our sum for large I, but for large k. For example, if we
choose an o < 0, and only consider terms in the above series for wgy < d%, then,
using (48), we have that

H A which would require the

HHSHA < By ood®®. (49)

To make this work, in all of our Hamiltonians above, we will chop off the
terms for which k& > d* We will show that this will not affect our scheme
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much, since all of our Hamiltonians above have the nice property that they do
not couple terms with different k£ values. Furthermore, it follows from Lemma 4
that none of the changes of variables give rise to a term which couples different
k, i.e. there is no quadratic term in the sum of the form zy zx; with k # k'

Lemma 6. Consider a Hamiltonian H of the form H =", Hx with
Hy = Z ﬁK,z,l/ (zx1 — Zr1) (21 — ZK17) - (50)
LI'>0

If K # K', then
{zki, Hx'} = 0 for all l. (51)

In short, for K # K', the evolution of zx; does not depend at all on Hp:.
So if we replace our Hamiltonian H with

H, = Z HK7

K<d~

then we will not affect the evolution of any zx; for k < d*.

Proof:  The proof of (51) is an easy calculation using giffl =0 for K #
K'. Since

(51) follows.
Furthermore, writing H = H, + (H — H,), we see that for k < d?,

{Zkl,H} = {ZklaHa}'

Thus it is clear that the evolution of zy; is the same whether we use H or H,
as our Hamiltonian.

|
We define H;, as

M, = S {zmomol D wi |zml® < o0

k<d®
>0

S
a?

It is a consequence of Lemma 6 that if we choose z € H?, i.e. a z with all

modes zero for k > d“, and define a flow of the form
2= JVH(z),

where H satisfies the assumptions of Lemma 6, then the modes of z for k > d*
will stay zero for all time.
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Thus if we choose our initial conditions in the space H}X/ 2, the flow keeps
z in this space for all time. Thus it makes sense to measure not ||H||, =
INH l342/2 30172, but [ HI| 4 = VH| 172 572

If we can determine that we have a small Type 1 term in the sense that
[Hi'|l 4, is small, and we choose initial conditions in H2/?, then the formal
arguments earlier in this section show that the flow nearly decouples, and the
[ = 0 modes are a good approximation for the whole system. Also, if H € A, C

QF( 1/2) we can again think of VH as a linear map from ’Hi/Q to itself.
Finally, the functions HY and HY are bounded functions on H

Lemma 7. There exist constants Cy and Ca, (independent of d) such that

| 4, < C1d™* 5 ||HY |4, < Cod' ™ (52)

Proof: If we repeat the estimates of (48) we arrive this time at

IVHS %, < Baoo , wiowpprwrr [(zrr — Zr) [, (53)
k<d®
>0

But wi, = pi < Ck* < Cd** using the asymptotics of the eigenvalues of sy,
and the fact that k < d®. Similarly, w,:l? < 8,)2, and we see that

—2 —
IVHS|%, < Boood®™* > 1w [(zher = Zar)[* < 4Bo ad® 2 ||2]2,1/5 -

k<d™
>0
(54)
The calculation of [|[VHY||% is very similar and we omit the details.
|
Remark 6. By very similar estimates one can show that
HY()] < a2, o |HE)] < Cod™ el . (55)

Once again, the estimates are so similar to those above that we omit the details
to save space.

3 Estimates on the transformed Hamiltonian

In this section we prove a number of estimates which justify the formal argu-
ments of the previous section concerning the size of terms in the transformed
Hamiltonian. In particular, in Subsection 3, we estimate the action of arbitrary
compositions of the Poisson brackets of our Hamiltonian with the functions x,
defined in (45). We then use these estimates to bound the size of the inter-
action terms in the Hamiltonian after making n canonical transformations. In
Subsection 3.2, we collect a number of technical estimates which we will need
in Section 4 to prove our approximation theorems.
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3.1 Bounds on the interaction terms in the Hamiltonian

The main goal of this section is to calculate the size of ||[HT'|| 4 , specifically its
order in powers of d.
We define

M,={leZ"| I, >I,>--->1,>0}, with My={0},
and

M= |J M, and M* =[] M,.

n>0 n>0

We also define
M, ={Ie M|, <n}.

Note that from the definition of M, if I € M,,, then I, < n for all k.
For any I € M,,, we define

n

|[I| =n, and p(I) = ZQ(Ik +1).

k=1

Note that I € M,, can be written as a sequence of some number of n’s, which
we denote by J(I),, (where J(I),, could be zero), followed by J(I),—1 n — 1’s,
and so on and so forth down to J(I)g zeros. Thus, associated to each I € M,,
is another sequence J(I) of integers where J(I),, gives the number of times m
appears in I. Note that we can reconstruct I from J(I).

We refer to an I € M as a multiindex. Given a function H and I € M, we
define

L](H) = L[l O == OL[n’(H).

We note here several instances of notation we use. First, as defined above,
() € My is a multiindex. For convenience, we define p(f)) = 0. We define Ly to
be the identity, so that Ly(H) = H. Also, we will sometimes write multiindices
out in multiplicative notation, with multiplication meaning concatenation.

In particular, n®m?” will refer to the multiindex which is a copies of the
number n followed by ( copies of the number m. Furthermore, this then implies

Lyoms = LYo LP.
For example, this means that L,. = L{, in either case being the map L,
iterated o times. We note that I = n®m? could also be specified as the multi-
index with J(I), = a, J(I)m = 8, and J(I)r, = 0 if k # n, m.

Now, let’s say that we choose G = HY. Then L;(HY) is of Type 1 if |I] is
even, and of Type 0 + 2 if |I| is odd. On the other hand, if we choose G = HY,
then the reverse is true: L;(HY) is of Type 0+ 2 if |I| is even, and of Type 1 if
|7] is odd.

From now on, G is always either HY or HY. We define L;(G)o, L;(G)1, and
L;(G)s as follows. First, let |I| be even. Then, if we want L;(G) to be a term
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of Type 0 + 2, we need to choose G' = HY. We then define L;(G)o and L;(G)2
to be the Type 0 and Type 2 pieces of L;(HY). If we want L;(G) to be Type
1, we have to choose G = HY, and so we define L;(G); to be L;(HY). Now, if
|I] is odd, we have to make the opposite choices at each step.

