Periodic and quasiperiodic waves on the sphere

Gianni Arioli ' and Hans Koch 2

Abstract. We construct periodic and quasiperiodic solutions for the nonlinear plate equation
on the unit sphere in R3. Periodic solutions for the nonlinear wave equation are constructed as
well. The methods do not involve small parameters. In the case of a cubic nonlinear term, our
approach is computer-assisted and thus yields detailed information about each solution. For
nonlinearities that are in some sense close to linear, weak solutions are obtained by a variational
method.

1. Introduction and main results

We consider the wave equation (v = 1) and plate equation (v = 2)
020+ (—A)"w = f(v), (L1)

for a function v = v(x, 7) on the product S x R of the sphere S = {z € R? : |z| = 1} with
the real line. Here, A; denotes the Laplacean on S, and f is a nonlinear function on R. In
this paper we focus on solutions that are periodic or quasiperiodic in time 7.
We parameterize the sphere via Euler angles ¢ € [0,7] and ¢ € [—7, 7], writing
v =wv(¥,p, 7). The corresponding point on the sphere is = (sin ¢ cos ¢, sin ¥ sin ¢, cos 1#).
Stationary solutions of the equation (1.1) are of the from v(¥, p, 7) = u(?, ¢), for some
function u on the sphere that satisfies

Lu= f(u), L=(—Ay)". (1.2)

The first three plots in Figure 1 depict solutions of this equation, with v = 1 and f(u) = u3.
Our plots use the sinusoidal projection, also known as Mercator equal-area projection. The
coordinates used are £ = ¢ sin ¥ horizontally and n = 7/2 — ¢ vertically. The value of u is
indicated by colors and contour lines.

Some of the properties of these stationary solutions will be described below. For
results on semilinear equations —Awu = f(u) on planar domains we refer to [25,30] and
references therein.

To find time-periodic solutions with period T" > 0, we change variables to t = A7,
with 8 = 27 /T, and consider functions that are 2m-periodic in ¢. In the simplest case,
which we refer to as “periodic rotating waves”, we have v(¥, ¢, 7) = u(, ¢ + 1) for some
function u on the sphere. The equation for u = u(1, ) is

Lu=f(u), L=p+(—A)". (1.3)

The last plot in Figure 1 shows a solutions of this equation, with v =2 and g = %. Some
of its properties will be described below. The solutions in Figure 1 will be referred to
as solutions 1,2,3, and 4. Here, and in what follows, we assume that f(u) = u?, unless

specified otherwise.

1 Department of Mathematics, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milano.
2 Department of Mathematics, University of Texas at Austin, Austin, TX 78712



2 GIANNI ARIOLI and HANS KOCH

) @ @

Figure 1. Solutions 1,2,3 of equation (1.2) and Solution 4 of equation (1.3).

For more general periodic solutions we make the ansatz v(v, ¢, 7) = u(?, ¢, at), where
u is a function on S x T, with T = R/(27Z). The resulting equation for u = u(¥, ¢, t) can
be written as

Lu = f(u), L =0} + (—Ay)" . (1.4)

Three solutions of this equation, referred to as solutions 5,6, and 7, are depicted in Figure
2. The corresponding values of v and « are listed in Table 1. To be more precise, we
only plot their values at time ¢ = 0, since these solutions are close to (but different from)
functions of the form (z,t) — X(z)T'(t). Additional data are given in Section 7. The
solution numbers in Figure 2 and subsequent figures are links to short animations of the

corresponding solutions.
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Figure 2. Solutions 5,6,7 of equation (1.4) at time ¢t = 0.

One of our goals is to prove the existence of these periodic solutions. (Quasiperiodic
solutions will be considered below.) Starting from an approximate numerical solution ,
we show that there exists a true solution u nearby. This is done with the aid of a computer.
Similar techniques have been used in [20,22] for the nonlinear wave and beam equations
on an interval. Computer-assisted proofs for the existence of periodic solutions of some
other evolution-type PDEs are given e.g. in [19,21,27,28].

The existence of periodic solutions for some nonlinear parabolic equations can be
proved also by KAM type methods (for small amplitudes) or variational methods. For spe-
cific results we refer to [14,15,16,17,18,24,26] or [2,3,4,5,6,7,8,9,10,11,12,13,16], respectively,
and references therein.

In what follows, « is assumed to be a positive rational number. We consider solutions
u in a space By of real analytic functions, imposing certain symmetries which guarantee
that £ has a bounded inverse on Bj. The symmetries considered are of the following type.

Definition 1. We say that u : S x T — C has even time-parity, if u o R = u for the time
reflection R : (¥, ¢, t) — (¢, ¢, —t). We say that u has even mixed-parity, if uo R’ = u for
the mixed reflection R’ : (¢, ¢, t) — (¢, —p, —t). We say that u has even frequency-parity,
if uoR” = w for the time-translation R” : (¥, ¢, t) — (¢, ¢, t+ 7). Odd parities are defined
analogously. Furthermore, if k is a positive integer, we say that u is k-antisymmetric, if
uo Ry = —u for the rotation Ry : (9, p,t) — (¥, + w/k,t).
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We will restrict to nonlinearities f that are odd. Then u — f(u) preserves time-parity,
mixed-parity, frequency-parity, and k-antisymmetry.
For quasiperiodic solutions of (1.1), we make the ansatz v(9, p, 7) = w(¥, p, Tw), where
w = w(d,p,y) is a function on S x T2, and where w = (3,a) with 8 > 0 an irrational
number. To simplify the analysis, we restrict to solutions that represent rotating waves,
meaning that w(?, ¢, (s,t)) = u(d, ¢ + s,t), for some function v on S x T. The equation
(1.1) reduces to
Lu=f(u), L=(ad+BIp)*~+ (—As)". (1.5)

Notice that this equation is not invariant under time-reflection. Thus, in the quasiperiodic
case, we only allow “mixed” as a possible parity.

We consider quasiperiodic solutions only for the plate equation, meaning v = 2. To
avoid excessively small denominators when inverting £, we restrict to irrationals S of
bounded type. In fact, unless stated otherwise, 8 = |i 4 6;| for some integers i and j > 0,
where 6; > 0 is defined by the equation #; = 1/(j + ;). Notice that #; is the inverse
golden mean.

Figure 3 depicts three solutions of the equation (1.5) for v = 2. The corresponding
values of a and f are listed in rows 8,9, and 10 of Table 1. To save space, only the values
at time ¢ = 0 are shown in Figure 3. But additional data are given Section 7.
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Figure 3. Solutions 8,9,10 of equation (1.5) at time ¢ = 0.

Finding nontrivial quasiperiodic solutions turned out to be quite difficult. Solution 8
was found by chance, and the others are the result of extensive random searches. Most
numerical solutions that we found were not accurate enough at a reasonable level of trun-
cation. A likely cause for this are near-resonances at high frequencies. A quasiperiodic
solution that seems particularly simple corresponds to row 11 of Table 1. Figure 4 shows
snapshots of this solution at times ¢t; = 7j/4 for j =0,1,...,7.
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Figure 4. Solution 11 of equation (1.5) at times ¢t; = 7j/4 for j =0,1,...,7.
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In Section 2 we will define a Banach algebra A of analytic functions v : S x T — C
that admit an expansion

W@, o) = 3 w09, V0, 0) = P, (1.6)

l,m,n

with exponentially decreasing coefficients v », - The sum in this equation ranges over all
integers [, m,n that satisfy |m| < [. The functions Y| are, modulo constant factors, the
standard spherical harmonics, and the functions /™ are related to the associated Legendre
functions. )] is an eigenfunction of the negative Laplacean —A; with eigenvalue (I 4 1).

