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Abstract

We study the interaction of small amplitude, long-wavelength solitary waves
in the Fermi—Pasta—Ulam model with general nearest-neighbour interaction
potential. We establish global-in-time existence and stability of counter-
propagating solitary wave solutions. These solutions are close to the linear
superposition of two solitary waves for large positive and negative values of
time; for intermediate values of time these solutions describe the interaction
of two counter-propagating pulses. These solutions are stable with respect
to perturbations in £> and asymptotically stable with respect to perturbations
which decay exponentially at spatial f-o0.

Mathematics Subject Classification: 37K40, 37K60

1. Introduction

It has long been of interest in applied math and physics to study how energy and mass are
scattered or transferred during the collision of two or more coherent objects. We study this
question for the Fermi—Pasta—Ulam (FPU) problem:

4 =V'(qin—q)—V'(g; —qj-1) jez, (M
which models an infinite chain of anharmonic oscillators with nearest-neighbour interaction

potential V. On making the change of variables r; = g;.1 —g; and p; = g, the state variable
u = (r, p) satisfies a system of first order Hamiltonian ODE:s,

u, = JH' (), 2)
where the Hamiltonian H is given by
1
H(r, p) = gipiw(m. 3)
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The symplectic operator J is given by J = (1 _057. Sa l) where S is the left shift on bi-infinite

sequences, i.e. (Sx), := x,+1. The problem is well posed in each £” space, but for concreteness
and simplicity we work in £2.

The restriction of this problem to a finite lattice with Dirichlet boundary conditions was
famously studied on the MANIAC computer in order to determine rates of convergence to
equipartition of energy [1]. Surprisingly, no such convergence occurred. Instead, the authors
observed nearly quasiperiodic motion in which the energy remained mostly in the first few
modes. Later Zabusky and Kruskal [2] rediscovered the equation of Korteweg and DeVries
(KdV) as a long-wavelength low-amplitude limit of FPU and posited a connection between
nearly recurrent states in FPU and soliton interaction in the KdV equation. The KdV equation
has gone on to become both important and well understood as an example of a completely
integrable nonlinear dispersive wave equation. For an excellent review of this productive
period see Miura [3].

Less understood is the theory of solitary waves and their interaction in nonintegrable
dispersive wave equations. Martel, Merle and their collaborators have studied the generalized
KdV (gKdV) equation where they have obtained existence and stability of asymptotic multi-
soliton states [4], as well as the existence and stability of ‘nearly two-soliton solutions,” [5]
that is, solutions which remain close to the linear superposition of a broad, small, slow-moving
solitary wave and a narrow, large, fast-moving solitary wave for all time. So long as initially
the large wave is to the left of the small wave, the large wave will overtake the small wave
in finite time. Thus these solutions describe the collision between two solitary waves. Here
the solitary waves survive the collision despite the fact that the system is not integrable, but
unlike the integrable case, the collision is inelastic—energy is transferred or scattered from
the solitary waves to dispersive or radiative modes.

In this paper, we examine the interaction of solitary waves in the FPU model which unlike
gKdV admits two-way wave motion. In particular, rather than study the analogue of the KdV
2-soliton solution in this model, we focus on the interaction of counter-propagating waves. We
restrict attention to the ‘KdV’ regime of long-wavelength, low-amplitude initial data. In this
near-integrable regime, solitary waves and their stability are well understood. In particular, see
[6-11] and the references therein. Our results are consistent with those of Martel and Merle,
and the reasonable conjecture that in the near-integrable regime, collisions are nearly elastic.

Our main result yields an open set of initial data U C € such that for each u € U, the
solution u of (2) with initial data u(0) = u satisfies
limsup [lu(t) — uc, (t) —ue ()| < Ce™* " limsup lu(t) — uz, () — uz_ ()| < Ce’/>7™
t——00 t—o00
for some constant C which does not depend on ¢ and small numbers 0 < n; < ny < 1/2.
Here u., and u._denote right- and left-moving solitary wave solutions to (2) and are order
£3/% in the £% norm. The wave speeds at 1 = co, which we write as ¢ may be different from
the wave speeds at t = —oo which we denote here by ¢, . This is stated more precisely as
theorem 2.1. The interpretation is that before the collision, the error is exponentially small
compared with the main waves and is only due to the weak interaction of the tails of the solitary
waves. However, the collision itself transfers or scatters energy from the coherent structures
u., and u._ to radiative modes and perhaps smaller coherent modes. This scattering manifests
in the error term for large positive times which is much larger than the error for large negative
times, but remains very small compared with the size of the main waves.

The strategy for the proof is to consider three different regimes:

1. The pre-interaction regime where the solitary waves are well separated and moving towards
each other.
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2. The interaction regime where the solitary waves are not well separated.
3. The post-interaction regime where the solitary waves have already collided and are now
well separated and are moving away from each other.

The interaction regime is handled with a finite time energy estimate which is made precise
in theorem 2.3. The pre- and post-interaction regimes are handled with a stability result which
is made precise in theorem 2.2. In order for these theorems to work together to describe the
collision of solitary waves, the stability theorem must (a) be valid for the perturbations incurred
by the finite time approximation and (b) show that these perturbations remain small compared
with the main solitary waves. However, consider typical stability results, and in particular the
ones in [6, 10, 11] which have the following form:

There exists a § > 0 and C > 0 such that whenever the initial perturbation dy is
smaller! than § then the perturbation will remain smaller than C§ for all time.