In short, to define L;(G), for ¢ = 0,1, or 2, we choose G to be either HY or
HY (whichever one will give us the correct type), and then compute L;(G). We
stress that once we have chosen a multiindex I and a Type (0, 1, or 2), then
G is chosen for us. We will assume this in all that follows. Whenever we write
L;(G)q, we know that G is determined by I and g.

Lemma 8. Every term in H{\ o + H{ is of the form L;(HY) or L;(HY), for
some I € M,,_1. Conversely, there exist coefficient functions ©1(I) and Oo+2(1)
with the property that

3p(1)

max (|01 ()], [Oo+2(1)[) < m’

such that

Hy = Y ©1()Li(G),
IeM,_q

Hy o= Z Oo+2(1)L1(G)oye-
IeMp_1

We emphasize that G on the right hand side of these formulas is chosen to be
either HY or HY, whichever gives a term of the correct type.

Remark 7. In [13] an explicit formula for the coefficients © ;(I) will be derived,
but for the moment we need only to know that they exist.

Proof: = We prove the lemma inductively. Equations (42) and (41) show
that it holds for n = 1. We assume that it holds up to some positive integer n
and prove it holds for n + 1. We provide the details for H {H'l — the proof is the
same for Hy ™. Recalling (47) we have

[z‘(Hn ) [i(H" ) [ (/\Hn)
Hn-‘rl § : n\*1042 2 : n\""1,low § : n\t41
! 7! ) 7! '
i odd zi<e>\7811

1 even

Recalling that HT,  is the sum of the lowest order terms in d of H{', there is a
subset Z C M,,_1 so that

Hy =Y 01()Li(G)y, and HY = > ©:1(1)Li(G)r.
IeT IeM,-1\T
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Putting this together, we can write

L} (Zfemn_l @0+2(I)L1(G)0+2)

Hy* = Z il

i odd
r ¥ B

i even
>0

+ Z L; (ZIEMHI\;— @1(I)L1(G)1> .

i even

Let us consider the first sum.

) I .
S QoD ri (G,
i odd v
IeEMy 1
Since i is odd, L% (L;(G)o+2) is of Type 1, so we can write it as L7(G)1, where
I =n'I. Clearly, I € M,,. Also, we can define ©,(I) = Og2(I)/i!. Clearly,
if ©0:2(1)| < 370 /(T], J(1);!), then ‘@1 ’ < 37D /([ J(1);!) also. In
passing, we note that if we consider I = n°I, for some I € M,_q, — ie. if
I = I, then ©, (I ) = Op42([), so the functions ©; do not depend on n, the
number of iterations we have performed.
We will get similar results if we consider the other two sums. Since we are

applying some power of L,,, the multiindices that will arise are all in M,,.

The next two lemmas give rigorous estimates for the size of the expressions
that appear in H™. Their proofs are long, and somewhat technical, and hence
are deferred until Appendix A.

Lemma 9. There exists a constant Cy and functions Qr(1), f1(1),gr(l) (depend-
ing on I) such that for all I € M™*, we can write

Li(@oroo = Cra?DupDT (56)
1/2
w

Li(@upo = Qi Duwfg TR, (57)
Wit

I fr(l)gr(le) | fr(l2)gr(ly)

Li( @, = "D HQ( s o e | (09)

Wei, Wk, Wiy Wi,

where Qp, f1, and gr are all in €2 (with respect to 1). Furthermore, for every n,

HY = > ©1(I)Li(G)

IeMy, 1
p(I)=2n
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Remark 8. This lemma is a direct calculation using Lemma 4 and (81) -
details of the proof are in Appendixz A. Also we note that it is clear that H}
will have no terms which are of order d™ for m < 2n. This is because in the
construction of the canonical transformation ¢,_1, we eliminated Hﬁ;}t}, and
by Lemma 9 this means that we eliminate all Type 1 terms of order d*™=1 with
the nth coordinate change.

Now that we have the form for L;(G)1, we want to calculate ||L;(G)1| 4 -
We use the following

Lemma 10. We have the following estimates for I € M and d sufficiently
small:

IL1(G)olly, < 8C aPII0+Ie
ILr(G)1ll 4, <4NQr dp(D(+a)+2a
ILr(@)z2]l 4, < 41 f1llgz gzl e P DEF+2e

See Appendix A for a proof.

Note that this lemma justifies the formal arguments above. Recall that we
chose HY,,,, at each step, to be the terms of Type 1 of lowest order in d. Those
arguments were formal, since we didn’t really know the size of these operators
exactly. This lemmas specifically tells us that, when we chose the term with the
formally lowest power of d, we were choosing a term which actually was smallest
in d in the sense of the operator norm on A,,.

Combining Lemmas 8, 9 and 10 gives us

Lemma 11. For all n and for sufficiently small d, there exists Cp, > 0 such
that
P

Proof: ~ We know from Lemma 9 that H{, = > rem,_, ©1(1)L1(G):.
p(I)=2n
Using Lemma 10, we have that
|, < 4dCPrORze N e (D) [Qrll,

’ ‘ I

1,low
IeM,_4
p(I)=2n
< 4C.  d@n(+a)+2a Z 30 (59)
> q,n K
IeMy, 1 HJ([)J
p(I)=2n

where the last inequality used Lemma 8 to bound the factor of ©; and set Cy 1,

IA I

maxsem, _, ||@rllz- The sum over I can be bounded by 3°(1) (372 L)(n
p(I)=2n
(3¢)™ and the estimate of the Lemma follows.
]
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3.2 Some technical details

In this subsection, we collect some estimates related to those of the previous sub-
section that we will need to prove Theorem 3 in the next section. In particular,
we calculate the size of ||xn|| 4 for any n and we show that our original Hamil-
tonian, H?, and any subsequent Hamiltonian, H™, define equivalent norms on

1/2 L . .
Ho/ . Finally, we prove some lemmas about how a Hamiltonian flow affects the
size of various norms.

Lemma 12. If k < d%, then for d sufficiently small,

w
lwr — wio| > %7 Jor 1> 0.

