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ABSTRACT. We present a method designed for computing solutions of infinite
dimensional nonlinear operators f(z) = 0 with a tridiagonal dominant linear
part. We recast the operator equation into an equivalent Newton-like equation
z =T(z) = v — Af(z), where A is an approximate inverse of the derivative
Df(Z) at an approximate solution . We present rigorous computer-assisted
calculations showing that 7" is a contraction near Z, thus yielding the existence
of a solution. Since D f(Z) does not have an asymptotically diagonal dominant
structure, the computation of A is not straightforward. This paper provides
ideas for computing A, and proposes a new rigorous method for proving ex-
istence of solutions of nonlinear operators with tridiagonal dominant linear
part.

1. Introduction. Tridiagonal operators naturally arise in the theory of orthogonal
polynomials, ordinary differential equations (ODEs), continued fractions, numerical
analysis of partial differential equations (PDEs), integrable systems, quantum me-
chanics and solid state physics. Some differential operators can be represented by
infinite tridiagonal matrices acting in sequence spaces, as it is the case for instance
for differentiation in frequency space of the Hermite functions. Other examples come
from the study of ODEs like the Mathieu equation, the spheroidal wave equation,
the Whittaker-Hill equation and the Lamé equation.

While many well-developed methods and efficient algorithms already exist in
the literature for solving linear tridiagonal matrix equations and computing their
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inverses, our own method has a different flavour. We aim at developing a compu-
tational method in order to prove, in a mathematically rigorous and constructive
sense, existence of solutions to infinite dimensional nonlinear equations of the form

f(z) = L(z) + N(z) = 0, (1)

where L is a tridiagonal linear operator and NN is a nonlinear operator. The domain
of the operator f is the space of algebraically decaying sequences

0 2 fo— (au)iso - ol & supllonit) < oo} @)

where

sdet [ 1, k=0,
YT kS, k>

The assumptions on the linear and nonlinear parts of (1) are that £ : Q° — Q55
and N : Q% — Q%7°N_ for some sy, > sy. Intuitively, this means that the linear
part dominates the nonlinear part. Since 2°* C Q%2 for s; > sg, one can see that f
maps §2° into Q°75L,

General nonlinear operator equations of the form f(z) = 0 defined on the Banach
space (2° arise in the study of bounded solutions of finite and infinite dimensional
dynamical systems. For instance, = (2)r>0 may be the infinite sequence of
Fourier coefficients of a periodic solution of an ODE, a periodic solution of a delay
differential equation (DDE) or an equilibrium solution of a PDE with Dirichlet,
periodic or Neumann boundary conditions. The unknown z may also be the infinite
sequence of Chebyshev coefficients of a solution of a boundary value problem (BVP),
the Hermite coefficients of a solution of an ODE defined on an unbounded domain,
or the Taylor coefficients of the solution of a Cauchy problem. In the case when
the differential equation is smooth, the decay rate of the coefficients of = will be
algebraic or even exponential [2]. In the present paper, we chose to solve (1) in
the weighed ¢ Banach space §° which corresponds to C* solutions. In order to
exploit the analyticity of the solutions, we could follow the idea of [10] and solve (1)
in weighed ¢! Banach spaces. This choice of space is not considered in the present
paper.

Recently, several attempts to solve f(z) = 0 in ©° have been successful. They
belong to a field now called rigorous numerics. This field aims at constructing
algorithms that provide approximate solutions to a given problem, together with
precise bounds implying the existence of an exact solution in the mathematically
rigorous sense. Equilibria of PDEs [7, 9, 17], periodic solutions of DDEs [11], fixed
points of infinite dimensional maps [6] and periodic solutions of ODEs [1, 4] have
been computed using such methods.

One popular idea in rigorous numerics is to recast the problem f(z) = 0 as a
problem of fixed point of a Newton-like equation of the form T(z) = x — Af(x),
where A is an approximate inverse of D f(Z), and Z is a numerical approximation
obtained by computing a finite dimensional projection of f. In [4, 6, 7, 9, 11, 17],
the nonlinear equations under study have asymptotically diagonal or block-diagonal
dominant linear part, which helps a lot in the computation of approximate inverses.
In contrast, the present work considers problems with tridiagonal dominant linear
part. To the best of our knowledge, this is the first attempt to compute rigorously
solutions of such problems. While our proposed approach is designed for a specific
class of operators (see assumptions (4) and (5)), we believe that it can be seen as
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a first step toward rigorously solving more complicated nonlinear operators with
tridiagonal dominant linear part.

The paper is organized as follows. In Section 2, we present a method enabling to
compute (with the help of the computer) pseudo-inverses of tridiagonal operators
of a certain class. In Section 3, we recast the problem f(z) = 0 as a fixed point
problem T'(x) = z— Af(x), where A is a pseudo-inverse, and we present the rigorous
computational method to prove existence of fixed points of 7. In Section 4, we
present an application and finally, in Section 5, we conclude by presenting some
interesting future directions.

2. Computing pseudo-inverses of tridiagonal operators. This Section is de-
voted to the construction of a pseudo-inverse of a linear operator with tridiagonal
tail (see (6)). We begin this Section by specifying the assumptions that we make
on the growth of the tridiagonal terms. Then we use an LU-decomposition to for-
mally obtain a formula for the pseudo-inverse. Finally, we check that the (formally
defined) pseudo-inverse has good mapping properties (see Proposition 1).