In order to extend the stability results of [6, 10, 11] to the two-soliton case, we must quantify
both 6 and C above. If § were to be less than the error incurred by either the weak interaction
or the finite time error estimate that would present a fundamental mathematical obstruction to
extending stability results for a single solitary wave to the two-wave context via the method we
present here. Also, if C were to be larger than the size of the main wave u., or u._ divided by
the error incurred by either the weak interaction or the finite time error estimate, then although
we could prove a theorem which controls the size of the perturbation, we would be unable to
say that the perturbation remains small compared with the main waves. It turns out that in
the stability analysis for solitary waves in FPU, the part of the perturbation which is localized
near the solitary waves is relatively innocuous while any perturbation which is not localized
is dangerous. Our main stability result, theorem 2.2, is stated in the form:

There are positive numbers joc & 3%, Sponioe 2 €72, Cloe ~ 1 and Cpoploc & £3/2

such that so long as the (non)localized perturbation is smaller than §on)ioc then the
perturbation remains smaller than Ciocdioc + ChonlocOnontoc fOr all time.

This allows us to prove that for ¢ sufficiently small, there are global-in-time solutions which
are close to the linear superposition of two counter-propagating solitary waves for all positive
and negative time. Additionally the methods presented in this paper suggest a blueprint for
studying the collision of small broad waves in a variety of dispersive systems which have
two-way wave motion.

We leave open the important problems of whether or not asymptotic multi-soliton states
exist, i.e. whether or not initial data may be chosen so that the radiation terms decay to 0 as
t — oo, whether or not exact multi-soliton states exist, i.e. whether the initial data may be
chosen so that the radiation decays to 0 as |t| — oo, as well as a description of the collision
of larger solitary waves.

2. Main results

We assume that the potential V satisfies
eHl VecCt V(0)=V'(0)=0 V7(0) =1 V”7(0) = —1.

We note that while requiring that V"(0) = 1 and V"'(0) = —1 may appear restrictive, in
fact it is not. To see this, suppose V (x) = %axz + ébx3 + O(x*) is a general potential with

! Here, in the interest of space, we are being intentionally vague about what we mean by ‘perturbation’ and what we
mean by ‘small’. This will be made clear later in the paper.
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V(0) = V'(0) = 0 and V”(0) > 0 and V" (0) # 0. Write Newton’s equations for a chain of
coupled oscillators with interaction potential V:
é].n = V/(QH - anl) - V/(qn+1 - QH)

Now make the change of variables r,(t) = «a(g,(Bt) — g,—1(Bt)) and p,(t) = afq,(Bt).
Then u = (r, p) solves (2) with V given by V(x) = ap*x + 1b(B?/a) + O(x*). Choosing
B =a"'"?and a = b/a gives us H1.

It was proven in [7-10] that under the hypothesis H1, there is a cypper > 1 and a family of
solitary waves u, parametrized by wave speed ¢ € (1, cypper] for whichu(k, t) = u.(k—ct—y)
is a solution for any ¥ € R and moreover the following hold:

e P1 The profile r. takes values in an open interval I, C R containing O such that
V”(r) > 0 whenever r € I,. Moreover r, is even and decays at the exponential rate
exp(x(c)|x|) where k (c) is the unique positive root of sinh %/c / %K =c.

e P2 For each ciower € (1, cupper) and for each a € (0, k (Clower)/2), the map (7, c)
e“uc(-— 1) is C' from R X (Clowers Cupper) into £2.

e P3  The energy of the solitary wave H (u.) satisfies % =¢ fR ¢§ + O(&®) where g
is the KdV soliton. In particular % # 0 for ¢ sufficiently small.

Here P1-P3 were proven in [7]. Note that due to the time reversability of equation (2),
the properties P1-P3 also hold for ¢ € [—cypper, —1). In our application of P2 we require the
map (7,c) — e29y.(- — 1) to be C3. We show that it has this additional smoothness in the
proof of lemma 3.2.

In the remainder of the paper we assume H1. Let cypper be as in P1-P3, choose
Clower € (1, Cupper) and fix a = a(ciower) s0 that P1-P3 hold whenever ¢ € (Ciower, Cupper)-
Throughout the paper K and C refer to generic constants.

Before we may precisely state our main results, we need to develop the weighted function
spaces which we will work in. Let £2 be the Hilbert space of two-sided real valued sequences
{xx}rez Which satisfy [|x||? := > ez x,% < o0o. Denote by Eﬁ the weighted Hilbert space of

two-sided real valued sequences {x;}rez which satisfy [|x]|? := >, ., e**x} < co. Given
real valued functions of a real variable 7,(t) and 7_(t) define ||x||.,) = e “*O|x|, =
QO ier eza(k’u(t))x,f)%. Note that the weight e?* in the weighted norm || - ||, travels in the

frame of a wave u, (- — 7+ (¢)). Similarly, we define || x||;_¢) := €*™@ | x||_,. In the following
the function 7, is allowed to vary depending on the context. In the following we will abuse
notation, writing ||x (¢) ||, to denote [|x(¢) ||, ). We also write x,. and x_ to be the spatially right
and left parts of x, respectively. That is x,(k) = x(k) when k > 0 and x, (k) = 0O otherwise;
similarly x_ (k) := x (k) — x, (k).
We may now state precisely our main result.

Theorem 2.1. Assume (HI). For each 0 < 0y < ng < 1/2, there is an gy > 0 such that
for each 0 < & < g there is a constant C > 0 and an open set U C €% such that for each
ug € U there are smooth real valued functions of a real variable c,, c_, t., and t_ such that if

u denotes the solution of (2) with u(0) = uy, then its perturbation from the sum of two solitary
waves

V() = U 1) = ey (- — T (1)) — e (- — T (1))
satisfies

o)) < Ce™ ™" 1<0 )
and

o) < Ce7/272m t>0. ©)
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Moreover, the weighted perturbation decays:
lim Z(eh(k—n(t)) 4200ty (42

—00

keZ

= lim Z(e*zﬂ"*w” + 2k (k1) = 0. (6)
——00
keZ

Furthermore, the limits
tlim (ce(t), c_(1), T. (1), T_(1)) and tlim (cp(t), c_(1), To(2), T_(1))
—> 00 —>—00

exist with lim;_, 1 T4 (1) — ¢4 () = 0 for a € {+, —}.