Proof:  The proof is an immediate consequence of the asymptotics of the
eigenvalues of (18) and (19).

|
Lemma 13. For any n and for d sufficiently small,

||Xn H,A < Cd2n(1+oc)+1+2a.

Proof: By (45), we know that

S n ; n
_ZQHL]OW,M Z2H1,1ow,kz

Xn,kl = s Xn,kf =

Wko + Wkt Wko — Wkl

Using Lemma 12, we see that we have the two estimates
IXn.ki| < CdHT,, 11» and ‘Xn,kZ’ < CdHY,,, 1-

From this it is clear that [[xnll, < Cd || Hy..
Lemma 11 completes the proof.

‘ A which combined with

Remark 9. Recall that L,(G) = {xn,G}. Thus, the operator norm of L,,
considered as a linear operator on Ay, is bounded by ||xn| A, -

Corollary 14. Under the hypotheses of Lemma 13, there exists C, > 0 such
that the canonical transformation ¢, defined as the time one map of the Hamil-
tonian system

z={xn,2} (60)

s a bounded linear map on H}J/Q satisfying

IN

eXp(Cnd2n(1+a)+1+2a)

Cnd2n(1+a)+1+2o¢

||¢n||7-[(1¥/2$7-[}!/2

A

[¢n = Llly/2 572 <
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Proof:  These estimates follow immediately by applying Grénwall’s in-
equality to the (linear) system of ordinary differential equations (60).

Remark 10. We can also consider ¢, as a bounded, linear, canonical trans-
formation on H'/? by extending it as the identity on 7‘[1/2\711/2

By combining Lemma 13 with (38) we obtain a representation of the Hamil-
tonian after n canonical transformations as a finite sum of terms of the form
L;(H?), plus a remainder that can be made arbitrarily small. More precisely,
we have:

Proposition 15. Fiz N > 0 and n > 1. There exist positive constants do and
Cy.n, a finite subset Z,, v C M1, and functions ©(I) satisfying

I)\Sl/(HJ(I)j!) ; (61)

such that if 0 < d < dy,

H"(z)=H"0¢ 0 - 0¢™(2) = Y  OU)Li(H®) +Rnn(2), (62)
IEIn N
where
R4, < Cpnd T2V (63)

Proof:  The proof is inductive. For n = 1, (38) implies that

H'(2) = HY¢(2) = JlL (H°)+ / / LY (H)o(¢o) Vdty ... dt; .

(64)
From Lemma 13 and Corollary 14, there exists C' > 0 such that we have

1LY (H°) o (¢0)" ]|, < CdUH2OND|[Lo(HO)| a, (65)

But LO(HO) = {XO)H((i)lmg}+{XO7H }+{X07H } - 7H +{X07H{)}+{X07Hg}a

and from Lemma 7 we know that |HY|| 4, < Cd'™® while yo is bounded with
the aid of Lemma 13. Thus, the integral term in (64) can be bounded by

Cdl 2N [1 [N dty . dty = E5;dH2N and the lemma follows for
n = 1if we take Z; y = {0,0',02,...,0N"1}, and O(I = 07) = 1/j!.

We now assume that the lemma holds for all n = 1,..., M — 1 and prove
that it holds for n = M.

N—
HM(z) = HM 1opp o Z L(HMY (66)
j=0 !

/ / LY (HM Y o (¢ppr—1)Ndtn ... dt
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by (38). By the induction hypothesis we have

Ly (HY )= > %é(I)L?\/[—lLI(HO)+L§\/[71(RM*1,N) (67)

I€Zp-1,N

From Lemma 13 and the inductive estimate on Rys—1,n, we have
Hng_l(RM—l,N)”.Aa < Cdj[2(M71)(1+a)+1+2a]d(1+2a)N ) (68)

On the other hand LY, ,L;(H®) = L;(H°), where I = M — 17T € M4, s0
we can define Zys, n to be those I € Mp_ for which I = (M — 1)1 for some
I €Iyn,j=0,1,...,N—1—in particular, this is a finite set. Defining
o(l) = %(:)(I) we see that O(I) satisfies (61).
By estimates very similar to those above, we can bound the integral term on
the right hand side of (66) by fol e fOtN” CdRM-DA+a)+142a](N=D)gs o dt; <
(NC A2 =D +a)F142al(N =1 Thys, if we define Rasy = Y0 g Lyy_q (Rar—1.n8)+
fo . fOtN VLA (HM=Yo(¢p—1)Ndty ... dty, we see that there exists a con-
stant Cpr v such that IRa N A, < CMVNd(Hz‘X)N, and the lemma follows.

Remark 11. If we compare the representation of H"(z) derived in the proof
of Proposition 15 with that derived in Subsection 2.2 and Lemma 8, we see
that in Proposition 15 we have just restricted the expansion to term Lj(H°)
with I € My_1, and J(I); < N for all l. Thus, there exists a finite subset
fnﬁN C M, _1 such that

Z @ VL ( HO dmg-i- Z O1(1 G) + Z Oo42( (G)oye2

Iez—n N IEIH,N IeIn,N
(69)
(Note: The HS. term comes from the term on the left hand side with I = ().)

diag
We now derive from this representation of the transformed Hamiltonian sev-
eral corollaries concerning the size of the transformed Hamiltonian.

Lemma 16. For all n > 1, there exists dg > 0 and C, > 0 such that for
0 < d < dy,

|} lae = IVHT e s < Cod 072 (70)
Vg la, = IVH |y < Cud® (71)
1S 4 = IVH ey < Cod'* (72)

Proof:  Choosing N such that (14 2a)N > 2n(1 + «) + 2a, we can apply
Proposition 15 to write

H'(2)= > O(I)Li(H®) + Rnn(2) (73)
1€, N
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where | R, x4, < Cpd®(1T®)+22 By Remark 11, there exists a finite subset
Zp,n C M,;_1 such that

> oeLH) =HY + Y O1(DLi(G)i+ Y Oop2(I)Li(Gosa -

I€T,, N IeZ, n Iel, N
(74)
Thus,
- ¥ el )1+ Ry (2) (75)
IeZ, n

where ’RS%V is the Type 1 part of R, v and hence satisfies the estimate (63).
Since fn N is finite, there exists some integer Pp,.x such that p(]~ ) < Pras for
all I € Z, x. On the other hand, the canonical transformations ¢°....,¢"*

were constructed so that all Type 1 terms in the Hamiltonian with p(I) < 2n
were canceled. Hence we can write

Priaz

Z > el )1+ RN (2) (76)

=2n
p even IEI N

p(D)=p

Just as in the proof of Lemma 11, we can bound

I O1(DLI(Gla, < Cpatirers2e, (77)

IeI!L,N
p(I)=p

since there are only finitely many terms in the sum. The sum over p is also
finite and hence easily bounded and HRS%V(,Z)\
the estimate of (70).