Given three sequences (Ag)r>0, (4k)k>0, (Br)e>0 and z € Q°, we define the
tridiagonal linear operator (acting on ) L£(x) = (Lx(z))r>0 of (1) by

Li(x) = MeZr—1 + peZr + Perr1, k> 1, (3)
and Lo(x) = poxo + Pox1. Assume that there exist real numbers s;, > 0, 0 < Cy <
C5 and an integer kg such that

A
VE>0, |S5| LR 5’“ <C, and V> ko, 01<’“3’“L (4)
Wi Wi k k
1
Assume further the existence of § € <O, 2> and kg > 0 such that
A
V k> ko, i7@§5 (5)
Br | | Mk

Then, under assumptions (4) and (5), £ defined by (3) is a tridiagonal operator
which maps ©° into 2°7°L. Indeed, if x € Q°, then

[£(2)][s—s, = sup{|Lx(z)|wy "}
k>0

< G (sup{mlwz} + sup{|arlwi} + sup{|xk+1|wz}) < 0.
k>1 k>0 k>0

From now on, assume for the sake of simplicity that sy = 0, that is the nonlinear
part N of (1) maps ©° into ©°. Since €2° is an algebra under discrete convolutions
when s > 1 (e.g. see [3, 7]), then any N which is a combination of such convolutions
maps Q° into Q°. Assume that using a finite dimensional projection f(™ : R™ —
R™ of (1), we computed a numerical approximation # such that f")(z) ~ 0. We
identify £ € R™ and z = (,0,0,0,0,...) € Q°. We then try to construct a ball

Bi(r)=Z4+ Bo(r)=Z+{z € Q°:|z||s <r}={z € Q®: |z —Z|s <r}

centered at Z and containing a unique solution of (1), by showing that a specific
Newton-like operator T'(z) =  — Af(x) is a contraction on Bz(r). This requires
the construction of an approximate inverse A of Df(z) = £(Z) + DN(z). In order
to do so, the structures of £(Z) and DN(Z) need to be understood. From (3)
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and (4), £(Z) is a tridiagonal operator with entries growing to infinity at the rate
ksL. Moreover, since DN (Z) maps Q2 into Q°, it is a bounded linear operator. As
mentioned above, the expectation is that the coefficients of Z decay fast to zero.
This implies that a reasonable approximation AT of Df(z) is given by

D 0
14]L d:ef /Bm,—l ) (6)
Am Pm Bm
0 Amt1 Hmt1 Bma

with D &' D ) (z) for m large enough. We wish to find the inverse of A in terms

of D, (Bk)k>m—1, (k) k>m and (Ag)g>m. We assume therefore that

where x and y are the infinite vectors

The infinite part of (7) writes

x Ym — Adm Tm—1
0 0 m
Hom P Tm+1 Ym+1

- . . (8)

Am41 Hmg1 Bmtl 0
0 Ama2  fmy2  Bm2

We introduce the notations of the book of P.G. Ciarlet (see Theorem 4.3-2 on
page 142 in [5]):

a2 = Am41, A3 = Apg2,-y 01 = i, b2 = fimg1, ., €1 = By €2 = Byt ooy
and (0, )nen defined by the induction formula
bo=1, 61 =by, and 6, = b, 0,1 — Ay Cu_1 6o, for n > 2.

Note that only the §,, are really useful.
Let us define the tridiagonal operator T by

by ¢ 0 O
def a2 b2 Co 0
T = .
0 as b3 C3 (9)
For any infinite vector x = (xq,...,Z,...)T, we introduce the notation
def def
Tp = (xo,...7:rm,1)T and x5 = (xm,...,xm+k,...)T

Using the notation ey = (1,0,0,0,0,---)7, the system (8) becomes

Txr =yr — Am Tm—1€1.
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From Theorem 4.3-2 in [5], we compute an LU-decomposition of the tridiagonal
operator defined in (9) as T'= L;Ur, where

L0 0 & a 0
e 20 1 0 def 0 22 C2
L% [ e ef 5 1
I 0 as % 1 and Uy 0 01 53 ( 0)

Hence, the system (8) becomes Lrzr = yr — Ay Tm—1€1 combined with Urzr = 2y,
that is

10 0 .. Zm Ym = Am Tm—1
w@ 10 || e | Y41 "
0 as % 1 .. ’
combined with
% C1 0 Tm Zm
0 2 Co Tm+1 Zm+1
o 2 m = mrlo (12)
0O 0 =

Both infinite systems (11) and (12) can be explicitly solved.
System (11) leads to
Zm = Ym — AmTm—1,
and for any k£ > 1
: 5 5
Zmtk = ym+k+Z(_1>l Ak—142 - Okl % Ymrh—1+(—=1) T az .. ap i AmTm—1,
=1

which we rewrite with infinite matrix/vectors notations as

1 —1
zr =L " [yr — Am @Tm-1€1] = L1~ yr — AnTm—1 91, (13)
where
Zm Y 1
_ . %0
Zm+1 Ym+1 a2 &
Zm+2 Ym+2 def + _1 azaz 5
zr = , Y1 = ,vr = L er =

5
—a4 a3 032 5

The second system (12) leads to the infinite sum (for any k& > 0)

Ok
Okti41

oo
Ok !
Ttk = 5——Zmth + E (1) Cht1 - Chtl Zmtk+1s
k+1 =1

which we also rewrite with infinite matrix/vector notations as
ry = U]_lzj. (14)
Coupling (13) and (14), we end up with

xr=Ur 2 = U L Yy — Ao o) = Ur 'Ly tyr — At —qwy,  (15)
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where wy of Ul_lvl. Denoting (UlflLlfl)r0 the first row of the infinite matrix

U 'L;™" and (wy), the first element of wy, we can rewrite the first line of (15) as

Ty = (Ul_lLI_l)TO Y1 — An@m—1 (wr)g - (16)

We now investigate the finite part of the linear system (7), which is given by

Zo 0 Yo
1 0 Y1
D + = ,
Tm—2 0 Ym—2
Tm—1 5m71 Tm Ym—1
or, according to (16),
Zo 0 Yo
T 0 U1
D ' + Bmfl =
Tim—2 . . 0 Ym—2
Tm—1 (UL~ )TO Yr — AmTm—1 (wr), Ym—1
Letting
00 .. O 0
00 .. O 0
def . . . .
K:D_Bmfl)\m : : : : )
00 .. O 0
0 0 0 (’w[)o

we consider its inverse K. We denote the last column of K~! by (K1) _,,
its last row by (K1), ., and its last (“south-east”) element by (K ~'),,—1 m-1.
Then we obtain

zp = K 'yp—Bma {(UI_ILI_l)TO yI} (K™ Yeps

= K'yp—fma ({(K‘1>cm1} ® { Or'Li™),, })yh (17)

using the tensor product notation. The last line of this identity reads

Tt = (K Y, yr — Bm—1 {(UI_ILI_I)TO y]} (K™ )m—1,m—1- (18)