In addition, there is a subset of U which lies in the weighted space Uy C Ei N Ez_a NnU
and which is open in €2 N €%, such that whenever ug € Uy the weighted perturbations decay
at an exponential rate. That is, there is a b > 0 such that the solution u of (2) with u(0) = uy
satisfies

Z(e2a(k—r+(l‘)) +e—2(,l(k—'r,(t)))v(k’ t)z < Ce—bt > O (7)
keZ

and
D etk by (k1) < Ce” 1 <0 ®)
keZ

Theorem 2.1 asserts the existence of solutions which remain close to the linear
superposition of two counter-propagating solitary waves forever, both forward and backward
in time. In particular, solitary waves persist after collision. Moreover, the energy which is
transferred from the solitary waves to radiative modes or smaller solitary waves is small relative
to the main waves, whose £% norms are O (g%/?). Furthermore, these counter-propagating wave
solutions are stable with respect to perturbations in £2. In addition, solutions which differ
from the sum of two counter-propagating solitary waves by a sufficiently small exponentially
localized perturbation at some initial time, continue to differ from the sum of solitary waves
by a small exponentially localized amount, both forward and backward in time.

In our proof we combine an orbital stability result for weakly interacting waves with a finite
time approximation result for strongly interacting waves. There is a tradeoff here between the
exponential control of the radiation at # < 0 and the polynomial control over the radiation for
t > 0. This tradeoff is a result of choosing the time period over which one uses the finite time
approximation. If one uses a relatively short time period, so that the waves just have time to
pass through each other, then the polynomial error incurred by the approximation is smaller.
This corresponds to a small value of 1y above. However, this has consequences for the bounds
in the orbital stability result because if the waves start out relatively close to each other, then the
cross terms which come from the interaction will be larger. This corresponds to a small value
of 1 above. On the other hand, if one uses finite time approximations for a larger time period,
then the error incurred by the approximation will be larger, but the interaction terms before
and after this period will be smaller, corresponding to relatively large values of 1; and 7.

The orbital stability and finite time approximation results are of independent interest and
we now state them as separate theorems.

Theorem 2.2. Assume (H1). For each n, > 0 there are positive constants C, Sioc, Snonloc, and

&o such that for any ¢ € (0, &g) the following hold. Suppose that there is a decomposition
uo(-) —tes (- — ) —uer (- — 1) = vip + V20

such that |[violl < Snontoc and ||(v20) I+ + [|(v20)— I + llv20ll < S1oc with T < —Ce™ ™" <

Ce 171 < T, Snontoc < C &2 and 81 < Ce3*. Then there are smooth real valued functions
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of a positive real variable c,, c_, T, and t_ such that the solution u of (2) with u(0) = ug
satisfies

llu(t, ) — uc+(t)(' —1,(1)) — uc,(t)(' - < C873/28n0nloc + Cdioc + Ceienl

forallr > 0 9
and
Tm ((t, ) = tte. ) = T (1)) = e (- = T- (Dl = 0. (10)
Moreover, the limit lim;_, o (c4(t), c—(2), T+ (2), T_(2)) exists with lim,_, o, T,(t) = cu(t) for
o € {+, -}
Furthermore, if vig = 0, then

lv@elle < Ce™ @€ {+ -, (11)
where in the small & regime b ~ &>,

Note that we are fairly quantitative in determining the small ¢ asymptotics for the initial
data whose evolution we are able to control as well as for the degree to which we are able
to control it. This is an essential feature of our method as the stability result must be able to
tolerate the error incurred by the following finite time estimate.

Theorem 2.3. Assume H1. For any 0 < ny < ng < 1, there exist positive constants &g, Co,
Cy and Ey such thatifc_ = —1 — 11—282,3_ andc, = 1+11—282/3+, with |B+] < 1and0 < ¢ < g
and 0 < E < E, then whenever u is a solution of (2) with

lu0) —ue, (- — 1) —uc (- — )|l < /2= g

for some n > 0, then the difference between the solution of (2) with initial condition u(0) and
the linear superposition of waves has a decomposition

u) —ue, (- —cot = 7)) —ue (- —ct — 1) = v1(1) +02(0)
such that
lor @) < Coe 27 (E +1)
and
o2+ [lo2 () 1+ + 02| - < Coe”> ™ (E + 1)
hold for 0 < t < Coe™'"™. Ifin addition,
10(0) = e, (- = 7) = e (= Tl + [u(0) = e, (- = 70) — e (- = T) |- < Cre”*7™
then we may take v = 0.

The proof of theorem 2.3 follows from a straightforward, albeit nonstandard, energy
estimate. The following lemma will help to streamline the proof.

Lemma 2.4. Consider the nonlinear inhomogeneous discrete wave equation
F=(S—=10Dp,
p=I—-SNr+grp).

Let Ty € R and a ~ & be given and let ¢, be given such that ac, — 1 ~ &* for a € {+, —}.
Let || - || denote the standard £* norm and let || - ||o denote the weighted norm with phase
Ty = cqt — aTy.
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Assume that there are positive constants Cy, C1 and ng € (0, 1) which do not depend on
e such that for ¢ sufficiently small we have ||g(t, r, p)|| < Coe'™™ for0 <t < Cie~'=" Then

-1 + IpOIF < e (IrO) 1 + | pO)1* + 1) 0<t<Crem' ™.
Similarly, if ||g(t, 7, p)lla < Coe'*™ for 0 <t < Cie~'"™ then for ¢ sufficiently small
@112 + P12 < e (r )1 + | pO)|I* + 1) 0<t<Ce' .