To estimate ||H['(z)|.4, we proceed as above but since the construction of
the canonical transformations does not eliminate the low order (in d) terms in
Hy, we arrive at an expression for the Type 0 part of the Hamiltonian of the
form

A, is bounded by (63), yielding

o

Priax

Z Z Oo42(I)Li( )0+R£3)N(Z) (78)
e;gnIGInN
P p(I)=p

where Rflog\, is the Type 0 part of R, ny. With the aid of Lemma 10 we can
again bound
1> e Qolla, < Cpapttelte (79)
I€~In,N
p(I)=p

and then the geometric series in p, combined with the estimate of (63) implies
that (71) holds.
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The estimate (72) follows in exactly the same fashion except that since the
original Hamiltonian contains a term HY, but no HY term, that additional term
must be added to the right hand side of the analogue of (78), and it is estimated
by Lemma 7.

Remark 12. If we proceed as in the previous lemma, using the expressions in
Lemma 9 rather than the bounds in Lemma 10 we can bound the values of the

) . 1/2
Hamiltonian on Ho/ , as

[H' ()] < CdBOF|z)2 (80)
[Hy ()] < Ca*™* |23 1) (81)
[H ()] < Cd™Fl2]]3 ) (82)

just as we did in the proof of Lemma 16.

Note that if we define
On(Hz) = {z € Hal Izl <R}

we have:

Lemma 17. Let B C Hi/z be bounded, i.e. there is an R with B C Og( ;1}/2).
Then there is a constant C such that for sufficiently small d,

|H"(2) — Ho(z)| < Cd'"t®,  forall z € B.
Proof:  This follows immediately from (80)—(82) and Remark 6.
[ |

Lemma 18. If we define HY as the Type O piece of H", then <z,z>Hg LHY =
iag

HY. (2) + H}(2), defines an inner product on HY/? with the property that for

any bounded set B € Hé/Q there is a C with

1
S lellye < g, sy < Cllzllgsa
for all z € B.

Proof: A positive-definite symmetric linear operator A: HY/2 — H/2
defines an inner product via

(2.9) 4 = (Az,y) = (A2, 412, (83)

where A'/2 is the positive-definite square root of A.
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Since the gradient of H = Hgiag
can define the inner product

+ H{ is positive-definite and symmetric, we
H(z)=(VH(z),z).
Thus, to complete the proof of the lemma, we need only show that
Hg,, (2) + Hg (2) ~ HY,, (),

diag diag

forall z€ B C Hi/ 2, by which we mean that there exists a constant C' with

1
c (HY..(2) + H§ (2)) < HY,,(2) < C (HY,,(2) + Hy(2)),
for all z € B.

Now, using Lemma 17, it is easy to see that for z € B,
H"(z) ~ H%(2).
Inequalities (80) and (82) imply that there is a choice of dy such that for

d < dy, we have

1 2 1 .
() + B < 5 el = SHOL(2) 2 e Hy? . (80
(Roughly, the larger n is, the easier it is to satisfy (84), and this is why the
estimate can be made uniformly in n.) Using this for n = 0 gives us that since
H? = H— H) — HY, then

diag
Lo 0 3140
5 |H (Z)| < |Hdiag(z)| < 5 |H (Z)|’
or that H ~ H(?;ag- The same argument gives us that H" ~ Hgag + Hy, and
we are done.
|

The utility of the norms defined in the previous lemma comes from the fact
that the Hamiltonian flow with Hamiltonian H preserves the value of H and
hence the norm defined by H. More precisely we have:

Corollary 19. Assume that we have a Hamiltonian H which generates an inner
product, (-,-)y, as in the previous lemma. Then if we define a flow by

2= JVH(2),
then this flow preserves the norm |||y, i.e. 4|zl = 0, where we define
2
121 = (2, 2) -

As a consequence of this estimate, and the fact that the norm defined by

. 1/2
HY , is the Ha/? norm, we have
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Corollary 20. We define, on H}J/2, the flow 2 = JVH(2), with H = Hgag—i—H%
where |H~ (2)| < 5 ‘Hgag(z) , forall z € HY/?. Then

12()ll32 < 3112031/, for all ¢,

Proof: Note that

1 3
L H )] < 1HGE0)] < 2 |HD,:(0)].
Since H(z(t)) = H(2(0)) for all t, and HY, () = ||z||§_(1/27 the estimate follows.
|

Finally, we estimate the way in which modes with a fixed value of k evolve.

Lemma 21. Let z € H*, and define PX(2) as
(PK(Z))M = 5k,KZkl-

We define ||| 112 g = | P%(2) |H1/2 . Then if we have the flow 2 = JVH(2),
there is a C' (independent of K ), such that

2O l7172, 1 < CN2O0) 9172 -

Proof:  The proof is an easy exercise using Lemma 6 which shows that
the flow defined by H does not couple modes with different values of k£ and the
sorts of energy estimates used in Corollary 20.

4 The Approximation Theorems

In this section we first prove (in Subsection 4.1) that the flow of the original

Hamiltonian, H®, can be approximated in Hé/ % for a very long time by the flow
given by HY, +H{'". In Subsection 4.2 we then revert to the continuous variables
and show how this discrete approximation theorem implies the existence and

approximation properties of the reduced equations defined in Theorem 1.

4.1 The approximation theorem in frequency space

In this section, we want to state and prove a theorem in the discrete variables
which will imply Theorem 1. (We will establish this implication in Subsec-
tion 4.2.)