Coming back to (15) and using (18), we see that
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vy = Ur 'Ly 'yr — Apm_1wr
= Ur 'Lty

_)\m |:(K_1)Tm_1 Yr — ﬁmfl {(UlilLlil)m yl} (K_l)ml,ml]wl
= Ur 'Li 'y — Am wl{(Kl)rm_l yF}

+Bm—1)\m (K_l)m—l,m—l wI{ (Ul_lLI_l)TO yl}

= —Am({wf} ® {(K‘l)rml}) yr (19)
+<U1_1L1‘1 + Bt dm (K™ 1m1 {wf} ® { Ur L), }) ne

Putting together (17) and (19), we end up with (A7)~ =

ot B ({(K—l)cml} ® { (UL, })

—)\m{w[} ® {(K_l)rml} U]_lL]_l + ]\

A B A (K™ 1m1 {wl} ® { (UI_ILI_I)T‘Q }

In order to get an approximate (pseudo) inverse of Af, we would like to get a
numerical approximation of K ~*. However the definition of K involves (wr),, which
cannot be explicitly computed. By definition, w; = UflL;Iel, so using again the
computations made in this Section, we get

(wr)g = (Uf 11}1)0

7vm + § Cl...ClUm+
5l+1

o0
Z e Cag .. a4,
5z5z+1

Given a computational parameter L, we define

~ det 60
. G, 20
Z 5, 5l+1 L as...aip (20)
and
0 0 0 0
0 0 0 0

K defD Bm 1/\m

o O
OO...
OO...
ISt =)
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We now can consider A, a numerically computed inverse of K and then define
the approximate (pseudo) inverse of A as A et

" Bm_l<{(Am)%Hl}@©{(UYJL15r0}>

s (i) i
(21)

where

AE B 1A (Am)m—1.m-1 {wl} ® { (Ul_lLI_l)m }

Lemma 2.1. Assume that m > ko and 6 < % Then UI_1 maps Q° into Q5L

Proof. Let zr € Q° and 27 = U; '2;. Using (14) and the formula above, we get

1okl
|Tmk] < [Gral |Zm+k| +Z |5 |Ck+1| et 12mnrl

k Ok
|5' Im+l+25l ,J+l+|bk+1| bl lominsal - (22)

Now remember that for all £ > 2, §p = by 0p_1 — ag ck_10x_2, SO

|9 | S1- |ak| lek—1] [0k —2|
|0k~ |bk| |0k |6k—1]
oy Plhallfesl
[

def |57€ |

We introduce uy = W which then satisfies
k—1]| |0k

u1:1,

uk217 5 VkZQ
Up—1

The study of the inductive sequence defined as above, but with > replaced by =
yields that for any k, v < up < 1, where def l + 1/7 — 62 is the largest root of

r=1- ‘;—2 (see Figure 1).
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(a) 6 = 0.2 (b) 6 =05
FIGURE 1. The iterations of u,1 = 1 — §%/u,, with u; = 1.
We can then rewrite (22) in order to get
ok 1 0k - |6k
Ttk Zmak| + Y O |bry1| - [brpt] |Zmtrt
‘ + | |(5 | + | Z |6k:+1|~- ‘6k+l+1| ‘ +1| ‘ +‘| +k+
|0k | ;1 L [0kl
Zm+k| T+ 1) . Zm4k+l
|5 1 o+ ZZ; Ukl Ukl [Okgig1] [zt
(6N 10kl
Z - |Zmt k4
—~\7 [0ti41]
> 5>l 1
< — | ———— |Zmthti] (23)
lz:; v/ A bkt
0o l
< Zflsz(5> 1 N
T Oy = \v) (k+I+ ) (mtk+1)°
. . 1
Finally, since § < 3 <7,
o] (m g Ryt < Wrla 1 (ma k)™
m—+k =~ Cl'}/ 1 % (k+1)SL (m+k)s
and xy € Q5TsL. O

Lemma 2.2. Assume that m > kg and 0 < %, Then LI_1 maps Q° into Q°.
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Proof. Let y; € Q° and z; = Ll_lyl. Using (13) and the formula above (Without
the last term since we do not consider here Ll_l(yj — Am xm_lel)), we get

[0
k-1
Zmak] < Yk + D o] lak—1+2| - |aks1| [Ym+r—1]
=1

k
Ok—1
< lomsd + 320 1ol bl
=1
k
|0k—1] - [0k—1| |bk—t141] [br—iq2] - [brt1]
< I k—L
|ym+ ‘ lz; ‘5k7l+1| . |5k| |bkfl+1| Iym-i- ‘
k
1 1 |bgy1]
< ARSI — k—1] s
|ym+ ‘ Z uk—lJ,»l uk: |bk7l+1‘ |ym+ |

=1

where we use the sequence uy, introduced in the previous proof. We get

‘Zm+k| < Z < > s |ym+kfl|7 (24)

—o \7 |bk—1+1]

and

e CallylloN (8N (kAL N mtk
< S —
|zmk| (m + k)" < C, z(:) 7y E+1-1 m+k—1

For any k > m, we then have

271 Ch |yl

[Zmsn| (m + k) < z.

[5] k

N
254520y ||y (5>l <5)2

< S 25+5L —_ + = ks+sL

- Cy ol Z

=0 N =[5

_ 25+sLC2 Hy”s 9s+sL N <5)’5 ks+SL+1
- (o 1 —% ¥ 2 ’

which is bounded uniformly in % since the last term goes to 0 when k goes to oo,
and the proof is complete. O

Proposition 1. Assume that m > kg and § < % Then A maps Q° into Q5152
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Proof. Consider y = (yp,yr)’ € Q°. Let x = (v, z;)T = Ay. Then, by definition
of the operator A in (21),

Amyr — Bm-1 ({(Am)cml} ® { (UflLI_l)ro })yI
= Amyr — Bm-1 {(Ul_lLI_l),,O yI} (Am)em 1

By the previous lemmas, UI_lLI_lyI € Q515 and in particular (UI_lLI_l)

TR

Yyr =
o
(UI_lLI_lyI)O is well defined and so is zp.

Using (21) again,
T = —Am ({wl} ® {(Am)rm_l}> yr +Ur 'Ly 'y + Ayr.