The operator £ is “diagonal” in the representation (1.6), with eigenvalues
Mg = (14+1)" = (an+pm)?,  |m| <. (1.7)

In order to avoid zero eigenvalues, we restrict our analysis to k-antisymmetric functions,
as described in Definition 1. This is equivalent to the condition that u;,,, = 0 unless
m = k (mod 2k).

The space of real-valued functions in A is denoted by B. When no confusion can
arise, we use the same symbols for the spaces that describe functions on S only. This
corresponds to restricting the sum in (1.6) to n = 0. The equations (1.2), (1.3), and (1.4)
can be regarded as special cases of (1.5), if we set o and/or 3 equal to zero. In the same
sense, the equation (1.7) describes the eigenvalues of £ in all cases considered here.

Convention 2. All periodic (quasiperiodic) solutions considered in this paper have even
time-parity (mixed-parity). And all non-stationary solutions have odd frequency-parity.
In addition, we restrict to functions u that are odd under mixed-reflection (time-reflection)
when considering quasiperiodic periodic (non-stationary periodic) solutions. The subspace
of B characterized by these parities will be denoted by By. The space of k-antisymmetric
functions in By will be denoted by By.

label || type | v | « B L RONIRES norm
1 S 1 1le| e | 3.0979...
2 S 1 llo]| e | 75742...
3 S 1 2|10 e | 12.433...
4 ro|2 8/7 3le| e |1.2606...
5 p | 2] 3/5 lle| e |59524...
6 p | 1]17/5 Lle| e |29935...
7 p | 1]17/5 20| e |21303...
8 q (2| 2 | (VE=1)/2|1]e 8.4941...
9 q | 2] 2 V2 1|e 22.955. ..
10 a |2 3/2 V2 1]e 16.275. ..
11 q [2] 1 2-v2 |1 12.301. ..

Table 1. Parameter values and properties of solutions.

The following theorem concerns the solutions depicted in Figures 1,2,3,4, that use the
parameter values listed in Table 1 and f(u) = u®. The label entries in this table links to
a plot or animation of the given solution.
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Theorem 1.1. For each row in Table 1 there exists a real analytic solution w of the
equation (1.1) with the properties indicated in the given row. Column 3 specifies the
exponent v in the equation (1.1). All solutions are k-antisymmetric, for the value of k that
is specified in column 6. Column 2 describes the type of solution: an entry “s” indicates
a stationary solution of the equation (1.1), given by a function u € By, satisfying (1.2); an
entry “r” indicates a non-stationary rotating periodic solution, given by a function u € By,
satisfying (1.3); an entry “p” indicates a non-stationary non-rotating periodic solution,
given by a function u € By, satisfying (1.4); and an entry “q” indicates a nonperiodic quasi-
periodic solution, given by a function u € By, satisfying (1.5). The values of o and/or (3
are given in Columns 4 and/or 5, respectively. The periodic (quasiperiodic) solutions all
have even time-parity (mixed-parity), and all non-stationary solutions have odd frequency-
parity. Columns 7 and 8 describe additional reflection symmetries, if present. Column 7
indicates an even (e) or odd (o) parity with respect to north-south reflection 9 — m — 1.
Column 8 indicates an even (e) or odd (o) parity with respect to east-west reflection
@ = —@. A bound on the norm of u € By, is given in column 9, and bounds on the leading
coefficients in the (real version of) the expansion (1.6) are given in Section 7.

The nonlinearity f(u) = u> has been chosen for its simplicity. What matters in our
approach is that f is odd and can be estimated well as a function on the Banach algebra B.
So f need not be a polynomial. It suffices for f : R — R to be odd and extend analytically
to a complex disk |z| < r with sufficiently large radius r. In particular, Theorem 1.1
remains valid if f is a small perturbation of u — u? of type described above, with r larger
than the norm in column 9. See Remark 5.

A proof of Theorem 1.1 is given in Section 3. Starting from an approximate numerical
solution u, we show that there exists a true solution v nearby. This is done with the aid
of a computer. As a by-product we obtain accurate estimates [31] for each solution. This
includes an explicit expression for @, and a bound on the norm of v — @ which is typically
by a factor 10~'2 smaller than the norm of u. Here we take advantage of the fact that
L has a compact inverse on Bi. But the degree of compactness is relatively weak in the
non-periodic case. In fact, compactness is not necessary for this type of proof, but £~*
has to be small on the complement of an appropriate finite-dimensional subspace.

We note that the equation (1.1) is Hamiltonian. Most known results on quasiperiodic
solutions for such PDEs concern small amplitude solutions and are based on KAM type
methods; see e.g. [14,15,16,17,18,24,26] and references therein. Nontrivial solutions can be
obtained by a variational method as well. But the choice f(u) = u? for the equations (1.4)
and (1.5) seems beyond the reach of existing techniques.

The following theorem is proved by using ideas developed in [3,11,16].

We say that a function f : R — R is near-linear, if f is increasing, has a weak
derivative f’ € L°>°(R) that is bounded away from 0, and satisfies

o (0

A — K .
t—I>r(l) ¢ bOy T _b007 (]‘8)

f(0) =0,

for some positive constants b, < by and |z| sufficiently large.

Theorem 1.2. Fix v € {1,2}. Consider the equation (1.2), or (1.3) with ( rational, or
(1.4) with « rational, or (1.5) with « rational and [ an irrational number of bounded type.
Here o, 5 > 0. Choose k > 1 and restrict to functions u that are k-antisymmetric. Consider

the set A of all eigenvalues \; ., , of L that admit a k-antisymmetric eigenvector. Assume
that 0 ¢ A. (This holds for all choices described in Table 1.) Let A be the smallest positive
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eigenvalue in A. Then for every odd function f that is near-linear, with b,, < A < by, the
given equation has a nonzero solution u that belongs to the Sobolev space H® for some
s > 1. (Specific bounds on s are given in Section 4.) For periodic solutions, s is sufficiently
large to guarantee that u is at least continuous.

For periodic rotating waves, and either v = 2 or # < 1, the same results hold if § is
chosen irrational.

The remaining part of this paper is organized as follows. In Section 2 we define spaces
of analytic functions on S and S x T. Proofs of Theorem 1.1 and Theorem 1.2 are given
in Section 3 and Section 4, respectively. Section 5 is devoted to the linear operators £
and its eigenvalues. Our proof of Theorem 1.1 is based on estimates given in Lemma 3.2.
This lemma is proved with the aid of a computer, as described in Section 6. The full
details for this part, including the source text of our programs and data files, are given in
[31]. Section 7 contains bounds on the largest terms in the series (1.6) for the solutions
described in Theorem 1.1.

2. Analytic functions on the sphere

2.1. Spherical harmonics

The standard (L? normalized) spherical harmonics Y™ and our un-normalized spherical
harmonics )| are related to the Wigner matrices D' and d! via the identity

4 .
VM0, 0) =\ 57 Y0 0) = Dinol—,0,0) = P (9)e™?, (2.1)

where P/ = dl,, (. Here, m and [ are integers that satisfy |m| < I. From the definition of
the Wigner d-matrix one readily sees that /™ is even, entire analytic, and takes real values
for real arguments. We note that P agrees up to a constant factor with ¥ — P/ (cos ),
where P/™ is the associated Legendre function.