To state our theorem, we need to define one more Hilbert space. Recall that
our standard Hilbert space H'/? corresponds (roughly) to functions which are
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once differentiable in z and y. We want to consider functions which may have
different degrees of differentiability in the x and y directions. So we define

[[2[l3gse = Zwis |2k0|® + Zwif B
% K
150

which corresponds (if s > t) to functions with s derivatives in the long ()
direction, and ¢ derivatives in the thin (y) direction.

Theorem 3. Given H® as defined in (25), we make the coordinate changes
defined in the iterative scheme of Section 2.1. Define N(n) = 2n+1+(2n+2)a.
We choose z(0) € H®", with s > 1,7 > 1/2, and define the flows

= JVH'(2),
;y = Jv(Hc?iag + HS)(’Y)’

with y(0) chosen to be the projection of z*(0) into HY?. Then, for any € > 0,
there exists C,, = Cp (a,b,C,||2(0)||4ys.c) and dy = do(a,b,C,s) such that for
d < dy, we have the estimate

[2(t) — ’Y(t)”i{l/z < CndN(n)t + 3e,
fort < d—Nm),

The main idea of this proof is as follows. First, we want to show that the
[ = 0 modes dominate the evolution of the equation. Most of the work we have
done in previous sections has been to show that we can change variables so that
the coupling between I = 0 and [ > 0 modes is small. This means that energy
that starts in a mode with [ > 0 would take a long time to transfer to modes
with [ = 0. We need only require that the initial energy in modes with [ > 0 is
small, and we would be done.

The next step will be to show that the evolution of the modes with £ <
d*,l = 0 dominate all [ = 0 modes. It is reasonable that this will work, since
we are just throwing out a different set of high-frequency modes.

Proof: Choose € > 0. We define 2* and 2~ by

r o __ > r
25 = 0102k, , 2 =%—2".

We want to make both [|z()[1/2 y>40 < € and [[27(t)[|51/2 < €. We know

from Lemma 20 that if ||2(0)|[,.. = R, then z(t) € O3r( i/Q) for all t. We
assume implicitly in all that follows that z is in this bounded set.
According to Lemma 21, we know that there is a x independent of K with

123172, < K 12(0)l32/2 - (85)

Since this x is independent of K, if we define

HZHHl/?,KZda = Z ||Z||H1/2,Ka
K>de
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then
1207172 ke zae < 5 12(0) 1172 > o -
So we simply need to make sure that
12O lyer2 gesan < =

Recall that we’ve chosen z € H*", with s > 1, » > 1/2. Thus we know that

> i lzrol® < Mzl
k

We note that the asymptotics of the eigenvalues in (19) imply that w?s = ug =
M (b, C)k® where M (b, C) is a constant which depends only on b(n), C(x). Thus

2|y s.r
|zko| < ”M||77€s )
and
2 2 2 _
12l13/2 jsge = D wholzrol” < [|2]17er sUD w)g™®
k>do k>de

< M(5,0) [l2],... 3029,

In summary,
12(0)341/2 5 g0 < Rd 3729,

where £ is a constant which depends only upon b(n), C(x), and [|z(0)||, .. This
and (85) give
Hz(t)llil/ak>da = "%d%(l_zs), (86)

where £ is a constant which depends only upon b(n), C(z), and [z(0)] ..

Thus, for s > 1, there is a dg such that for all d < dy, we can make (86)
smaller than e. This dy depends on the coefficient functions a(n), b(n), and C(x)
defined in Equation (1), and also on s, since for larger s, the right hand side
of (86) will shrink more quickly as d shrinks. Thus we note that if we choose
our initial condition more smooth, the thickness of our domain can be larger.

Let us consider z~(t). We have chosen z € H*" for some s > 1,r > 1/2.
Now, according to (23), we have

r(a)

(.L)kl>7f0rl>0,

where k(a) depends only on the function a(n).
But

2 2 2(r—1/2 2
127 O[5, = Do wii lamal® = D wrawipt” ™ |2
k k
>0

>0

R
> =7 177 Oz
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such that for d < dg, we have

so that ||Z>(O)||itl/2 < kd*—1 ||z>(0)||3{” Since r > 1/2, we can choose dy

127 (0)| /2 <€ (87)

for any € > 0. Again, note that if we choose r larger (and thus our initial
condition more smooth), then the thickness of our domain can be larger.

We first note that we can approximate the solutions of ¢ = JVH(2) by
those of ¥ = JVHJ (7).

Recall that we’ve defined ¢y, ..., @, so that H" = H° opgo---0¢py. Denote
¢ =dgo-0¢,. If wedefine ( = ¢~!(z), then we have {( = JV(H" 0 ¢)(¢) =
JVH™(C), with  ¢(0) = ¢~1(0). The z(t) and ((t) equations express the same
dynamics in different coordinates. However, now note that the transformation
¢ is a near identity transformation. More precisely, for any R > 0, we recall
from Corollary 14 that there exists C' = C(R) such that on the ball of radius R
in Hi/ 2,

llo — 1||H;/2 < odtte (88)

Thus, we see that we so long as z(t) remains within a ball of radius R, ||z(t) —
C(t)ll,2/2 < Cd'*R, and hence if Cd'***R << ¢, we can approximate either
the z—c(llynamics or the (-dynamics, whichever is more convenient, to within the
error we allow. It turns out that it is easier to approximate the ¢ dynamics
because in the Hamiltonian H™ the coupling between the [ = 0 and [ > 0 modes
is very weak.