Proof. We consider first the unweighted £2 norm. Let £(¢) := ||r(¢)||> + || p(¢)||>. Compute

d
T EO =1 (S=Dp)+(p. (I - STHry+(p.g) = (p.g) < lgllE+1).

In the second equality we have used the fact that S* = S~! when regarded as an operator on
£2. In the last inequality we have used the Cauchy—Schwartz inequality as well as the fact that
x < x2+1toreplace | p|| with € + 1. From Gronwall’s inequality and the smallness condition
on g we obtain

Et) < e“CEWO) +e9C — 1 0<t<Cpel™m
as desired.
Now consider the weighted norm. Let &,(f) := ||r(t)||§ + ||p(t)||§ and let (x, y), :=
Y iz €4kl xp i so that [|x |2 = (x, x)o. Compute

d
3 Ee(t) = —2aac &y + (8" — SO, Pla + (P, 8)a

€“(1 —e ™) — 2a0cy)Eq + [1glla(Ex + 1)

<
< 2Coe™ (&, + 1) for0 <t < Cie™'"™,

In the second line we have used the fact that $* = e=29S~! and ||S™!|| = €“ in the space ¢>
to bound the first term and we have used the Cauchy—Schwartz inequality together with the
fact that x < x2 + 1 to bound the second term. In the third line we have used the fact that
acy — 1~ &% and a ~ & to show that the first term is higher order in & than the second term
and thus is no bigger than the second term for sufficiently small e. We have also used the
smallness assumption on g to simplify this term. The result again follows from Gronwall’s
inequality. |

We can now prove theorem 2.3.

Proof. The idea of the proof is to write u = u,, +u._+ vy +v; where v, is localized and serves
to cancel the leading order terms in 5‘—[ |vi||>. As a preliminary step we study the following
system of equations:

¢1 = (S — Do,
¢ = (I — S Mgy +2e7 %M, 1, 1,

where r., and r._ are solitary wave solutions of the FPU equation evaluated at k — ¢4t — Tp
and k + ¢t + Ty, respectively. Our aim is to apply lemma 2.4 to show that ¢ remains small on
timescales of order e ~!~™. To that end, we estimate

eI = S rere e = ™7 lre,(I = S e + (ST YT = STHre, lla
< Ce™ 2 r Nl + Ce™ 2T — S yre, lle < Ce'*™.

In the first inequality in the second line we have used that ||(I — S ’l)rcfa lee < Ce? and
that ||7._ |lex < Cée?, which follow from (14) and the mean value theorem. In the second
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inequality we have used that ||r., |l < Ce*? and that |(I — S~')r., |l < C&>? which also
follow from (14) and are again established in lemma 3.2. We note that (at least for r < Tj),
llrc_, ll« is exponentially large, thus it is essential that we are able to use the £°° norm rather

than the || - ||, norm to estimate r. ,. The bound for the £2 norm is similar.
We consider now the system
Y1 = (S = Do,

Yo = (I = ST +26770((re, + 7))
We again use lemma 2.4 to bound both the £2 and weighted norms. Here it suffices to use the
fact that || || +[|¢1 |+ +]|¢1]- < C and ||r., +7._||¢~ < Ce? to bound the inhomogeneous term.
Now let vy 1= £7/27M0¢ + £%/2= 2104y We define the residual v; = (R, P) by the ansatz

F=re, 41 870G 4 2720y 4 g1123MR,
7/2— 9/2-2 11/2-3
P = Pe,+pe +&T0 + 7270y 4 1120 P,

where ¢ and i are as above.
Upon substituting the above ansatz into (2) we see that R and P satisfy the differential
equation

R=(S—1I)P,
P=(U-SYHR+g,

where the inhomogeneous term is

g=(I =8 "[(re, +re )™ Y1 + R)] (i)
+ &1 — STH[(g + &' Yy + 72 R)? (i)
+ 3P U = ST (e, re )+ ST reyre YU — ST (re, + 1)) (iif)

+ &2 = ST+ Y+ TR s (e, re €72,
89/2727,0%’ £ 11/2=3m0 R)] (iv)
+ 53”0_“/2(1 _ S‘l)F4(rC+, ro 87/2—,704)]789/2—2;70%, 8“/2_3”0R). )

Here F3 is a homogeneous polynomial of degree 2 in its arguments and accounts for the third
order terms in the Taylor expansion of V"’ about O other than those which arise from (r,, +7._ )3.
The function F4 accounts for the fourth and higher order terms in the Taylor expansion of V’
about 0 and is quartic in all of its arguments.

From fact that ||r,, || ¢~ < Ce? we see that (i) < Ce!*™ so long as ||/ || remains O(1) and
| R|| remains O (™). Similarly (ii) < C&%?*0 50 long as ||¢ || remains O(1), |1/ remains
O(e™ ') and ||R|| remains O(¢2"~2). To bound (iii) we use the fact that 17e, e < Ce?,
that |(1 — S~ (re,re e~ < Ce”2, that [|S™ (re,re )| < llre, lle=llre_ |l < Ce’/* and that
(I — S~ YHr., || < Ce? to conclude (iii) < Ce!*3m,

Since Fj is quadratic, we have (iv) < Ce?*?™ so long as its arguments remain O(¢?) and
the coefficient remains O (1). That is, we have (iv) < Ce2*2M g0 long as ¢ remains O(1), ¥
remains @(e™~!') and R remains O(e272M). We similarly conclude that (v) < g2+3m g0 long
as ||¢1 ]| remains O (e™3/2), || || remains O (g™ ~>/?) and || R|| remains @ (g™ ~7/2). Note that
we have only had to assume that || R|| remains O(¢™~!) on timescales ¢ ~ ¢!~ Thus from
lemma 2.4 it follows that || R||> + || P||?> actually remains O(1) on timescales t &~ ¢~ o,