The Wigner matrix D! is a unitary matrix in an irreducible representation of the
rotation group SO(3) or its double cover SU(2). Decomposing a product representation
into irreducible representations yields the well-known product expansion

PP = ZFTZZZ}T?’ i Lpas = (limy loma|lsms) (101:0[150),  (2.2)

I3
l3

where m3 = my + mo. The constants (lymq lama|lsms) are known as Clebsch-Gordan
coefficients. They are zero unless |l; — 3| < I3 < l; + 3. Furthermore, (1;0120|l30) vanishes
unless Iy +12+13 is even. And 37, [(lymy lama|lsms)|® = 1 by unitarity. Here, and in what
follows, we assume that |m;| < [; for all j, and that mg = m; + mg. For the coefficients

le mams3

11, 1. 5 the Cauchy-Schwarz inequality yields

1/2 1/2
SO < (S, [ lamalisms)[*) (52, [106010)[*) =1, (23)

l3
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2.2. Spaces of analytic functions

Consider functions u on the sphere S that admit an expansion

00 l

=0 m=—1

For real-valued functions on S we have u;,, € C. This applies e.g. to solutions of the
equation (1.2) or (1.3). But when considering the equation (1.4) or (1.5) on S x T, the
coefficients u; ,,, are taken to be functions on T. In this case, setting u ., (t) = > um ne™
with u; ., € C, we obtain the expansion (1.6).

To cover both cases, let € be a Banach algebra over C. Given a pair p = (p., py) of
real numbers > 1, denote by A,(€) the vector space of all functions v : S — € that admit
an expansion (2.4) with coefficients ¢; ,,, € €, and that have a finite norm

lull, =" lwmllok o - (2.5)
l,m

The sum in this equation is an abbreviation for the double sum in (2.4).
In what follows, when the choice of € does not matter, we write A, in place of A,(T).

Lemma 2.1. A, is a Banach algebra under pointwise multiplication, in the sense that
|lwv||, < |lullpllv]|, for every u,v € A,. Furthermore, if u € A, with p, > 1, then

u = u(d, p) extends analytically to a comp]ex open neighborhood of R?.

Proof. Consider first fixed integers my, mso, and define mg = my + ms. By (2.2) we have

Yypr =3 Tpms yns o > |, Ly > |mal. (2.6)
I3

The coefficients I'}'!)"37* vanish unless I3 < I3 + Iz and |mg3| < [mi| + [m2[. Thus, using

(2.3), we have

+
Hyguygbzup < Z’lﬂrln;?;zl;nswmﬂpig < pl1+l2 || |m2\ (2.7)
l3

Let now v and v be two functions in A,. To simplify notation, we define u,,; = 0

and vy, ; = 0 whenever [ < |m|. By using the bound (2.7), we immediately get

luvll, < S ety O IV V522

my,l1,ma,la

l l +
< ST N om0 2 ol 2 = o),

ma,l1,ma,l2

(2.8)

This shows that A, is a Banach algebra, as claimed.

As mentioned after (2.1), the functions Y™ are analytic on all of C?. To obtain
explicit bounds, we can use that the Wigner matrix D! defines a unitary representation of
SO(3) on C", with n = 2l + 1. In particular, the matrix element din,o is an inner product

dh, o(0) = (Im|e="72|10), where |10) and |Im) are certain unit vectors in C", and where J
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is a Hermitian n x n matrix with eigenvalues in {—I, —l+1,...,1—1,[}. This immediately
yields the bound

‘ylma%@)’ — ’<lm|e—i19J2|Z0>eim<p’ < e|llm19|e\m1m<p| ’ (29)

for all ¥, ¢ € C. Recall that |m| <. Thus, if u € A, with p, > 1, then the series (2.4) for
u converges uniformly on compact subsets of the domain |Im¥| + |Im¢| < log p,,. Given
that each term is analytic in this domain, the same holds for w. QED

Let R be a Banach algebra over R of real-valued functions. Consider € = R + R
equipped with the norm

o +ayll = llzll + llyll, 2,y e R. (2.10)

Then € is a Banach algebra over C of complex-valued functions. Restricting to real-valued
functions in A4,(€) yields a Banach algebra B,(R) of real-valued functions. Every function
u in this space admits a representation

u(®,9) = > aroPP@) + Y > PO [armen (@) + bimsn(9)] (2.11)

1>0 m>01>m

with a;m,bim € R, where ¢, (p) = cos(my) and s,,(¢) = sin(me). Here, we have
restricted to nonnegative values of m by using the symmetry property

P = (=1)"PT (2.12)

A straightforward computation shows that the norm in B,() is given by

lullp = > llavollon + D > (lavmll + lormll) pLo% (2.13)

1>0 m>01>m

Notice that the real part B,(R) of the Banach algebra A,(€) is a Banach algebra as well.
Banach algebras of functions related to spherical harmonics have been used before in [25].

Convention 3. In what follows, we only consider p,, = 1 and write p in place of (p, 1).

For real analytic functions A : T — R we use a space 7, with norm

Ihlle = laol + > (lan] + [bal)e™,  h=ao+ Y [antn + busn] . (2.14)

n>0 n>0

where o > 1. Our solutions for (1.4) and (1.5) belong to B,(7,) for some p, o > 1.

Remark 4. The multiplication of two functions in B, reduces to a large number of
products of the form (2.6), and each such product involves a substantial number of Clebsch-
Gordan coefficients. Computing these coefficients (accurately) each time they are needed
is a prohibitive amount of work, so they have to be computed beforehand and stored.
This in turn creates a nontrivial storage problem. Fortunately, the set of Clebsch-Gordan
coefficients can be partitioned into a significantly smaller set of equivalence classes that
share the same value up to a sign. We will not explain these issues here but refer to [25]
for details and references.
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3. The fixed point equation

Here we reduce the proof of Theorem 1.1 to specific estimates. Throughout this section,
we consider a fixed but arbitrary row of Table 1. Let o = g—g and p = %.

The column entries in the chosen row specify the type of solution and the correspond-
ing parameters. For the equations (1.2) and (1.3) that describe stationary solutions and
periodic rotating waves, respectively, B = B,(R). For the equations (1.4) and (1.5) that
describe ordinary periodic and quasiperiodic solutions, respectively, B = B,(7,). The sub-
space By of B is defined by the chosen symmetries: the main symmetries as described in
Convention 2, with the value of k given in Column 6, as well as the reflection symmetries
described in Columns 7 and 8.

The following proposition gives a rough lower bound on the eigenvalues of £ on the
space Bj. It implies that £ has a compact inverse on B,. More accurate bounds will be
proved in Section 5.

Proposition 3.1. There exists constants cs, ¢, ¢y, cq > 0 such that the eigenvalues of L
on By, satisfy the following bounds.
(s) [Ai,m| > csl” for L as defined by (1.2).
(r) |Aim| > ¢ l” for L as defined by (1.3).
(P) Ai.m.n| > cp(I” +n) for L as defined by (1.4).
(@) [Amon| > cq(L+nl/?) for £ as defined by (1.5) with v = 2.
(Here (8 can be any positive irrational number of bounded type.)