For the following, we need some new notation. Recall that HY (z) =

Zk,l Wkl |Zkl|2 , SO we write

HY (2) = wiolarol” , HYZ = wirloul®.
k lio

We remind the reader that throughout the remainder of this subsection we will

always be working in the Hilbert space Hé/ 2
We need to verify that if we define

¢=JVH"(C), (89)
¥ = JV(Hy,, + Hi)(), (90)

with «(0) the projection of 2*(0) onto HQ/Q, then v tracks ¢ sufficiently well.
Since v(0) lies in the submanifold generated by the {zo}, and this submanifold
is preserved by the Type 0 Hamiltonian, we can write the system of (89) and (90)
as

¢=JVH"(Q),
¥ = JV(H, + Hi)(),
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But if we write { = z* + 2”7, then the equation for ¢ becomes

2= JVH,(25) + JVHG (%) + JVHT (27), (91)
2> = JVHY (2”) + JVH}(2") + JVHE(27). (92)

First, we concentrate on (91). We define £ = 2" —~, and this with (91) gives

€= JVHE, (&) + JVHG (&) + JVH] (27),

=J(V(HYE,+HY)) (&) + JVH? (27).

diag

where [|£(0)]|51/2 = O(d'T2*) (from the fact that [|(0) — 2(0)|41/2 < Cd'T29).
We want to control ||§(2)||,1/2-

In Lemma 18, we proved that |||, 12 ~ [l gy | pn for z € O3 ('H},/Q).
a iag
So it suffices to bound ||§(t)||Hg. +mp instead.
iag
Then we calculate

d 2 n n

E ||£(7_)HHgiag-l—HgL - <£a JVHl (Z>)>Hgiag+H(? + <JVH1 (Z>)’€>H2iag+H(?
<20 ag,,,vap ITVHL ™ O)lgo, g
< K€ gz NTVHT |12 40102 |27 (7) |2

< kpd™ T L €] 2)-

(93)
where the last inequality used the fact since ||z(t)|,,12 < 3R for all ¢, so is
|27 (7)]l,,1/> and the fact that we showed in Lemma 16 that || JVHT[|,,1/> 4172 <
HndN(n)_l.

Recall that we defined in Subsection 1.2 that 7 = d - ¢, so that
ey rg = d e NNy iy < Rad (14 [€20). (99)
dt Hgiag"'Hg dT H((‘l)iag—‘erT)L = HL/2)

Using Gronwall’s Inequality and the fact that [|€(0)[|3,1/2 < C"d>T (from (88)),
we have
162,02 < exnC (c’d2+4a + OndN(”)t) , (95)

so long as t < Cd=N(™),
For any € > 0, we can certainly choose d sufficiently small so that C’d?T4* <
€, and thus
@) 1702 < Crd¥ ™Mt +e. (96)

Now we consider (92), the z~ equation. An analysis similar to that in (93)
gives us that

d
E ||Z>H3_‘£11/2 S KR ”JVH{I”HL/Q,H})/Q HZ>HH(11/2 .
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A Gronwall argument combined with the estimate in (87) gives us that, for

some constant C//,
HZ>HH1/2 S C,:L/dN(n)t—FG (97)

Combining this estimate with Equation (86) to control the modes with large
k gives us that
1€ = 2 lg/2 < e

This combined with (96) and (97) gives us

€)= ()12 < (Cy + CNdN Mt 4 3e.

4.2 Proof of Theorem 1

We want to show here that Theorem 3 implies Theorem 1. We begin by noting
the map embodied by transformations (20) and (22) (the map from continuous
u variables to discrete z variables) is a continuous, linear map with continuous
inverse. We know that z and ~ stay close in Theorem 3. This together with
Lemma 22 will show that the continuous analogs of z and ~y also stay close.

Lemma 22. We define the map Z, written as Zo o =1, where
v (@, v, ), ur (2, y, 1)) = {1, e 1},
o ({ﬂk,l,ﬁk,l}) = {2k, Z },
with

u(z,y,t) = Z Up, (t) 1 ()i (y/d),
Kl

x . Wk .
Uk, +1 I3 Uk, -

1
2 =
ki Dot

Then given s a half-integer, the map Z: H*TY2 x H=Y2 — H* is a bounded
invertible linear transformation with bounded inverse. Also, = is a canonical
transformation with multiplier 1.

Proof: This is a straightforward calculation using the asymptotics of the
eigenvalues py, and \;, analogous to Section 1.2 in Kuksin [17].

|
Remark 13. If we restrict the domain of Z to ’HZH/Q X Hf[lm
canonical transformation from this set onto its image.

, 1t remains a

In Theorem 3, we assumed that the initial condition z(0) € H*" for s > 1,
r > 1/2. One possible choice would be to choose s = r > 1. We should note
that in this case, the norm ||z|/;,..c = ||2]/;;-. Then, the previous lemma tells us
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that choosing an initial condition z(0) € H® with s > 1 corresponds to choosing
an initial pair (u®,uY) € H*TY/2 x H*~'/2 with s > 1. For example, choosing
(u,u?) € H? x H'! will do.

We will show just below that the equation

Y= JVHg(v)

corresponds to an equation of the form wy; = Dju, in the following sense.
Let (u(0),u:(0)) € H? x H*, and let us assume that the equation uy = D,u is
satisfied. Then for any time 7 > 0, the pair (u(7), u¢(7)) is uniquely determined.
On the other hand, consider z(0) = ZE(u(0), u(0)), and assume that it satisfies
z = JVHJ(z), thus specifying z(7) for any 7 > 0. Then z(7) = E(u(7), u(7)).

So, as in Theorem 1, let’s assume that we have (u°(z,y),ud(z,y)) € H*x H!,
and compute (u0,u?") € H2 x H} as the projections into H2 and H} of TI(u°)
and TI(u?). If we define z = Z(u,u;) and v = Z(ur?,ur?), then 2,7 € H*® with
s > 1, and Theorem 3 tells us that for any § > 0,

12(t) = A(B)] 202 < CaN @t + 36,
From Lemma 22 and the linearity and continuity of Z~! we have that
271 (2() = E7 (Y] gy o < CaV ™t 4 30).
So, given an ¢, we can find a C such that for all t < Cd=N (™ we have

(@, y,t) = un" (@, )1 e = [E71 (=) = E7 (/@) gy < e

To finish our proof of the theorem, we need to calculate explicitly what the
Type 0 term is after n changes of variables. From Theorem 3, we know that
the dynamics of the Type 0 term mimic the dynamics of the whole system, and
thus we would like to calculate more specifically what the Type 0 term actually
is. We will show that this Type 0 term, when converted back to continuous
coordinates, gives a PDE of the form (5).