Remember that w; = U;lLI_lel, so that w; € Q° for any s. According to the
previous lemmas and the definition of A (see (21)), we see that x; € Q5+sL. O

3. Computations of fixed points of the operator T. Our main motivation for
computing approximate inverses is to prove existence, in a mathematically rigorous
sense, of a fixed point of the Newton-like operator 7" in a set centered at a numerical
approximation Z. The Newton-like operator has the form

T(x) =z — Af(2), (25)

where A is the approximate inverse (21) of Df(Z) computed using the theory of
Section 2. Since f maps Qf into Q°7°L and A maps Q° into Q*T5¢ (thanks to
Proposition 1), we see that 7" maps the Banach space ° into itself. Our goal is to
obtain explicit bounds allowing us to show that a given T is a contraction on the
ball Bz(r), which yields the existence of a fixed point of T' (and thus of a zero of
f). The fixed point theorem that we use (see Theorem 3.1) requires bounds on T
and its derivative. We get formulas for these bounds in Sections 3.2 and 3.3, and
then explain in Section 3.4 how to use the so-called radii polynomials in order to
find a radius r > 0 such that T'(Bz(r)) C Bz(r), and such that T is a contraction
on Bz (r).

Before proceeding further, we endow Q° with the operation of discrete convolu-
tion. More precisely, given x = (2)k>0,y = (Yr)x>0 € 2, we extend x,y symmet-
rically by & = (2g)kez, ¥ = (Yr)rkez Where T_p = xg, §_r = yi, for kK > 1. The
discrete convolution of z and y is then denoted by x*y, and defined by the (infinite)
sum

@ k=D Tk, Tk,

ki+ko=k
ki1,k2€Z

It is known that for s > 1, (Q°, ) is an algebra (e.g. see [3]), that is, if x,y € Q°,
then z xy € Q°. This will be useful when we shall look for a bound such as (27)
below. We start with a classical theorem, whose proof is standard (e.g. see the
proof of Lemma 3.3 in [7]) and is a direct consequence of the contraction mapping
theorem.

Theorem 3.1. For a given s > 1, consider T: Q° — Q° with T = (Tx)r>0, Tk €
R. Assume that there exists a point T € Q° and vectors Y = {Yi}k>0 and Z =
{Zk(r)}k>0, with Yy, Zk(r) € R, satisfying (for all k >0)

(T(2) — 2)k| < Ya, (26)
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and

sup
by,bo€ By (’I‘)

(7 +b)ba), | < Zu(r). (27)

If there exists r > 0 such that ||Y +Z(r)||s < r, then the operator T is a contraction
in Bz(r) and there exists a unique & € Bz(r) such that T(Z) = &

We shall see how to get the bounds Y (Section 3.2) and the bounds Z(r) (Sec-
tion 3.3), and we shall provide an efficient way of finding a radius r > 0 such
that ||Y 4+ Z(r)||s < r (Section 3.4). The first step however consists in looking for
bounds on A. More precisely, we need some estimates in order to control the action
of Uy lLfl. This is the goal of the following Subsection.

3.1. Some preliminary computations. We introduce the notations

e 5 def 1
0L " andn —— . (28)
v V(1 —6%)
Lemma 3.2. Let yr = (Ym, Ymt1, - - .)T be an infinite vector and rj = Ul_lLl_lyI.
Assume that m > kg and § < % Then, for all k > 0,

k
|xm+k‘ < Zek 7 ‘merj + Z 09I~ k |ym+J
=0 |Um+]| Tkt |ﬂm+]|

Proof. We again introduce z; = L} 'y;. Combining (23) from Lemma 2.1 and (24)
from Lemma 2.2, we get

oo k+l Iy |
‘l‘ +k| <= k+21 —jlgm+gl
el € 5 330
1 Ymi| o ly =
_ - m+j k+20—j m+j k+20—j
(Sl Sy el
j=0 VIt j=k+1 bj+ l=j—k
k _ i
— l Z Y+ o+ + Z Y| ¢’ F
T\ bl 102 = (b 162
| |
=7 Zak g 1dm+jg1 ym+] + Z gi—k ym-H ] 0
=0 |:“m+j =kt ‘,uerj ‘

In particular, we immediately obtain the two following corollaries (always under
the assumptions of Lemma 3.2) which will be useful in the sequel.

Corollary 1. Recall (28). Then, for w; = (wm,wm+1,...)T &t Ul_lLl_lel, we
have

(w1 x| < 00" ——, for all k> 0. (29)

[Fm|

Corollary 2. Ify is such that yy+r = 0 for any k > n, then

Vhk<n_o2 Iwm+k|<n<29k z|ym+l| n Z oi- k|ym+l|> (30)

=0 /Lm+l| I=k+1 ,Um—f—l|
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and

Y+l
VE>n—1, |mnk] <no® (31)
Z 9 ‘/Jm-‘rl|
More generally, we will also need in the next two Subsections a uniform bound
on |Zm k| (m + k)55t for k large enough. We assume here that m > 2 (which will
always be the case in practice), and define for any integer M

s5+s s5+s
d:efﬂ%% <m+M> " +0W%28~F5L + 1 ( m+ M > L.
2 m 2 1—0\m+M-vVM-1

Proposition 2. Suppose that M satisfies

—mln\/é—s—sL—l—\/(mln\/é—&—s—i—sL—l—l)?—ALmln\/é 4
M > max , 5,M | -
21n0 (In @)

Then for all k < M,

k s+sr,
stsp UHyIHs k—1 m+k ¢
el by < TR (o0t (28] ) 33)

=0

and for all k > M

s+sr, s 0
ol o+t < Ml (L0, (39

Proof. Thanks to Lemma 3.2,

b stsr stsi
5+3L<M ki (Mt K m+k
B e D Sl (el I S (e

=0 I=k+1

k s+sr,
nllyrlls iy (M +E 0
< nTr .
< o (2 19

=0

Then for k > M, we split the remaining sum
Ll E—[VE]—-1
r g m+k\ T 4] ot (M A LVA] gt (M F AN