To conclude the proof it remains only to show that if the initial perturbation is localized,
it remains so for the timescales of interest. To that end, redefine the residuals R and P by the
ansatz

r=re +r. +&/* MR P =pe, +pe +e!MP
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and substitute into (2) to obtain
R=(S—1I)P,
P=(U-SYHR+g,

where g 1= " 72(1 — STV (re, + 1. +€"27M) — V'(r.,) — V'(r..) — &"/>"™R). Use
Taylor’s theorem to write V/(re, +7c.) = V'(re.) + V" (re )re, + V" (re)re + V"' (01)r] and
V'(re, +7c_ +&/2MR) = V'(re, 1) + V' (re, + 1. )" ™R + V" (9,)e’~? R%. Thus

g = 8770—7/2(1 _ S—l)((v//(rci) _ l)rL-+ + ‘////(rc?)rg+ + ‘/////(9])’”3+
+ (V' (re, +1c ) — D)2 R + V" (By)e’~>1 R?).

The quantities 6; are bounded uniformly in both space and time, so long as || R|| ¢~ remains
bounded. Since we are trying to prove that R remains bounded, and we must assume that R
remains bounded in order to bound V"’ (6;), we proceed with some care. More precisely, assume
that there are some positive constants C4 and C; so that || R~ < C4 for 0 < t < C1e~'7",
It follows that there is some positive constant Cs so that |[V"”(0;)| + |V"(6,)| < Cs. Thus

liglls < ™2 (lre_llex 1T = S™re, e+ Clire, le< I = S™Hre, Nl + Csllre, I3 llre, 1+
+ Cllre, +re_lle= [ Rll+ + Cse™* | Rl | R+
< Ce'™™ 4+ Cse 7 + Ce?||R||4 + Cse”> ™| R|| < || Rl
so long as || R||¢~ remains bounded. We can always choose ¢ small enough so that
gl < 2Ce™™, (12)

where C is a constant which depends upon neither € nor R. Thus, so long as so long as
the above is valid, i.e. |R(t)|[¢~ < Cy4 then from lemma 4 we have |[R(t)|2 + | P(t)||> <
e2CCI(IRO)||> + |P(0)||?>) for 0 < ¢t < Cie~'=M. We may now, a posteriori choose
C4 = 2e*“C1 and make & smaller if necessary so that (12) holds.

One may obtain similar estimates for ||g||— and ||g]||. In particular

gl +llgl-+llgl < Ce'*™
so long as || R||+ + || R||- + || R|| remains O(1). This concludes the proof. O
We now show that theorem 2.1 follows from theorems 2.2 and 2.3.
Proof of theorem 2.1. The strategy for the proof is to consider three different regimes:

1. The pre-interaction regime where the solitary waves are well separated and moving towards
each other.

2. The interaction regime where the solitary waves are not well separated.

3. The post-interaction regime where the solitary waves have already collided and are now
well separated and are moving away from each other.

We choose initial data in the pre-interaction regime which is exponentially close (in £7)
to the sum of two well separated solitary waves. In light of the symmetry (r(n, t), p(n, t)) —
(r(n, —t), —p(n, —t)) for (2) we may apply theorem (2.2) backwards in time. In particular,
using (9) with 8¢ = Snontoc = €7° ' and 77 = —1t* = ¢~ 17 yields (4). To control the
evolution in the interaction regime we use theorem 2.3. However, note that the definition of
the weighted norms change under the symmetry (r(n, t), p(n, t)) — (r(n, —t), —pn, —t));
when the solitary waves are moving away from each other the weighted norms do not see mass
that lies in between the main waves, whereas when the solitary waves are moving toward each
other they do. Thus to ensure that the localized error vy is small, we must take §,opi0c = et ™
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above. Having done this, the localized error vy is order ¢7/270 and the €2 error vy is order
g!1/273m in the interaction regime. In light of the symmetry u(n, t) + u(n,t — T) we may
again apply theorem 2.2. Using (9) with 8i,c = C&7/>7™ and 8ponioc = Ce!/273 yields (5).
The weighted norm estimate (6) follows from (10) and convergence of modulation parameters
similarly follows from theorem 2.2.

To complete the proof it remains to only repeat this procedure for the initial data which
is exponentially close to the sum of solitary waves in the weighted space Zg N Ez_a. Using
(11) with pontoc = 0, Sloc < Ce7/** and = -1 = e~1=M yields (7). Upon applying
theorem 2.3 and using the fact that the initial perturbation is localized, we have v;yp = 0 and
vy is order &7/27™m_ Using (11) with 8,c = C&”/27™ and §on10c = 0 yields (8). O

The rest of the paper is devoted to proving theorem 2.2. Before sketching its proof, we
briefly review the previous stability results [6, 10, 11] on which we build. The KdV equation is

U = Uxxx + 3(”2))(. (13)

Travelling waves u(x, t) = Q.(x — ct) satisfy the wave profile equation cQ + Q" +3 0? which
can be solved explicity to obtain Q.(§) = ¢ sechz(ﬁé /2). These solitary waves Q.(- — 1)
form a 2-manifold in the space of initial data, parametrized by allowing the speed (or mass) ¢
and the phase t to vary independently. To study perturbations of solitary wave solutions, one
makes the ansatz u(x, t) = Q. (x — t(¢)) + w(x, t). The evolution of the perturbation w is
governed by a dispersive PDE. In order to control its evolution, Pego and Weinstein [6] work
in an exponentially weighted space and prove that w(¢) tends to zero at + — o0 in this norm.
The evolution of the speed c(¢) and phase 7(¢) are governed by ODE’s which are coupled to
the PDE for w(z). The control of w in the weighted norm, together with energy estimates
which come from the conservation of the Hamiltonian and an orthogonality condition on w,
is sufficient to imply convergence of 7(¢) and c¢(¢) as ¢t — oo.