From the proof of Theorem 3 we know that it suffices to consider the evolu-
tion in H}X/ 2, (since the modes with k > d® are initially very small, and never
grow beyond the size of our allowed error) and thus in the remaining discus-
sion we restrict our attention to this space. Note that by combining (78), and
Lemma 9 we see that

Priax

Hy(z) = > > 0uD)0rd” Y whd (zro — Zk0)? + RN (2)
Ppc:vgn IeZnn o
p(D)=p
1 e 0
— _5 Z C’(Q)d2(Q*1) Z wig*1<zk0 _Ek0)2+R£L’3V(Z) . (98)
q=2 k<de

where in the last equality we set p = 2(g—1) and defined C©) = Yiet, o (=201)O042(1).
p()=t

41



Remark 14. Note that from the formula given above it appears that the coeffi-
cients C'9 could depend onn or N. In [13], a closed form expression for these
coefficients is derived from which it follows that C©) is independent of both n
and N, but the conclusions of this paper would be unaffected even if they did
depend on these parameters.

We are not completely done. In order to derive our reduced PDE we will
replace H{' by an approximation with finitely many terms and we must show
that this can be done without affecting the dynamics too much. For this we use
the following lemma:

Lemma 23. Fix R > 0. There exists g > 0 such that for 0 < € < €y the
following is true. Consider two quadratic Hamiltonians H = HY 4 hy and

N diag
H = H;);;g + ho, both of which define norms equivalent to the norm defined by
HY . and assume that ||hy — ha|la, < €. If we consider the two flows

0= JV(HY™ +hy) and 0= JV(HY + hy)

diag diag

with w(0) = v(0) and [[u(0)|, 12 < R, then the flow for v provides a good

approzimation to the flow for u on the space 'Hé/2 in the sense that there exists
C(R) > 0 (independent of u(0), so long as [|u(0),,1/2 < R) such that

lu(t) = v(t)ll,p1/2 < Cedt .

Proof: Noting that u(t) and v(t) are solutions of linear systems of Hamil-
tonian, ordinary differential equations, and that the difference of the correspond-
ing vectorfields has Lipschitz constant bounded by e, the estimate then follows
from a straightforward application of Gronwall’s inequality using the fact that
the Hamiltonian’s are conserved along their respective orbits. The extra factor
of d on the right hand side of this inequality comes from the rescaling of time
as in inequality (94).

We continue for the moment to assume that R is fixed and that we consider
sequences {zxo} with [[z[|,,1/2 < R. In Section 4.1, we have already specified
an order in d to which our reduced equation is accurate, so we will simply
cut off the expression for Hj at exactly the same order in d. As stated in
Theorem 3, after we have done n changes of variables, our approximation is
accurate O(dN™) where N(n) = 2n + 1 + (2n + 2)a. Thus, we first choose N
such that (14 2a)N > N(n), which guarantees that ||R,(1(2v||Aa < CdHH2N <
CdN™) | We next note that if we define hg=> kcao wzg_l(zko — Zro)? an easy
estimate like that leading to (52) implies ||h, |4, < 4d7~ D, Thus if we define
C = max,—2.._0,... |C@], we have

Qmaz
I C@OaED 3 W2 (2ho — Z0)% | 4 < AQmaaCdPM IH T (99)
q=M+1 k<de
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for d sufficiently small. Thus, if we choose 2M (1 + a) + @ > N(n) — 1, the
expression on the left hand side of (99) is less than or equal to CdV(™~1 and
so if we define

M
ﬁg = Zéqu(q—l) Z wzg_l(zko — Ek())z (100)
q=2 k<d~
we have -
|HY — HY||a, < CaNm™—1 (101)

Remark 15. Note that the inequality 2M (14+a)+a > N(n)—1 can be satisfied
by choosing M = n.

As an immediate corollary of (101) and Lemma 23 we have

Lemma 24. If we consider the two flows

= JV(HY 4+ H"(u),

diag
b= JV(H + HP)(v),

diag

with uw(0) = v(0) on the space Hém, then the flow for v provides a good approz-
imation for the flow for u in the sense that

lu(t) = v()31/2 < Ca¥™e,
where M is chosen as in (100).

Finally, we examine the form of f{\(_)ﬁ in continuous coordinates. Since by 22,
(ZkO — Eko) = 1/ 2wrolirg, We have

M M
ﬁoﬁ - Zé(q)dZ(q—l) Z wigﬁﬁo - Zé(q)d2(q—1) Z uiﬂio (102)
q=2 k<de q=2 k<d

With this form of the Hamiltonian, we are finally in a position to prove:
Lemma 25. Consider the form of/ﬁoﬁ given in (102). The differential equation
(on Hém) given by

5= g9 (HY, + HE) (2),

if converted into continuous coordinates by 21 as defined in Lemma 22, gives

a PDE of the form

M
upy = Lyu® + Z CUdP IV LAyT on w, (103)
q=2
with the boundary conditions

Liu|, =0 foralli <M, (104)

where C1 = (—1)4-1204,
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Before proving this Lemma we note that from Section 4.2, we know that
solutions to (103) will approximate well the solutions to (1), since the corre-
sponding equations do so in the z coordinates, and the transformation = from z
variables to u variables is bounded with bounded inverse. Noting that (103) is
of exactly the form of (5), and recalling our earlier remark that we can choose
M = n, this completes the proof of Theorem 1.

Proof:  Reexpressing Hc?;ﬂg in continuous coordinates as we did I}?L in
(102) we see that HO = 13, (|tno|® + pelinol?).

Now consider the subspace of H*M (w) defined by
WM(w)={ue B*"W) | Luls, =0,j=0,1,...,M —1} .

(Note that if z € Hi/ 2, the corresponding u reconstructed by undoing the
various changes of variables will be in H*(w) for any s.) Then an easy inductive
argument using the definition of £ shows that [ (£iu)?dz = (—=1)™ [wuLiudz,
for j=0,...,M.

From this observation it easily follows that if u € WM and ¢ < M, and we
write u = Y dyoPr(x) we have >, plai, = [(uLiu)dx = (—1)7 [(L9u)*dz.

M

— 1 1 .