Z m+1 N Z m+ 1 + Z m+1

=0 =0 l:[%]

k m+k s+sr,
ekfl
* Z < m+1 >

s+sr,
§9§];<m+k> +0\/E§25+5L

N 1 < m+k >S+5L
1—=0\m+k—-—VEk—1

S5+s
<9%% m+ M L_’_g\/M%QrFSL
- 2 m 2

N 1 < m+ M >S+SL
1-0\m+M-vVM-1
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The justification of the last inequality is contained in the following three lemmas.
O

Lemma 3.3. If M satisfies (32), then for all k > M

955 (m+k>s+“ oM <m+M>S+sL

2 m 2 m
Proof. For = > 0, let oy (z) < 0% 2(m + 2)*+**, whose derivative is
o (z) =o' (<ln \/5) z(m+ )T + (m42)""°F + (s + sp)z (m + x)s+sL_1)

=(m+az) Ve ((ln \/@) (m+x)z+ (m+z)+ (s+ SL):B)

= (m+4xz)*t5r! Vo' ((ln\/§> z? + (mln\/§+5+5L + 1) :L'er) .
For 0 < 6 < 1, the discriminant of In Vozr? + (m Invo+s+ sy + 1) T 4+ m given
by

2
AL (mln\/é—i—s—i—sL + 1) —4mln\/§,

is positive. Since M satisfies (32), ¢} (z) < 0 for any > M and so 1(k) < ¢1(M)
for all £ > M. ]

Lemma 3.4. If M satisfies (32), then for all k > M,
9\/%@284—& < 9m%25+sL.
2 - 2

Proof. Let @a(z) < V2. Then

—( Inf ov=
go’z(x)ze\f(mx—l-l): 5 (Vzlng +2).

4
Hence, for x > W, ©h(x) <0 and so pa(k) < w2 (M) for all k > M. O

Lemma 3.5. If M satisfies (32), then for all k > M,

1 ( m+k )5+3L< 1 < m+ M )S+SL
1—=0\m+k—-vVk—1 T1-0\m+M—-vVM -1 )

def m+x

PTOOf. Let ©3 (fL') = m Then
_ _ 1= _ 1
ey = Vel (m+x)2(1 Qﬁ)Z— e
(m+z—+yx-1) 2yz(m+az—x—1)
Hence, for = > m, ¢5(z) < 0 and p3(k) < p3(M) for all k > M. O

Finally, we will need to bound the error made by using @ instead of (wy), for
the definition (21) of A.
Lemma 3.6. Assume that L > ko and 0 < % Then
92L
wr)y — W < ————.
R T
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Proof. Using (5) together with the sequence (u;) introduced in the proof of Lemma 2.1,
we get

00 |5 ‘2
((wr)g =] <D i lea| .- Jai] Jaz] ... |ar41]
141

_ 100l §= ( 1) (1 1 )
|51 Z Uy U2 Up+1
Ze2l

92L
| (1 62)

3.2. Computation of the Y bounds. From now on, we shall assume for the
sake of clarity that the nonlinearity N of f in (1) is a polynomial of degree two.
The generalization to a polynomial nonlinearity of higher degree could be obtained
thanks to the use of the estimates developed in [7] in order to bound terms like

(zl*...*x”)

|;“m|

O

n

where z1,... 2P € By(r). Moreover, as long as one is interested in problems with

nonlinearities built from elementary functions of mathematical physics (powers,
exponential, trigonometric functions, rational, Bessel, elliptic integrals, etc.), our
method is applicable. Indeed, since these nonlinearities are themselves solutions of
low order linear or polynomial ODEs, they can be appended to the original problem
of interest in order to obtain polynomial nonlinearities, albeit in a higher number
of variables. This standard trick is explained in more details in [12], and is used in
[15] to prove existence of periodic solutions in the planar circular restricted three
body problem.

With this in mind, we are ready to compute the bound Y appearing in Theo-
rem 3.1. In everything that follows, |-|, when applied to vectors or matrices (even
infinite dimensional), must be understood component-wise.

The main estimate of this subsection, that is the bound on Y, is presented in the
following Proposition:

Proposition 3. Consider an integer M such that
]\4>max(1 7 m,m—Z), (36)

and define Y = (Yi)g>0 component-wise by

Vi 14, (f(z >>F|+ﬂm_1n<2 ¢ "’“) (A,

, 37
T (37)

|,U4m+l| ‘le

Yotk = (‘(Am)rm_l f(j)F‘ + ’Bmfl (Am)m—l,m—l’ (Z 0 S mH)) nGkM

ngz|f m+l Zezk m+l VO<k<m-—3 (38)
|t o Ium+ﬂ
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Yok & (\(Am»,m F@) |+ [t (a0 (Z o )W)) ”916':7”'

=0 |ttt |t

2N @) g
+fF Yy S Y -2 <k < M, (39)
—0 0" |ptmyi]
and
Yok Vg 2y s M, (40)
wm—i—k
Then
|T(z) —%| < Y.

Proof. By definition of T,
T (z) — = = |Af(Z)].
Note that since we suppose that f is at most quadratic, and since Z is constructed

in such a way that zj = 0 for all k& > m, we get the identity (f(%)),,,, = 0 for all
k > m — 1. Thanks to (21),

(AF@) gl < A (@) pl + 1B (U7 L7 (@D )l | (A,

so that using (30) with n =m — 1 and k = 0, we get

)

)

(AF@)el < 1A (F@) el + || (Z el””"”“) An),,.