In 1999 Friesecke and Pego showed that in the ‘KdV’ regime of long-wavelength, small
amplitude traveling waves whose speed is close to the ‘sonic’ speed, which is csonie = %1
in our case, FPU solitary waves could be well approximated by KdV solitary waves. More
precisely, they showed that if the speed c is sufficiently close to 1 (or —1), and if one writes
c? = 1+ 5,2, then the travelling wave profile satisfies the estimate

< Ce?, (14)

(D) =90 o

where ¢1(§) = %sechz(é /2). This closeness between KdV and FPU solitary waves is
instrumental in importing estimates for KdV linearized about a solitary wave to the FPU
setting.

In a series of papers from 2002 to 2004 [8-10], Pego and Friesecke showed that these
waves are stable with respect to perturbations which are small in both £2 and a weighted space.
Their method of proof is adapted from [6] and indeed relies heavily on results presented there.
This series of papers provides a blueprint for importing estimates which are known for the KdV
equation to equations which have KdV as a long-wave low-amplitude scaling limit. However
this work, as well as that of [6], is limited to perturbations which lie in a weighted space and
thus says nothing about the behaviour of solutions which differ from a solitary wave by a
perturbation which decays very slowly.

Orbital stability in the energy space for gKdV solitons was obtained by Martel and Merle
in [12]. The conceptually simplest version of the argument relies on a virial identity for the
perturbation equation. That is, small perturbations to the solitary wave never linger near the
solitary wave—regardless of whether they are exponentially localized or not. Since evolution
of the modulation parameters ¢ and t is controlled by the mass of the perturbation near the

1
ﬂ&‘




Counter-propagating two-soliton solutions in the Fermi—Pasta—Ulam lattice 2921

solitary wave, one may use this estimate to control the evolution of ¢ and t, and thus use energy
estimates to obtain Lyapunov stability for the solitary wave.

More recently, Mizumachi [11] has obtained orbital stability in £ for solitary waves of
(2) in the KdV regime via an adaptation of [8] which uses ideas present in [12]. Unfortunately
we know of no virial identity for the evolution of perturbations to solitary waves in FPU.
However, it is not hard to show that exact solutions of FPU with small initial data move more
slowly than larger solitary waves. Mizumachi decomposes the perturbation into two pieces,
one of which is an exact solution and the other of which is exponentially localized [11]. With
this decomposition one can show that FPU solitary waves are stable to all sufficiently small
perturbations in £ even if they are not exponentially localized.

With this background in mind, we are now ready to outline our proof. We first make the
ansatz

ut) =te,iy(- — () +ste_ iy (- — (1)) + v (). (15)

Here we allow the modulation parameters ¢, and 7, for « € {+, —} to vary in order to control
the neutral modes associated with variation in wavespeed and phase. This control is achieved
via orthogonality conditions which we place on the perturbation v.

It is a consequence of the convexity (and conservation) of the Hamiltonian that so long as
these orthogonality conditions are satisfied, we obtain

IDOIP < CAI () I +ele () = culto)] +ele_ (1) — c_(w)]) + exp.  (16)

Here exp denotes the exponentially small terms generated by the interaction between the tails
of u., and u. . Thus to obtain orbital stability it suffices to restrict attention to the region where
the interaction terms are small and to control the evolution of the modulation parameters c,.

Substituting the ansatz (15) into (2) we obtain a lattice differential equation for the
perturbation v which is coupled to a system of ordinary differential equations for the modulation
parameters ¢, and 7. If one localizes the perturbation to the left- and right-half lattices by
writing v = v, + v_ then the linear part of the lattice differential equation for v, generates
a semigroup which was studied in [10] and is known to decay exponentially for initial data
which are exponentially localized and orthogonal to the neutral modes. Given arbitrary initial
datav € €2, we follow [11] in decomposing it as v = v; +v, where v; is an exact solution of (2)
and v, is exponentially localized. We may now further localize v, by writing v, = vy 4+ + v —
with vy 4 near u.,. Now vy o lives in the space on which the semigroup generated by the linear
part of its evolution equation decays. Thus we may write a variation of constants formula for
v «. However, this equation is now coupled to the exact solution part of the perturbation v; as
well as the modulation parameters ¢, and 7, and cross terms associated with u. . To give a
sense for the relationship between the quantities involved, we write the variation of constants
formula here

V2.6 lle < Ce™T0(lua 4 (t0) e + V10 ) w,) + Cllvre @) llw,

t
iC / PG (5) e ds.

o
where

[Go ()l < &2 [v1a(®)llw, + &2 1éa ()] (T — ca) + (1Ta(s) — cal($)] + |ca(s) — ca(to)]

+ v [ + M [vae()lle + exp.

Here the two-sided slowly decaying weighted norm || - ||, is given by
||x||%va(t) = Ze—zmk—ra(r)\xi’ (17)
kel

and @ ~ . The reason for this choice is made clear in the proof of lemma 4.1.
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As is often done in stability analysis for PDEs, we first restrict attention to solutions for
which G, above is small. So long as this holds, after some computation and applications of
Gronwall’s inequality and Young’s inequality, we obtain

1 151
/ 2 ()2 df < Ce™? / lvra (O3, di + Ce > (v1.a (1)1, + lv2.4(f0)1I3) + exp.