Recall that § € R\ Q is said to be of bounded type if the sequence j — b; in the
continued fraction expansion = by + 1/(by + 1/(b2 + 1/(bs + ...))) is bounded.
The goal is to find a solution u € By, of the equation Lu = f(u). This is equivalent to
solving the fixed point equation
u=Gu), G =L f(u). (3.1)
As is common in many computer-assisted proofs, we associate with G a quasi-Newton map
N as follows. Given a function @ € By, and a bounded linear operator M on By, define

N(h)=G(a+ Ah) —u+ Mh, A=1-M, (3.2)

for every h € By,. Clearly, if h is a fixed point of N, then @ + Ah is a fixed point of G.

Our goal is to apply the contraction mapping theorem to the map N, acting on a ball
Bs ={h € By : ||h|| < é}. Thus, u is chosen to be an approximate fixed point of G, and
M is chosen in such a way that A =1 — M is an approximate inverse of I — DG(u).

Lemma 3.2. There exists a function u € B and a bounded linear operator M on By,
such that the following holds. The equation (3.2) defines a compact cubic map N on By.
Furthermore, there exist positive real numbers ¢, €, and K, satisfying ¢ + Ké < ¢, such
that

INO)[<e,  IDN(h)| <K,  VheBs. (3:3)

For every h € Bg, the function u = u + Ah has the symmetries described in Columns
6,7, and 8 of Table 1. In addition, u satisfies the norm bound given in Column 9 and the
coefficient bounds given in Section 7. Furthermore, the associated function v is precisely
of the type indicated in Column 2.

Our proof of this lemma is computer-assisted and will be described in Section 6.
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Lemma 3.2 implies Theorem 1.1. Namely, the contraction mapping theorem guaran-
tees that N has a fixed point h € By. The associated function u = @ + Ah is a fixed point
of G and thus a solution of the given equation Lu = f(u). Clearly, u has the properties
described in Lemma 3.2 after (3.3). In particular, the associated solution v of the equation
(1.1) is precisely of the type indicated in Column 2. As described in Theorem 1.1, this
means e.g. that our solutions labeled 8,9,10,11 are non-periodic.

Remark 5. Verifying the bounds in Lemma 3.2 is a finite computation with rigorous
error estimates. The constant ¢ in (3.3) is obtained as an upper bound on the norm of
N(0), while K < 1 is fixed beforehand. Given that B is a Banach algebra, it is clear that
all necessary inequalities remain true under perturbations of the nonlinearity f by a small
odd analytic function with the proper domain.

4. Weak solutions

In this section we give a proof of Theorem 1.2.

4.1. Existence for the dual equation

We consider the dual formulation that was used in [3,11,16] to find weak solutions of the
nonlinear wave equation 92u—d2u+ f(u) = 0 on an interval with zero boundary conditions
or periodic boundary conditions. The functions f considered in [3,16] include f(u) = u?,
while [11] considers near-linear functions f.

We start by giving a purely formal description. Consider an equation Lu = f(u) on
some space U of functions u : £ — R. Denote by V' the null space of the linear operator
L. Write w = Lu and L7 w = u + v for some v € V. Then Lu = f(u) if and only if

w = f(u). Assuming that f has an inverse g = f~!, the equation for w and v is
L7 w = g(w) +v, Lv=0. (4.1)

This is the equation for a critical point of the functional ® defined by
vw) = [ [t wrGw)], @ =g, wevnv?, (4.2)
Q

assuming that £71 extends to a self-adjoint linear operator on L2(2).

In the cases considered here, £ is defined on a space B of analytic functions and has
a compact inverse A = £~! on some subspace Bj. The eigenfunctions of A : B, — By
constitute an orthogonal set in L? = L.2(Q), where Q = S in equation (1.2) and (1.3), and
2 =S x T in equation (1.4) and (1.5). Thus, A extends trivially to a compact self-adjoint
linear operator on L2, if we set Av = 0 for v € BkL. Using that both By and B,ﬁ are
characterized by symmetries, we will show below that it suffices to solve the equation (4.1)
with v = 0. This makes our setup similar to the one considered in [11].

Under the assumptions on f stated before Theorem 1.2, f has an inverse g = f~!
that is increasing, globally Lipschitz, and satisfies

. t T
=0, 1m0 _g ID s, (43)

for |z| sufficiently large, with ag < ao,. Notice that ag = bal and as, = bl
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In the following lemma, g can be any function with the above-mentioned properties.

Lemma 4.1. Let (2,3, ) be a measure space with () finite and positive. Let A be
a compact self-adjoint linear operator on L? = L2(Q,3, ). Denote by x be the largest
eigenvalue of A, and assume that ay < k < ao. Then the equation Aw = g(w) has a
nonzero solution w € L2

Proof. Let G be the antiderivative of g satisfying G(0) = 0. Consider the functional
® : L2 — R defined by

®(w) = —1(w, Aw) + ¥(w), U(w) = /QG(w) dp . (4.4)

Notice that ® is differentiable at every w € L2. In fact, ® is of class C! with Lipschitz
derivative. Namely, if u, v, h € L2, then

|[D¥(u) — D¥(v)]h| <

A}muy—gwnhw4 -

Salﬂu—wmmﬂﬁﬂm—UWML

where a is the Lipschitz constant for g. Furthermore, ® is coercive in the following sense.
By (4.3) there exists C > 0 such that G(z) > Las.z? — C for all z. So we have

(w) > 3 (—r + ase) [wl — Cu(©). (4.6)

Since k < a, by assumption, this shows e.g. that ¢ = inf ¢ exists in R.

Let n — w, be a minimizing sequence in L?, meaning that ®(w,) — c. By (4.6), this
sequence is bounded. So some subsequence converges weakly in L2 to some w € L2. To
simplify notation, denote this subsequence again by n — w,. Given that A is compact,
we have Aw,, — Aw, and thus

(W, Awy) = (W, Aw) + (wy, Aw,, — Aw) — (w, Aw) +0. (4.7)

Since the sequence n — ®(w,,) converges, so does the sequence n — ¥(wy,).

Given that G’ = g is increasing, the function ¥ is convex. Thus lim inf ¥ (w,,) > ¥(w),
implying that ¢ = lim ®(w,,) > ®(w). But ®(w) cannot be less that inf & = ¢. So w is a
minimizer of ®,

O(w) =inf . (4.8)

As a critical point of @, the function w satisfies —Aw + g(w) = V®(w) = 0, as claimed.
To see that w # 0, let A be a normalized eigenvector of A for the eigenvalue k. Then

®(th) < L (—kKt* + apt®) + o(t?), (4.9)

for t # 0 near 0. By assumption, we have k > ag. So ®(th) < 0 for ¢ # 0 sufficiently close
to 0. This shows that inf ® < 0, implying that w # 0. QED
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4.2. Regularity

Assume now that ¢ = f~!, where f has the properties described before Theorem 1.2.
Notice that g(w) belongs to L? if and only if w € L2 This follows from the fact that
lg(z)| < alz| and |f(x)| < b|x| for some a,b > 0.

In our application of Lemma 4.1, we have =S or 2 =S x T.