HY +Hp = / {§u§ + 5(cu)2 +) (-1)IC D@D (L) dr . (105)
q=2

Hamilton’s equations for this Hamiltonian are readily seen to be the partial

differential equation (103), with boundary conditions (104), and the Lemma

follows.

A Proofs of Lemmas 9 and 10

Proof: (of Lemma 9). We prove this lemma by induction. We begin by
considering the case where I € Mo N M™, ie. I = 0" for some n > 0. (Recall
that if I = 0", and x( is the Hamiltonian whose time 1 map gives the first
canonical transformation, then L;(G) = {xo0,{xo0---{x0,G}...}}, where there
are a total of n Poisson brackets.)
We begin by explicitly calculating the Type 0 term whenn = 1,1.e. Lo(G)o koo-

By part 2 of Lemma 4, G must be HY, and from the table in Lemma 5, we see
that

Lo(G)o,ko0 = 2 Z H? 10 Do,k

1>0
3/2
w Buo
k0 2 1 1/2 M,
=2> 172 10 X d wio(wWrown) / ~
4w l
1>0 AW

1o 3 (B10)*
= id wko Z )\l .
>0
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This verifies the formula for L;(G)o koo in Lemma 9 in the case I = 0 if we take

Cor = 3300 (8 &?)2. (The convergence of the sum follows from the fact that
the ;¢ are the Fourier coefficients of an L? function.)

The derivation of the formulas for the Type 1 and 2 terms are very similar
and are left as an exercise. (The details are also presented in [[12], Appendix

We now assume that Lemma 9 holds for I = 0,02,...,0" and prove that it
holds for I = 0"*!'. Once again, we will perform the detailed calculations for
the Type 0 terms and leave the analogous computations of the Type 1 and 2
terms as an exercise. We know that Lgn+1(G)o = Lo(Lon (G)1). So we calculate

Wi/? 1/2
2n 2n+1 kO 2 2 wk() ﬂl 0
LO(LOn — 2 Qon d X —d Wk)o 2
Z E 1/2 ),

1>0 Wi Wi

2 +2 2n+3 QO" ( )6l 0
—2d2n 2l \
>0

i Qo (1)8
on (1) B0
Con+1 == _22 Ai.

1>0 !

Since Qon, B0 € 2, this sum converges. We now know that the expressions
for L;1(G); e in Lemma 9 holds for all I € MoN M™.

We next check that Hj,  has the stated form. Recall that by definition,
H],,, is the sum of the lowest order terms in d in H{. But given the expression
for L1(G)1,ki0 established above, these will be exactly those terms with p(I) = 2
—i.e. those with Iy = 0. Thus, if n = 1, these are precisely the terms in M
with p(I) = 2 and the formula for H{ follows.

We now complete the proof of Lemma 9 by showing that if it holds for
I e M,_1NM*, then it also holds for I € M,, N M.

Note that by the induction hypothesis,

1/2
. DH+1W
Hl,lovlv,kl = Z 01(1)Qr (l)dp(l) p( " Ij?z
IeM,_1nM™T Wy
p(I)=2
Wwl/2
= d*wigt Y S e)Qi) (106)
kl IeM,_nM+*
p(I)=2n
If we define
K" =4 ) D), (107)
IEMn—lmM+
p(I)=2n
Note that [|K™(-)lle < 43 repn, onet [©1DQr(D)]le < oo since [|Qr(-)]e2
p(I)=2n
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is finite for all I and there are finitely many terms in the sum. Then

1/2

n n n w n
Hl,low,kl d2 ZO—H I;BQK (l)
Wi
Then we have (see Lemma 4)
K™(l

Dy = —d*" P20t (wkowkz)1/2 #, (108)

1/2 gon

ant2wWio K"(0)

Sy = dT20int ’;92 v (109)

To establish the formulas for L;(G) for I € M,, note that if I € M,,
then either I = n? for some integer q or I = nd] for some I € M,_1. We
will first show that the formulas in Lemma 9 hold if I = n. This is again a
straightforward calculation. For the Type 0 terms we have

Ly (G)o,koo = 2 Z HY oDy it

>0
3/2
K™(l
—9 Z Wk01/2 ﬂl 0 X d2n+2w12€61+1(wk0wkl)1/2 )\( )
1>0 — W t
d2n+2 12€n+3 K”(l)ﬂw
0 )

Al
1>0

and the (56) follows with Cr—, = 32,_ 0“2 Since both K"() and fo
are in ¢2 the sum is bounded. Again, we leave the analogous computations of
L,,(G)1,k10 and L, (G)a ki as exercises.

Now suppose that we know that (56)-(58) hold for some I. We prove that
they also hold for I’ = nl. Since we know that they hold for I = n or for
I € M,,_1, the observation above about the form of I € M,, and an inductive
argument completes the proof. As above we compute in detail the formula for
the Type 0 terms and leave the Type 1 and 2 terms as exercises. According to
Lemma 5, we have that

/2 K" (1
Lnr Okoo—QZdl’ p(1)+1 1/2 1(1) x =222l 12 K"(1)

Wio k0 Wkl
1>0 Wi Al
n (D+2nt3x— Qr()K™(1)
_ggp(D+ant2 pl)n Z/\i
1>0 !
_ oo,

with

=—2) Q’ (110)

>0
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Since Qr, K™ € 2, this sum converges and, L,s(G)o koo satisfies the estimate
in (56).

Note that now that we have proven (56)-(58), the formula for Hy',  follows
immediately from the definition.

Proof:  (of Lemma 10.) As in the proof of Lemma 9 we will provide all
the details of the estimate of L;(G)g, and leave as exercises the very similar
estimates of L;(G); and L1(G);.

We use the fact that L;(G)o = C,dﬂ”wiff)“, and

0o L1(@)o(2) = 201 dP Dl DT (20 — Zk0) -

Zk0
By definition,

IVLH(@)o()l 2 = D who[04o L1 (Gol*
k<d

Then we calculate

IVLH(Go(2) 572 = > wio 0o L1(G)ol”

k<d~

< Y oSO
k<d>

< SO T g

k<de
= 8C q2P(D+e(2p(D)+2) ||Z||§{}X/2 .

Thus
IVLi(G)ollg1/2 512 < 8CpaPtOFeI T
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