0 )
Since we have followed Mizumachi and chosen v; to be an exact solution of (2) we may use
the virial identity (54) to see that

t
2 —4 2
f lvre )y, < Cellvi)l” + exp.
to

Through a separate analysis, which also mimics [6, 8, 11], we obtain
. 2 2 2
Ca S CE™+ Vol + vz DUIVielly, + v2qll3) +exp

and upon integrating this equation and using the above, we see that |c,(#) — ¢4 (fo)| remains
small as long as G, does. We may now conclude a posteriori that G, and hence |c, () — ¢y (f0)|
remains small for all time. In particular, we may use (16) to conclude that |v(¢)|| remains
small for all time.

Note that large negative powers of ¢ appear in several of the estimates above. These
large coefficients arise because in the small amplitude long-wavelength regime, solitary waves
move only slightly faster than smaller amplitude radiation, which disperses at the sonic speed
¢ = 1. Thus, the weighted norms associated with these solitary waves decay very slowly, hence
have very large integrals with respect to time. Given that the large coefficients are present,
controlling the above quantities requires some care.

3. Coordinates for the FPU flow near the sum of two solitary waves

As discussed in [7,8] there is a two-dimensional manifold of wave states parametrized
by wavespeed ¢ and phase t. Define the tangent vectors &(7,c) := d,u.(- — 7) and
&(t,c) = d.u.(- — 1) so that & (7, ¢) and &,(t, ¢) span the tangent space of the manifold
of wave states at the point u.(- — ). When we evaluate &; at (t,, c¢,) we suppress the argument
and refer to it as &; ,.

In the spirit of [8] we define the bilinear forms

n n—1
RO ED |:y1,n > Xoktyan Y xl,k:|

nez k=—00 k=—00

and

o0 o0
w_(x,y)=— Z |:y1,n Z X2,k + Y2.n le,k:| .
k=n

nez k=n+1
Observe that w,.(x, y) —w_(x,y) = >, 7 > 1z (VinX2k + ¥2,4X11) SO that whenever either
X or y is zero mean, the forms w, (x, y) and w_(x, y) agree. Also, when either x or y is zero
mean, the forms have the anti-symmetry property

we (X, y) = —wu(y, x). (18)
For this reason we refer to w, as a symplectic form even though (18) does not hold in general.
A particular case when x is zero mean is when x is in the range of J, thus wy (Jz, y) = (z, ).
The reason that we take care to define two separate forms is because we will have occasion to
apply them to sequences which needn’t be zero mean such as &, . The key difference between
o, and w_ is how they act on the weighted spaces 2 and ¢2 .
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When a > 0 the form w, is continuous when regarded as a map from €2, x €2 to R but
not when regarded as map from €2 x ¢, — R. Similarly, w_ is continuous when regarded
as a map from €2 x ¢2 to R, but not when regarded as a map from ¢2 , x ¢2 to R. Both w,
and w_ are only defined on a dense subset of > x £ — R and neither are continuous with

respect to the £2 x €2 topology. The following useful inequality is an immediate consequence

of the Cauchy—Schwartz inequality for the €2, ¢> , dual pairing.

~ 1
Ixlle, Iylle, =a lxlle,, Iylle,- 19)

1] —e—a Zaa

we (X, y) <

In the tradition of Pego and Weinstein [6], Pego and Friesecke [8] and Mizumachi [11] we
impose orthogonality conditions on the perturbation of our ansatz. We seek to study solutions
u of (2) which satisfy

uk,t) = e,k — (1)) +uc_y(k — 7=(0)) + v1(k, 1) + v2(k, 1), (20)

where v;(k, ) also satisfies (2). Let h.(k) = xj0,00)(k) be the Heaviside function and
h_(k) = 1 — hy(k). Denote v;y = vihy and v = v; + v2. The orthogonality conditions
that we impose on v, , are

o (§1,05 Vo) =0 a € {+ -}, 2D
o (82,05 V2,0) =0 o€ {+ —} (22)
Remark. Here condition (21) is imposed on the full perturbation v while condition (22)
is imposed only on v,. Pego and Friesecke do not decompose the perturbation and require

w(&;, v) = 0. Mizumachi introduced the analogue of (22) (for a single wave) which allowed
him to control the modulation equation for ¢, well enough to obtain orbital stability.

Substituting (20) into (2) we obtain an evolution equation for v, 4.

Lovyg = (Jga)ha + Lq. (23)
where
Ly, =0, — JH”(uCa), 24)
lo:=| Y cpbap—(ig—cpéip | ha (25)
Bel+, -}
and
8o = H (e, +uc_ +vi+vy) — H'(v)) — H'(ue,) — H' (uc_) — H" (e, )20 (26)

Our aim going forward is to analyse the evolution of the quantities v,, vy, c and t rather than
our solution u. Before we may do this in earnest, we must show that the two are equivalent;
i.e. that (z, ¢, v, v7) form a coordinate system for u. Moreover, we must show that these
coordinates are valid even if v; and v, are as large as the radiation due to collision could be,
i.e. as large as the error terms in theorem 2.3.

3.1. Estimates in the KdV regime

In theorem 2.2 we are careful to demonstrate how the size of both an admissible initial
perturbation § and the evolution of that perturbation depend on . This is necessary so that we
may establish that error incurred from the finite time approximation yields an initial condition
which is not too far from the sum of solitary waves and moreover remains small compared
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with the main waves. This requires an understanding of how each constant which appears
in [10, 11] depends upon €. In this section, we establish small ¢ asymptotics for the higher
derivatives of the wave profile with respect to ¢ and t. Some of the details of the computations
appear in appendix A.1.