=0 |-+

which provides the bound (37).
Using (21) again,

AF@)] < Pl (| (A, @]+ Bt (A sy O LT F@)1)g|) o]
+ UL @)

so using (29), (30) and (31) (again with n =m — 1), we get

(A0l < (\(Am)rm o |+ Bt ()| (Z 1Ol mH)) g

| tm 1] |tm

+ Zakl|f m+l+ Zgl k‘f m+17 VO§k§M—3,
|tbm v Nl [fom s

which provides the bound (38), and

Z l 'm+l nek |)\'m|
|,um+l ‘:U'm ‘

(AF@)ia] < (\(Am»mlf(x)FMﬁml 11

@)t

k
+nb
=0 0" |1

, VkE>m —2,

which provides the bound (39). Finally, by (36), 0¥ (m + k)* < 0™ (m+ M)?* for all
k > M, and we obtain the bound (40). O

We present in Section 3.4 the rationale behind the definition of Y, for &k > M.
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3.3. Computation of the Z bounds. In order to compute the Z bounds from
Theorem 3.1, we need to estimate the quantity

DT (Z+y)z=(I—ADf(z+y)z=(I—-AA") z— A(Df(z+y)—A") 2

for all y,z € By(r). We are going to bound each term separately in the next two
Sub-subsections. We introduce the notation

caer [ 1 1 \"
WFd:f<s,..., . ) ) (41)

wo Wn—1

3.3.1. Estimates for (I — AA")z. In this Sub-subsection, we present the bound on
(I — AAY)z, which constitutes the first part of a bound for Z.

Proposition 4. Let M be an integer satisfying (36). We define Z' = (Z})r>0
component-wise by

e g m— A’l’n 92L
Zl df(‘I—AmK‘W;‘-F |/6 1|| 1| ‘Amlcm 1) T, (42)
b | wiy—y (1= 62)
1] A 0%F [A |
Z djf s |ﬂm 1|| m Am ek m
o ( L e P () RV A P
(43)
VO<k<M,
and
AN AR wm“”, V k> M. (44)
m+k

Then for all z € By(r),
|(I— AAT) 2| < Z".

Proof. Thanks to (6) and (21),

(AATz) = Ay | Dzp + :
Bm—12m
— Bm—1 (U7 LT (T2r + A2 — 1e1))0 (Am),, .
= AmDzp + Brn—12m (Am),, | —1 (2m + Amzm—1 (wr)o) (Am)., |
= AnKzp + Bn—1Am (0 — (wr), )Zm 1(A

m)0m71 )

and so
((I—AA)2), = (1 - Amf() 2+ Bt A (@ = (w1)g) 21 (Am)o . -
For z € By(r) we have, using (35),

" 1] [Am] 62
|(I—AAT) 2|, < (‘]—AmK‘W§+| e (1= )IAmlcm )T

which provides the bound (42).




18 MAXIME BREDEN, LAURENT DESVILLETTES AND JEAN-PHILIPPE LESSARD
Using again (6) and (21), we get

0
Dzp + wr + (UflLfl + A) (Tzr + Amzm—1€1)

ﬂm—lzm

(AATZ) = Am (Am)

I Tm—1

DZF - ﬂmfl (Am)mfl,mfl Zm + Zm—1

Tm—1

=zr+ )\'mwl <_ (Am)
+6m—1 (Am)mfl,mfl (ZI + )\mzm—lwl)o)

=zr+ )\m - (Am) DZF + zZm-1+ Bm—1>\m (Am)m—l,m—l Zm—1 (wI)O) wr

Tm—1

=zr+ )\m Zm—1 — (Am)rm71 RZF + ﬂmfl)\m (Am)m—l,m—l Zm—1 ('LD - (wI)D)) wr

=zr + )\m ((I — Amk) zZF + ,Bm—1>\m (A'm)m—l,m—l Zm—1 (11] - (wI)O)) wr,

Tm—1

and so
((I — AAT) Z)I =—Am ((I — AmK)rm,l 2F + Bm—1Am (Am)rn—l,rnfl Zm—1 (ﬁ’ - (wI)O)) wr-

For z € By(r) we have, using (29) and (35),

(1-a4") < (‘IfAmf( Wi
m-+k Tm—1
|Bm—1][Am] 6" ) k[ Am|
Aml, 1. 0 r, Vk>0,
ol (1= ) by J 0
which gives (43), as well as (44) thanks to (36). O

3.3.2. Estimates for A (Df (Z+vy) — AT) z. This Sub-subsection is devoted to
the exposition of a bound for A (D fE@+y) — AT) z, which constitutes the second
(and last) part of a bound for Z. This bound is detailed in Proposition 9.

Recall the assumption that the nonlinear part N is polynomial of degree 2. Hence,
Df (Z + y) can be written as a finite Taylor expansion

Df(z+y)=Df(z)+ D*f (%) (y),
and
(Df (z+y) — AY) z = (Df (z) — AY) 2 + D*f (2) (y, 2). (45)

We are going to bound the two terms of (45) separately. Let us denote by o the
coefficient of degree 2 of f, that is D?f (Z) (y,2) = 20(y * z). We bound this
convolution product thanks to the following result:

Lemma 3.7. Let s > 2 be an algebraic decay rate and n > 6, let L > 1 be
computational parameters. For x,y € Q° and for any k > 0,

(n)l\xllsl\ylls

(=)l < 0 ()7

)
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where
L
1 2
1+QZE+7(5—1)L3—1’ k=0,
=1
L k—1
1 2 ks
2+ 2 — 1<k
ot +2 ] T (s — 1)L°—1 +> Blk—1)s = <n
ai(n) = =1 =1

) 2L 1 2 N,
* ;l:+(s—1LS*1+ n—1

4ln(n—2) 7w*-6)\ /2 1)°
n 3 n 2

Proof. See [8] for a proof of this bound and [3] for a similar bound for 1 < s < 2. O

Remark 1. It is important to notice here that o (n) = ag (n) for all £ > n. From
now on, we assume that m is taken larger or equal to 6, which will allow us to use
Lemma 3.7 with n = m. Note that this condition is not stringent, since in practice
more than 6 modes are usually needed in order to get a good numerical solution Z.

We begin by bounding the first term of (45).
Proposition 5. Define C' = C'(z) = (CL(z))

component-wise by

k>0
5 o
Co(@) =0, Ci@ =2l0] Y S V1<k<m-—1,
_ Wit
l=m—k
and
o 2]0] T
CL (@) |o| a7, (m) Hxlls, V k>0,

Wtk
Then for all z € By(r)
|(Df(7) - AT) 2| < C'(@)r.