In what follows, (€2,g) can be any compact oriented smooth Riemannian manifold
without boundary. So () carries a canonical volume form defining a finite measure u.
Denote by A, the Laplace-Beltrami operator on §2. It is well-known that the eigenfunctions
Yy, Y1,Ya, ... of —A, are smooth and constitute a complete orthogonal basis for L? =
L2(Q, ). The associated eigenvalues are real numbers p; > 0 that grow asymptotically
like p1; ~ j2/™, where n is the dimension of . Consider the normalization ||Yj||: = 1
for all 7. As usual, we define the Sobolev space H®* = H*({2, u) for s € R to be the space
of all distributions u = >, u;Y; in the dual of C*°(f2), with the property that the sum

>0 (1+ 15)°|uj]? is finite. The norm in H* is defined as

e = ||(T= Ag)*ul|,,, (I—Ay)* ?u = 2(1 + 1) Pu;Y; (4.10)

J

A linear operator B on H® will be called a (real) Fourier multiplier, if there exists a sequence
J + b; of (real) numbers such that BY; = b;Y; for all j.
In what follows, we only consider s > 0. Then H* is compactly embedded in L2.

Corollary 4.2. Assume that A : L? — L? is self-adjoint and admits a factorization
A=1-Ay)""?B, (4.11)

with r > 0 and B : L2 — L? a bounded real Fourier multiplier. If A satisfies the spectral
condition in Lemma 4.1, and if f is as described earlier, then the equation u = Af(u) has
a nonzero solution in H".

The function u is obtained from a nonzero solution w € L? of the equation Aw = g(w)
by setting u = g(w). Then u = Af(u), and u = (I — Ag)~"/2Bw belongs to H'.

Lemma 4.3. Assume that Q has dimension n > 2. Then the solution of u = Af(u)
described in Corollary 4.2 belongs to H® for every s < 1+ .

Proof. Let 0 < 0 < 1. Then the norm (4.10) on H? is known to be equivalent [23,29] to
the norm ||.||, defined by the equation

2 2 2 2 def —u(y)?
ol =l + 12 @ ff PO @) @)
Assume that u belongs to H?. Then

[f(u(x)) = flu()] <blu(z) —uly)l,  2,yeR, (4.13)

with b = ||f'||Le. So we have [f(u)], < b[u],, and thus f(u) € H?. Assume furthermore
that w = Af(u). Given that w = f(u) belongs to H?, and that A maps H? into H° ™", we
conclude that u = Aw belongs to H+".
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By iterating this procedure, if necessary, we find that v € H® for some s > 1. Now
pick an arbitrary o < 1. Applying the above once more yields u € HO+". QED

Proof of Theorem 1.2. To start with, let us restrict to the choices made in Theorem 1.1.

First, we need to verify the assumptions of Lemma 4.1. By Proposition 3.1, £ has a
compact inverse A on a subspace By, of B. Here, B is one of our spaces B,(RR) or B,(7,),
depending on whether Q = S or Q = Sx T, respectively. And the subspace By, is determined
by fixing certain parities.

Let J be a set indexing the eigenvectors Y; of A : By, — Bj. So we have LY; = \;Y
for all j € J, with A\; # 0 and |\;| = co as j = oo in J. And AY; = )\j_le for all j € J.
Notice that these functions Y; are eigenvectors of the Laplacean A as well. So we may
assume that they are part of a complete orthonormal system for L? = L2(Q) that consists
of eigenvectors of A,.

Denote by W the closure of By in L2. Clearly A extends to a compact self-adjoint
linear operator on W. Now we extend A to all of L? by setting Av = 0 for all v € W+.
The eigenvalue condition ay < k < as needed for Lemma 4.1 follows from the assumption
boo < A < bg in Theorem 1.2, setting x = A~!'. Thus, Lemma 4.1 guarantees the existence
of a nonzero function w € L2 that satisfies Aw = g(w).

Clearly u = g(w) belongs to W, so we have a solution u € W of the equation u =
Af(u). In principle, f(u) need not belong to W. However, W is characterized by a finite
number of parity conditions u o S; = +u, where S; : 2 —  is a reflection or rotation.
(And each u +— w0 S; is unitary.) Thus, since f is odd by assumption, f(u) has the same
parities as u. So f(u) € W whenever v € W. This implies that Lu = f(u) holds in weak
sense.

In order to complete the proof of Theorem 1.2, we need to verify that A admits a
factorization A = (I — Ag)~"/2B, with 7 > 0 and B a bounded real Fourier multiplier.
Then Lemma 4.3 guarantees that u belongs to H® for every s < 1+ r. To this end, it
suffices to check that there exists constants C,r > 0 such that

Ml =CU+py)?, jeld, (4.14)

where p; is the eigenvalue of —A,, for the eigenvector Y;. Notice that p; = (I + 1) + n?
for j = ([,m,n) in the case 2 =S x T, and p; = I(l + 1) for j = (I, m) in the case Q = S.
The bound (4.14) follow from Proposition 3.1. Our discussion of £ is Section 5 shows
that, aside from the value of C, these estimates do not depend on any specific choice of
symmetries, as long as these symmetries prevent £ from having an eigenvalue zero in the
chosen subspace. The same applies to the choice of rational values for o > 0. QED

For completeness, we list here the values of r that are obtained from Proposition 3.1.
In what follows, ¢ is a positive real number that can be chosen arbitrarily small. And n
denotes the dimension of the domain of w.

(r2) For periodic rotating waves with v = 2, we have r = 4. So our solutions u are in H>~¢.
Since n = 2, these solutions are of class C3 by standard Sobolev embedding theorems.

(s2) The same holds for stationary solutions with v = 2.

(rl) For periodic rotating waves with v = 1, we obtain r =2 if < 1,orr=1if § > 1.
Here, we assume that j3 is rational, if larger than 1. So our solutions are in H3~¢ and
of class C! for B8 < 1, or in H?2~¢ and of class C° for 8 > 1. Notice that n = 2.

(s1) For stationary solutions with v = 1, we have r = 2 and thus u € H>~° N Cl.
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(p) For ordinary periodic solutions (not rotating waves) with « rational, we have r = 1.

So our solutions belong to H2~¢. Since n = 3, these solutions are at least of class C°.

(q2) For quasiperiodic solutions with » = 2 and 8 € R\ Q of bounded type, we obtain
r = 1/2. So our solutions are in H3/2-¢. Since n = 3, they need not be continuous.

5. The linear operator

In this section we establish lower bounds on the eigenvalues of £ on the spaces Bj. These
bounds are used in our proof of Lemma 3.2. They also imply Proposition 3.1.

5.1. The periodic case

Consider the equation (1.4) on a space B = B,(7,) of real analytic functions on S x T,
with p, 0 > 1 fixed. The eigenvalues of £ = a?0? + (—A;)” are those given in (1.7), if we
set f = 0. That is,

def

A =171+ 1) = (an)? = (b — an) (b + an), b = 11+ 1)]7/2, (5.1)

with n > 0, since we only consider real eigenfunctions. The goal here is to have b; — an
bounded away from 0. Since by = 0, we restrict to functions that have odd frequency
parity, so the value of n belongs to N = {1,3,5,...}. This defines our subspace By of
B. As it turns out, no other parity conditions are needed here. But we assume that « is
rational, say o = p/q with p,q > 0 coprime. Then we have a bound

def . 1

> = — =q i — . .
Aol 2 01(br +an), & = nf |by —an|=q¢"" inf [gb —pn] (5.2)
To obtain a lower bound of the type described in part (p) of Proposition 3.1, it suffices to
show that there exists § > 0 such that §; > § for all [.