Proof. According to the definition of AT in (6), we see that

((Df(@) = AT) 2) p = (Df(2)2) p — D™ (2)2r ~ ,
0
Bm—12m
=20((Z*2)p — (T*2p)F),

where in the convolution product, zp must be understood as the infinite vector
(2£,0,...,0,...)T. Therefore, ((Df(f) — AT) z)o =0, and for all z € By(r),

m—1 _

|(Df(5c)—AT)z|k§2|a|r Z kf—”, Vi<k<m-1.
1=k

Then, remembering that Df(z) = L+ DN(Z) and (6), we see that
(Df(z) = AT) 2), = (DN(2)2); =20 (2% 2); ,
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so that using Lemma 3.7, for all z € By(r), we end up with the bound

2|o] o, 5 (m) |17l

S
wm+k

|(Df(@)—AT) 2|, < r, Vk>0. m

We now bound the second term of (45).

Proposition 6. Recall (41) and define C? = (C/%)k>0 component-wise by

5 et 2|0 aj(m)

C2 . VEk>0.

Wy,
Then for all y,z € Bo(r)
‘D2f (.f) (y, Z)’ S 027‘2.

Proof. Remembering that D? f (%) (y, z) = 20(y*z), this is a consequence of Lemma 3.7.

0
Finally,
|A(Df (z+y) — AT) 2| < |A] (C(@)r + C*r?),
and we are left to bound |A| C1(Z) and |A| C2.
Proposition 7. Let M be an integer satisfying (32) and (36). We define D' =
(D}) s component-wise by
e 2|Bm— m Z||s
D) A Ch(a) 4+ Aomallol izl ) ) g

Cr(1— G-

2Bm—1||Aml, . olaz, (m)||z|s m

DL (z) ¥ (Am
+(2) | C1(1 — O)wp v ||

_ k s+sr,
2 S
;- 2nlol s, (m)]2]l, (Zek—l (m+k> U ) VO<k<M,

Clws+sL =0 m+1 1-0

Tm—1

m+k
(47)

2|Bm—1l [Amlpy—1 o1 ol ag,(m)IZ]s\ |\,
_\ def _ m—1m—1 m m
D},H_M(x) = (|Ame1 Cr(z) + ) n oM

Ci(1—@)wm™r |Hm|
2n |o| o, (m)]|1Z]]s < 4 )
+ +— 1, 48
sy, XTT1 Ty (48)
and
c Wy
DL (@) ¥ DL a(7) ij, Y k> M. (49)
m+k
Then

[A|CH(7) < DY(2).
Proof. Thanks to (21),
(1A1CH2)) p < |Am| CE(@) + B | [U7 ' LT C1 ()] | Al
and using (33)

Cm—1"

nlCr@)ls — _ 2nlof s, (m)]zs
(1= 0w = Cy(1— O)wp ™’

|U;1L;10}(:z)|0 < c
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so that (46) holds. Still thanks to (21),
(1A1CH (@), < Al [Aml,.,_, Cr(@) lwi| + [U LT C1 ()]
+ Xl 1Bl [Aml g oy [U7 L7 1 CF(E)] |
2|Bm—1l1Aml 1 m1 nlalafn(m)lils> o]

< ] <|Am|%1 Cr () + Ci(1 - )win "
1 - m

+|Ur L Cr (@)
Using (29) and (33), we get

(JA1C* (@), < (Am|  Ch(@) +

2[Bm—1| [Amlp_1 1 1lo] oz (m)||Z]]s |Am\ ok
Ci(1 — O)wi ™t s

2 |o| oz, (m)||zs et (mA R\ 0
_ 0 —_— — <k<M
+=, R Z e 1) VOSk<M,

so that (47) holds, and using (29) and (34), we get

2[Bm—1][Amlp 1 oy Mol amm)IZ[[s | A
A Cl b < Am Cl Z) + m ,m m 91%
(| | ( ))m+M = <| ‘Tm—l F( ) Cl(l _ o)wfn+sL 7]|Mm|

 Zlelb il (0,

Clw:r-s-szjif 1-9
so that (48) holds. As before, (49) follows from (36). O

We get similar results for the second order term.

Proposition 8. Let M be an integer satisfying (32) and (36). Define D? =
<D/2f)k>0 component-wise by

2 def 2|Bm-1|nlo|a;,(m)
A,,| C%
I | F Cl(l _ o)wfn+sL |

Micm—17

def
Dm,—i—k = <|Am

k s+sr,
2n|o| o, (m) kot (MK 4
—_n 59 _— —_— VO<k< M
* Cywstse m+1 Jr1—0 ’ S k<M,

2|ﬂm 1||Am|m 1,m— 177|0| ( )>n|>‘m
Ci(1 -0)w LA |Hom|

m+k 1=0
D2 d_ef <|A | 2 2 |5m—1| |Am|m—l,m—1 n |G| afn(m)) ‘)\m| 91\/[
m+M " C1(1 — O)wi e i
2 |o| ag, (m) ( 4 )
+ s+s X+ )
Clwmtrfw 1-9
and
e Wy,
D2 = D2 My k> M.
wm+k
Then

|A|C? < D2

Finally we can sum up all the computations of this Sub-subsection and state the
following result:
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Proposition 9. Let M be an integer satisfying (32) and (36). We define D' (resp.
D?) as in Proposition 7 (resp. Proposition 8) and let
Z2(r) & DY@)r + D¥2.
Then for all y,z € Bo(r)
A(Df(z+y)— AT) 2 < Z%(r).
Putting this together with Proposition 4, we end up with the following result:

Proposition 10. Let M be an integer satisfying (32) and (36). Let

Z(r) = ZYr) + Z3(1).
Then for ally,z € By(r),

| DT (Z 4+ y) z| < Z(r).

3.4. The radii polynomials and interval arithmetics. All the work done up
to now in Sections 2 and 3 can be summarized in the following statement:

Theorem 3.8. Let s > 1, and sp, > 0. Assume that f is a map from Q° to Q%L
of the form f = L+ N, where L is a tridiagonal operator satisfying (3), (4) and (5),
and where the non linear part N is quadratic. Assume that for some m > 6 we have
computed an approximate zero of f, of the form & = (Zo,...,Tm-1,0,...,0,...),
and D an approzimate inverse of Df(™)(z). Consider

T Q°F — Q)
|z — Af(2),

where A is defined as in (21). Take M satisfying (32) and (36) and L > 0 a
computational parameter. Then the bound Y defined in Proposition 3 satisfies (26)
and for all v > 0, the bound Z(r) defined in Proposition 10 satisfies (27).