The plate operator. Consider v = 2. Here b; is an even integer, so we can achieve
|gb; — pn| > 1 for all | by restricting to odd values of p.

The NLW operator. Consider » = 1. Notice that §; # 0 for all [ > 0. So it suffices to
estimate §; for large values of [. Then b; is close to an odd multiple of 3, so [b;g—pn]/q can

be bounded away from 0 by choosing ¢ odd. To be more precise, write b; = (l + %)\/1 —z
with z = (21 + 1)72. Expanding in powers of z and estimating the O(2%) terms by a
geometric series, we obtain

1 1/4
h=Il+1-¢, 0<eac< 1 . 5.3
1=tz a Iy | T @mrEod (5:3)
Notice that [ — ¢; is decreasing. Choosing [y > 0 in such a way that g¢;, < %, we have a
bound
(512(]_1‘%—(]6[‘Zq_l(%—qqo)>0, [ >1p. (5.4)

Next, we consider the equations (1.3) and (1.2) for periodic rotating waves and sta-
tionary solutions, respectively. The spaces used in these cases are B = B,(R).

Periodic rotating waves. Here we have £ = BQQ% + (—As)”, with eigenvalues

Mom =11+ 1) — (Bm)?, 0<m<l. (5.5)
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This is similar to (5.1), except that («, n) is replaced by (5, m), with m < [. The restriction
m < | makes some cases rather simple: if v = 2, then X\;,, ~ [? for large values of [; or if
v=1and 8 <1, then \;,, ~ [ for large values of [. In these cases, 8 need not be rational.
Consider now ¥ = 1 and § > 1. In this case, the the restriction m < [ is not
particularly helpful, and the situation is similar to the NLW case described above. So
we choose 8 = p/q with p,q > 0 coprime and ¢ odd. And m is assumed to satisfy
m = k (mod 2k) for some £ > 1. Then we have a bound |X\;,,| > &,(b; + Bm), with ¢,
satisfying (5.4).
Stationary solutions. Here we have £ = (—A;)", with eigenvalues A\; = [¥(I 4+ 1)” that
grow like [? as [ — oo. The eigenvalue \g = 0 is avoided by requiring k-antisymmetry,
meaning that m = k (mod 2k) for some k > 1.

5.2. Eigenvalues in the quasiperiodic case

For concrete estimates, it is useful to expand into eigenfunctions for the generator ad; +30,,
of the quasiperiodic motion in the variable (¢,t) € T2. Among these eigenfunctions are

Fniz’n =Cn X Cy F S X 5y, Fni%m(go,t) = cos(nt +myp). (5.6)
In particular, we have
(0 + ﬁ&p)QFi’n = —(an+ 5m)2F$’n ) (5.7)

A second family of eigenfunctions is given by G%,n = ¢ X S5, £ 5, X ¢,,. Theses functions
are not needed here, since they are odd under the mixed-reflection (¢, t) — (—¢, —t).

In what follows, Bj, denotes the space of functions in B,(7,) that have odd frequency-
parity, are even under the mixed-reflection, and are k-antisymmetric for some given k > 1.
A function u € By admits an expansion

19 907 Z ul ,m npl ) ( ) ’ (58)

l,m,n,+

where the sum is restricted to positive integers [, m < [, and n, with m = k (mod 2k) and
n odd. The eigenvalues of the operator £ = (ad; + $0,,)% + AZ on this space are given by

l(l ) — (an & Bm)?
(1 (an £ Bm)| [I(1 + 1) + (an + Sm)] .

lmn

(5.9)

We assume that o = p/q with p,q > 0 coprime. Assume also that § is a positive irrational
number of bounded type. Then the function (P,Q) — Q|P — Q| on Z x {1,2,3,...} is
bounded from below by a positive constant. So the equation

I'y = ngngm];n\P — Q) (5.10)

defines positive real numbers I'1 < T's < T's < .... A lower bound on I'y will be given
in Subsection 5.4, for the values of  considered in Theorem 1.1. As a result of (5.10) we
have

lgl(l + 1) — pn F Bgm| > qu(qm)_1 . (5.11)



16 GIANNI ARIOLI and HANS KOCH

By (5.9) this yields the following eigenvalue bound

’)\fm7n| > Lymg *m I+ 1) + (an £ Bm)| > Dgmg 2 [(1+ 1) £ 5] . (5.12)
The bound represented by the last inequality can be improved by roughly a factor of 2.
The idea is that, if |a — b| &~ 0, then |a 4 b| =~ 2|a|. To be more precise, we have

AE ] = Wama 2 [(1+1) = 8], B =max{B,Dgn/ (k1) } . (5.13)

The bound with 5’ = (3 is obtained in the case where ‘ql(l +1) —pn:Fﬂqm’ > C, with C =
2Ty /(gm). The bound with g’ = qu/(qle) is obtained when |ql(l+1) —pn:Fqu‘ <C.

The bound (5.13) is used in our programs to estimate terms in the expansion with
unspecified frequency n; of course only when [(I + 1) > ’. For fixed values of [ and m,
bounds that hold for all n > N with N fixed can be obtained directly from (5.9).

The first inequality in (5.12) shows that £ has a compact inverse on Bj. But it does
not yield a lower bound on !)\fmm} that grows with n, uniformly in [.

The following estimate implies part (q) of Proposition 3.1. First, notice that |A;, »| >
cn? for any fixed value of I. So we may assume that [ > lp. Then (5.12) yields a bound
})\fm,n‘ > ¢l for some fixed ¢ > 0. Consider first the case where n < CI?, for some C > 0
to be determined. Then

AL

l,m,n

| > cl, ’Afm7n| > nt/?, (5.14)

with ¢ = ¢C~'/2. Next, consider the case n > CI2. If we choose C sufficiently large,
then the factor [I(I + 1) — (an £ fm)] in (5.9) is larger than o' in modulus, and thus
}Ai | > n. So a bound of the form (5.14) holds for all values of n and I.

l,m,n
5.3. The inverse of £ in the quasiperiodic case

Explicit expressions. Consider the action of £~! on the subspace of B, spanned by func-
tions (¥, ¢,t) — P/ (V) F(p,t), for fixed values of I and m. The corresponding restriction
of £~ maps a function F of the form

F(p,t) = cos(mp)C(t) + sin(mp)S(t) , (5.15)

to a function E of the same form, with (C,S) replaced by ((,7 , b;) Here C and C are even,
while S and S are odd. The functions C and S are represented as Fourier series

C=> Cptn, 8= Susn, (5.16)

where ¢, (t) = cos(nt) and s, (t) = sin(nt). Let
bi:%<0”:|:sn)a Fizcmxcnq:5m X &p . (517)

n n

Then C,, = b, + b} and S, = b, — b}, so

F:ZC’ncmxcn+ZSn5mx5n:Zb;Fg+Zb:§Fj. (5.18)
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Under the restricted operator £~!, this function is mapped to
F=) b, Fy+Y brEF,  bf =5 "ok,

Write
AE = P(l+1)% = (an+ Bm)* = o, F 6,

with
on =1P(14+1)* —a?n? — p2m?, On = 2a8mn .

So o, = 2 [A, + Af] and &, = 1[A; — Af]. Similarly, define

1 A+~ o
Y= )P+ = e =
and 1 LAY — A= 5 5
An:_ )\——1_)\+—1:_n_n: —n n )
2 () = )] =3 A AL 02 —02 02 -2

As a Fourier series, we now have

F:Zéncm X cn+25’n5m X S,
n n

where

Cp=0b +bf =%,C+A,S,, S,=b —bf =A,Cr, +3,5,.

n

High frequencies. We need bounds on ¥,, and A,, for large values of n.

pick ng > 0 such that
(14 3)* < enp.

with ¢ < a. Consider n > ng. Using that I[(I + 1) < (l + %)2, we have

0| = a2n2 + B2m2 — 21 +1)2 > o?n? — 2n2 > (a2 _ cz)nz.

Furthermore, 9,, = 2afmn < 2a5(l T %)n < 2ozﬂcl/2n3/2 So

0. o 2aPct/?
Ongg, e 208
|| a? —c?

n>mng.

17

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

To this end,

(5.26)

(5.27)

(5.28)

Assuming that ng has been chosen sufficiently large to have €,, < 1, this yields the bounds

|on | 1 On En

Yl = ) An:
El= g s e, A

Notice that n +— |o,| is increasing for n > nyg.

Low frequencies. For fixed values of [ and m, we use that

1G] +[Sn] < (15l +180]) (ICa] + [Sul) < A(ICwl +1Sa])

op =65~ (1—&})lonl

(5.29)

(5.30)
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whenever n belongs to N = {1,3,5,...}, where

A = max(|Su| +[An]) (5.31)

For finitely many values of n, the sum |%,| 4+ |A,| can be estimated explicitly by using

that
Sal 4+ 1A = 3|0+ DT+ 30T = ()Y

_ _ 5.32
:ma,x{\)\;} 1,|)\;L“| 1}. (5:32)

Large wavenumbers. So far we have considered fixed values of [. A bound on
A¢ = max max max max‘)\;fmmrl : (5.33)

I>¢ m<l neN =£

for large values of ¢ is obtained by using (5.13).

5.4. A Diophantine bound

The goal here is to give an accurate lower bound on the constants I'y in equation (5.10)
for the quadratic irrationals 3 considered in Theorem 1.1. The variables k, m, n, p, q in this
subsection are unrelated to the ones used in other parts of this paper.

Given an arbitrary irrational number (3, define

[nfll = min [nf —m|,  n=1,2,3,... (5.34)
me

The approximant for g with a given denominator ¢ > 0 is defined to be the rational number
p/q closest to B. The denominators 1 = gg < ¢1 < g2 < g3 < ... of the best approximants
Br = pr/qr for 5 are defined by the condition that ||grx+158| < ||gx3]|, and that

[nB]l = [laxBll for ar <n < ggi1- (5.35)

Notice that —f and by + 3 have the same denominators ¢ as [3, for any integer by. So let us
restrict now to 0 < 8 < 1. Consider the continued fraction expansion 8 = [by, ba, b3, ...] =
1/(b1 +1/(ba +1/(bs+...))). A useful expression for qi||qr5| is

arllaxBl = (b + Brsr + Bror) (5.36)

where 3j, = (b, st brro, ... and By = qr/qrs1. See e.g. equation (1.15) in [1].
Consider now the choice = |i+6|, where § > 0 is given by the equation § = 1/(j+6).
Here i and j > 0 are given integers. Notice that the continued fraction denominators g
for 8 are independent of the value of ¢. Thus, assume from now on that 5 = 6.
Clearly 8 = [4,4,5,---]. So B = B and By = Br+1. The identity (5.36) becomes

illaeB = (G + B+ B) 7" (5.37)
Given that 8 — B as k — oo, this shows e.g. that gx|lgeS| — ( +28)"' = (42 + 4)_1/2.
From (5.35) and (5.37) we obtain the bound
1
n|nBll > qrllqrBll > QG <N < Qry - (5.38)

J + 2max(B, 8)
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A basic fact about the best approximants [y is that S < B4 < ... < B < ... < 33 < f1.
Thus max (8, 5) < max(fBk, Bk+1), and the sequence k — max (B, Sk+1) is decreasing. So

1
J + 2max(Bk, Br+1)

holds for all k. A lower bound for the constant Iy defined in (5.10) is now given by the
right hand side of (5.39) with n = N, for some k with g, < n.

n> q, (5.39)

n||ngl| >

6. Computer estimates

The estimates that are necessary to prove Lemma 3.2 are carried out with the aid of a
computer. This part of the proof is written in the programming language Ada [32] and
is given in [31]. The following is meant to be a rough guide for the reader who wishes to
check the correctness of our programs.

6.1. Enclosures and data types

Bounds on a vector x in a space X, also referred to as enclosures for x, are given here by
sets X C X that include z and are representable as data on a computer. The enclosure
associated with data B will be denoted by By. Our basic data type Ball consists of
a pair B = (B.C,B.R), where B.C is a representable number [34] and B.R a nonnegative
representable number (type Radius). If X is a real Banach algebra with unit 1, then
By ={z € X :|z— (B.C)1|| <B.R}.

Other types of enclosures depend on the algebra X. At a level where details are
irrelevant, we use an unspecified type Scalar. For spaces of vectors in X" and matrices
in X"™*" we use enclosures of type Vector and Matrix, respectively, based on arrays of
Scalar. In what follows, we restrict our description to more problem-specific spaces and
enclosures.

For our spaces T = 7T, with fixed Radius o > 1, we use the following type of enclosure.
Given an integer d > 0, data of type CosSin1 consist of a triple H=(H.P,H.C,H.E) with
H.P € {0,1}, where H.C is an array (0 ..d) of Scalar and H.E is an array (0 ..2%d)
of Radius. Here, a Scalar is a Ball in R. Define ¢ ,,(t) = cos(nt) and ¢4 ,,(t) = sin(nt).
If d > 0, then the enclosure Hy C T associated with H is the set of all functions

d 2d
h=> hnopn+ Z ej, p=HP, (6.1)
n=p J=p

with h, € H.C(n)y and e; € T a function of the form } - . cn¢p, Whose norm satisfies
lejl| < HE(j). If d =0, then h = hg € H.C(0)g. In this case, 7, is simply the space of all
constant functions on T. For details we refer to the Ada package TCosSins1.

Our type Spheric is used for enclosures in the spaces B = B,(7) with fixed Radius
p > 1. Given D > 0, data of this type consist of a pair U=(U.C,U.E), where U.C is an array
(0..D, 0..D) of CosSinl, and U.E is an array (O ..2+D) of Radius. The enclosure
U C B associated with U is the set of all functions u € B that admit a representation

D l
u(@,@,t) =Y P(0) cos(mp) Apm (1)

- (6.2)

+ 33 P O) sin(me) Bum () + > Ej (0, 0,t)

=1 m=1 7=0
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with A; ., € U.C(1,1 —m), for m <[ and B;,, € U.C(1 —m,1), for m <, and with E; a
function in Pg; ; 11, 1B that has norm || ;|| < U.E(]).

Here, and in what follows, if J is a set of nonnegative integers, P; : B — B denotes
the projection operator that acts on a function u € B by restricting its expansion (2.11)
to indices [ € J.