Now that we have found bounds Y and Z(r) that satisfy (26) and (27), we must
find a radius r > 0 such that ||Y + Z(r)||s < r in order to apply Theorem 3.1. By
definition of the norm ||-||,, it amounts to find an r > 0 such that, for every k£ > 0,
the radii polynomial Py (r) satisfies

Pe(r) €Yy 4 Zi(r) — — <.
Wi
Note that since we constructed Y and Z in such a way that for every k > M,

w? w?
Ytk = Ym+m O;H—M and  Zmik = Zm+M U;:JFM,
m—+k m-+k
it is enough to find an r > 0 such that for all 0 < k < m + M, Pi(r) < 0. In order
to do so, we numerically compute, for each 0 < k < m + M,

I = {r >0 Py(r) <0},

and
m—+M

1< (N L
k=0

If I is empty, then the proof fails, and we should try again with some larger param-
eters m and M. If I is non empty, we pick an r € I and check rigorously, using the
interval arithmetics package INTLAB [16], that for all 0 < k < m + M, Py(r) <0,
which according to Theorem 3.1, proves that 7" defined in (25) is a contraction on
Bs(Z, ), thus yielding the existence of a unique solution of f(x) =0 in Bs(Z,r).
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4. An example of application. We present in this Section an example of equa-
tion, for which it is possible to apply the method developed in this paper. We first
explain the link between the equation that we study (cf. (50) below) and the tridi-
agonal operator defined in Section 2. Then, we explain what are in this example
the values of the various constants and parameters of our method.

Equations of the following form:

— 2+ cos)u" (&) +u(€) = —ou(§)® + 9(¢), (50)
W' (0) = /(7)) =0,
where ¢ is a 2m-periodic even smooth function, fall into the framework developed
in Section 2. Consider indeed the cosine Fourier expansions of u and g:

u(€) =Y wrcos(ks), g(§) = grcos(ke).
k€L keZ
Then, (50) can be rewritten as f(x) = 0, where
fo(z) - To+ 21 + 0 (2 *x)5 — go,
and for all k£ > 1,
dof 1

i) & (k= 1+ (14 2K+ %(k +12as 4o (@), —ge. (51)

We see that the linear part of (51) is, as in (3), given by
Li(r) = App—1 + ey + Brri1,
with
def def
Ho = 17 50 = 17
and for all k£ > 1,

€ 1 e e 1
A Y k=12 <1+ 2k%) and 8, & B+ 12
Let us fix some m > 2. With
1(m+1)32
01:2, 02:3 and (SZZT—F%,
we get
Ae | ||| B
Vk>1, | ﬁ‘ 2 < Cs,
together with
A
VkE>m, C; < ﬂ—’;‘ and —’“,&gé.
k P || bk

We now focus on the example when

g6 & % + 3 cos(€) + %cos(Zg)7

so that u(€) = cos(€) is a trivial solution for o = 0. We are going to use rigorous
computations in order to prove the existence of solutions for o # 0, and to compute
these solutions.

Starting from o = 0, we first use standard pseudo-arclength continuation tech-
niques to numerically get some nontrivial approximate solutions for o # 0. We
computed 1250 different solutions (675 for ¢ > 0 and 675 for o < 0). See Fig-
ure 2 for a diagram summing up those computations, where each point represents
a solution of (50).
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FIGURE 2. Branch of solutions of (50).

Then we use the rigorous computation method described in this paper to prove,
for each numerical solution, the existence of a true solution in a small neighbour-
hood of the numerical approximation. We keep m = 20 Fourier coefficients for the
numerical computation, and use M = 20 and the decay rate s = 2 for the proof.
The bounds of Lemma 3.7 as well as the error on @ (35) are computed with L = 100.
For each numerical solution, the proof is successful. The set I defined in Section 3.4
on which all radii polynomials should be negative always contains [4 x 1071, 1074],
and we rigorously prove using interval arithmetics that they are indeed all negative
for » = 1071%. Hence the assumptions of Theorem 3.1 hold and as a consequence,
within a ball of radius » = 1070 in Q° centered on the numerical approximation,
there exists a unique solution to (50). Therefore the existence of the solutions rep-
resented in Figure 2 is rigorously proven, within a margin of error that is too small
to be depicted. The codes used to perform the proofs can be found in [18].

Notice that existence of solutions of (50) could certainly have been obtained in
different and more classical ways, for example using perturbative methods when o
is close to 0, or using a variational approach (that is, considering (50) as the Euler-
Lagrange equation related to the critical points of a functional), or even using
topological tools such as the Leray-Schauder theory. The advantage of our method
is that it gives us more quantitative information than those approaches: indeed it
enables to provide more than one solution for some values of o, and, maybe more
importantly, it gives a very precise localization of this (or these) solution(s) in terms
of Fourier coefficients (something that looks very hard to obtain with qualitative
PDESs methods).

5. Conclusion and Perspectives. A first interesting future direction of research
would consist in adapting our approach to the rigorous computation connecting
orbits of ODEs (using spectral methods). For instance, we would like to investi-
gate the possibility of combining Hermite spectral methods with our approach to
compute homoclinic orbits (e.g. see [13, 14]). Since the differential operator in
frequency space of the Hermite functions is tridiagonal, adapting our method to
this class of operator could lead to a new rigorous numerical method for connecting
orbits.
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It would also be interesting to adapt our method to the case of solutions belonging
to the sequence space

0 ={z = (@)izo0: o, = owlr* < oo}
k>0

for some v > 1. With this choice of Banach space, we could use the fact that Ell, is
naturally a Banach algebra under discrete convolutions. This could greatly simplify
the nonlinear analysis.

Note that assumption (5) requires the tridiagonal operator to have symmetric
ratios between the diagonal terms and the upper and lower diagonal terms. This is a
restriction that could hopefully be relaxed. Since many interesting problems involve
tridiagonal operators with non symmetric ratios (as in the case of differentiation in
frequency space of the Hermite functions), we believe that this is a promising route
to follow.

Finally, generalizing our approach to problems with block-tridiagonal structures
could also be a valuable project.
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