6.2. Bounds and procedures

In the context of enclosures, a bound on a map f: X — ) is a function F' that assigns to
a set X C X of a given type (Xtype) a set Y C Y of a given type (Ytype), in such a way
that y = f(x) belongs to Y whenever z € X. In Ada, such a bound F' can be implemented
by defining an appropriate procedure F(X: in Xtype; Y: out Ytype). By definition, X
belongs to the domain of F if no Exception is being raised.

Bounds on the basic operations involving the type Ball and CosSinl are defined in
the packages Flts.Std.Balls and TCosSins1, respectively.

The type Spheric and bounds on functions involving this type are defined in the
package TSpherics. Among the general-purpose procedures in TSpherics is the product
Prod of two Spheric. It involves the use of Clebsch-Gordan (CG) coefficients; see also
Remark 4. Enclosures for these coefficients are computed and stored in the packages
CG and CG.Spher. The package CG is an extension of a homonymous package that was
developed in [25]. The extensions are mostly related to the fact that the Zernike functions
used in [25] are based on generalized spherical harmonics for half-integer angular momenta
[ and m, while here, I and m are always integers. For a description of the techniques
involved, we refer to Section 5 in [25].

Most procedures in TSpherics are specific to the problem at hand. This includes
the bounds NegInvLap, RotWave, InvPlate, InvWave, and InvQP, on the operators £ 1
used for stationary solutions, rotating periodic solutions, ordinary periodic solutions (for
the plate and wave equations), and quasiperiodic solutions, respectively. These procedures
use the estimates given in Section 5. Enclosures for the constants that appear in these
estimates are obtained via the procedures in TSpherics_Aux. Some other procedures in
TSpherics are used to plot graphs and are not part of the proof.

TSpherics also defines the type TSMode that characterizes subspaces like P;, B (coef-
ficient modes) and Py; ;11,18 (error modes). Arrays of TSMode are used by the function
Make to define partitions of unity (in the sense of direct sums) for the spaces B or the sym-
metric subspaces By. This is the problem-specific part of a general infrastructure designed
to implement bounds on quasi-Newton maps. Another part is handled by the packages
Linear and Linear.Contr that work with a generic type Fun and associated Modes. These
two packages include all the tools needed to construct (in terms of bounds) a quasi-Newton
map N for a given map G, and to verify bounds like (3.3). The main task is to estimate
the derivative of a linear operator such as DN (h).

The package at the top of our hierarchy is TSpherics.Fix. It first implements a
bound GMap on the map G defined by (3.1), as well as a bound DGMap on the derivative
of G. These are just compositions of bounds defined in TSpherics. Then TSpherics.Fix
instantiates the packages Linear and Linear.Contr with Fun => Spheric and Mode =>
TSMode. Using the procedures Op_Norm and DContr from these two packages, implementing
a bound DContrNorm on the map h +— |[[DN(h)|| is straightforward. This bound is used by
ContrFix to verify the inequalities in the claim of Lemma 3.2. The ball Bs mentioned in
this lemma has a representable radius 6 > 0 and is described by a Spheric-type enclosure.
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6.3. Organizing the bounds

Our proof of Lemma 3.2 is organized by the program Run_Al1l. For each row in Table 1,
Run_A11 fetches the necessary parameter values from the package Params and then calls
the (standalone) procedures Approx Fixpt and Check Fixpt with an argument of type
Param. Both of these procedures use an approximate fixed point @ that is provided in a
data file [31]. The procedure Approx Fixpt is purely numerical and determines a matrix
M that defines the operator M used in (3.2). Using the values in Param, the procedure
Check_Fixpt instantiates the package TSpherics.Fix with the proper arguments. Then
it calls ContrFix to verify the inequalities in the claim of Lemma 3.2. Finally, it calls
TSpherics.Leading Coeffs to generate the bounds given in Section 7.

Our programs were run successfully on a standard desktop machine, using a public
version of the gcc/gnat compiler [33]. Instructions on how to compile and run these
programs can be found in the README file that is included with the source text [31].

7. Additional data

Each of our solutions u can be represented as a series

u = Z P X e X Al + Z P X Sy X Bl , (7.1)

0<m<l 0<m<l

where f x g x h stands for the function (¢, ¢, t) — f(9)g(¢)h(t), and h is represented as
a Fourier series h = ag + Y, - ¢(ancn + bpsy,). Here ¢; = cos(j.) and s; = sin(j.).

So u can be specified by giving a list of all modes cl,mynan X ¢m X ¢, that contribute
to the sum (7.1), with ¢; ., € R and ¢ € {c,s}. We consider an ordered version of this
list, where the modes are listed in non-increasing order of the absolute values |¢; |-

The following tables show the first few modes in this ordered list, for each of our
solutions u. The top-left entry in each table is the label of the solution u being described.
This entry also links to a plot or animation of the solution .

1| 23846... % Pi xc¢p X¢o || 2| —4.6095... x P X ¢ X ¢
0.3061... * P35 X ¢3 X ¢g —0.9063... * P§ X ¢3 X ¢g
—0.2371... x P} x ¢ X g 0.4272... % P& X ¢ X ¢

3| 7.7561... % P2 Xy Xcg
—1.1214... % P2 Xy X || 4] 1.1841... % PJ X3 X ¢
1.0315... % P x ¢g X ¢ —0.0103... * P§ X cg X cg
0.5973... % P§ X ¢ X ¢g —0.0067... * P2 X ¢3 X ¢
5| 4.2884...% P xcp xop || 6] 1.4762... % PJ xc3 X ¢4
—0.8516... * P} X1 X3 —1.1434... x P} x ¢ x ¢
0.2213... * P X ¢ X c5 —0.0230... * P x ¢ X
0.0603... * P35 X3 X ¢q 0.0206... * P2 X5 X ¢q

7| 1.9273... % P2 X X ¢
—0.0088... x P2 X ¢y X4
0.0081... % PY X ¢g X 1



https://web.ma.utexas.edu/users/koch/papers/spheric/anim/1.png
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/2.png
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/3.png
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/4.png
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/5.mp4
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/6.mp4
https://web.ma.utexas.edu/users/koch/papers/spheric/anim/7.mp4
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81 21316... x P{ xcp xcp [|9| —89871... x Pi x ¢ X5
2.1316... x Pl x 81 X 51 8.9871... x Pi X 81 X 85
—1.5855... x P35 X3 X c5 0.1390... x P3 x 3 X c15
1.5855... « P3 X 853 X 85 —0.1390... x P2 x 53 X 515
—0.0171... x P3 X1 X 0.0957... % P! X1 Xes
—0.0171... x Pi x 81 X 5 —0.0957... * P} x 51 X s5
10 | —2.8236... % P xc¢p xep || 11]=3.3000... x P{ x¢1 X
—2.8236... x P{ X 51 X 5 —3.3000... * P{ x 51 X 5
2.4385... x P35 X3 X ¢35 1.5528... « P3 x ¢ X
—2.4385... x P3 X 53 X 85 —1.5528... x Pi X 51 X 85
1.2649... % P} x ¢ x¢r —0.3465... * Ps x ¢ X7
—1.2649... x P; X 81 X s7 —0.3465... x Py X 8§51 X 87
—0.2916... x Pi X ¢ X cg —0.1045... x P} x ¢ x cqg
—0.2916... * P X 51 X §g 0.1045... % PI X §1 X 811
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