The small ¢ asymptotics for the first derivative of the wave profile are established in [7].
In this section, we refine those estimates. Upon substituting a wave profile r (¢, k) = r.(k —ct)
into the second order differential equation for r, # = (§ + S~! — 2I)V’(r;), one obtains
the differential difference equation r/(§) = (T + T~! — 2I)V'(r.) where the translation
operator T is given by (Tx)(§) = x(& + 1). Taking the Fourier transform one obtains the
fixed point equation r. = P.N(r.). Here N(r) :=V'(r) —r = %rz(l + n(r)) with the above
equation serving as the definition of both N and n. The operator P is a pseudodifferential

operator with symbol p.(§) = % One can now make the scaling c = 1 + ‘f—; phote 2
and the renormalization r.(-) — ¢©# := e’r.() to obtain a sequence of fixed point
equations ¢©#) = PEN¢(¢©P)). Here P has the symbol p© (&) = —53CEED _ ang

1452 B—sinc? (£ /2)
Ne(¢) := e *N(2¢p) = %q&z(l +1(¢2¢)). Note that whenever p appears with a superscript,
it denotes the symbol of a pseudodifferential operator whereas p with a subscript is used to
denote the momentum component of a solution to (2).

One may now take the limit as ¢ — 0 and recover the fixed point equation for the KdV
wave profile ¢ = PO N (¢5) where P has symbol p© (¢) = % and N (¢) = 1¢7.
The crux of the argument in [7] is that p* — p° uniformly on R. It is then an elementary
result in the theory of pseudodifferential operators that P®# — P in the operator norm.
This (together with the invertibility of (I — P°N°(¢p)) on a weighted space orthogonal to the
neutral modes which is established from the theory of the KdV equation) is precisely what
is needed to show that the fixed point equation ¢®#) = PP N¢ () can be solved via a
contraction mapping argument.

In this paper, the collision problem requires precise small & asymptotics for ¢®# and
its derivatives in the weighted space H!. We accomplish this by regarding the fixed point
equation ¢©#) = PEP N¢(¢©P)) in the space E; of even functions whose derivatives up to
order 3 are square integrable after multiplication by the weight e**. To solve this equation
via contraction mapping arguments we must now obtain small & asymptotics for P¢# — pO
as well as (I — PON° (¢,3))’1, regarded as operators in the weighted space. To that end, we
present the following lemma which is proven in appendix A.1.

Lemma 3.1. There are constants C > 0 and a > 0 such that for ¢ sufficiently small and any
s = 0 the following hold:

1 |PEP — PO sy < Ce?,

2. 195 PP — 95 PO pogyy < Ce* fork =0,1,2,

3105 Ne(x) — 3*N° Wl eep) < llx — yllug + Ke? fork =0, 1,2,
4.1 = POINO @) e < C.

Here, and always, when X is a Banach space, £(X) denotes the Banach space of bounded
linear operators from X to itself and || - || z(x) is the operator norm. With the aid of lemma 3.1
we may establish the leading order behaviour for small ¢ of the higher derivatives of the wave
profile with respect to ¢ and 7.

240 5
2 0f C% = % then. B =p + 1282(2%)2, thus in the small & regime the scalings ¢Z = 1 + %;3 and £c = 1 + %
are equivalent to leading order in €.



Counter-propagating two-soliton solutions in the Fermi—Pasta—Ulam lattice 2925

Lemma 3.2. There is a constant C which does not depend on € such that for ¢ sufficiently

small

050" — gy, < Ce? 27)
and

1050 rell 2 + 11050 pell2 < Ce¥/*=2 (28)

hold withk+ j =0,1,2,3.

Remark. The weight a/e which appears in the equation for the renormalized wave profiles
(27) aught to be regarded as the renormalized version of the weight a. Recall that a = ¢ so
a/e ~ 1.

Proof. We first show that (28) follows from (27). Suppose that (27) holds. Then since 8’5(1),3

does not depend on ¢ it follows that 9 8; ¢®P = O(1) inthe small ¢ regime for j and k between
0 and 3, in particular for 0 < j + k£ < 3. To obtain the bound on r, and its derivatives in (28)
one merely uses the definition r.(x, t) = e2¢p®P (e(x — 1)), the observation that % =0(?)
for the scaling ¢? = 1 + %/3, the observation that 3,7.(x, t) = £3,¢©# (¢(x — 7)), and the
fact that || f ()2 = "*[ f(-)ll2,. To obtain the bound on p., write

w(D=a e -a()=a () =Tr () @

for some n € (0, 1) which may depend upon x. Here the second equality uses the mean
value theorem and the last equality uses the fact that wave profiles satisfy the FPU equation
to relate spatial and temporal derivatives. Now use the fact that for any n € (0, 1) we have
pe§ +n) < pe(§+1)+ p.(§) to conclude that || pcllz2 < 2c||re|lz2. Similarly, we can take
derivatives with respect to ¢ or t in (29) to establish the bound on p. from the bound on
re in (28).

The rest of the proof consists of establishing that (27) follows from lemma 3.1. We first
solve the fixed point equation ¢©# = P A N¢ (P in the weighted space of even functions
E3. A standard uniform contraction principle approach allows one to continue the fixed point
at ¢ = 0 to nonzero values of ¢ so long as the equation is sufficiently smooth in &, and the
linear part of the equation at the base point ¢y is invertible. Moreover, it is a consequence of
the uniform contraction principle that the fixed point ¢*# is as smooth in 8 as the operator
P¢# and further that the fixed point ¢*# is close to the fixed point ¢s when ¢ is close to 0.
More quantitatively, [|¢*? — ¢g|| < |[PEP N — PONO||. The details of this argument are
written out for the C' case in lemma A.1 in [7]. Here we apply the C? uniform contraction
principle, rather than the C' uniform contraction principle, but otherwise the arguments are
the same.

Observe that the operator I — PON°(¢4) is a compact perturbation of a pseudodifferential
operator, thus its essential spectrum in H* is independent of s. Moreover, from [6] its essential
spectrum in E? is bounded away from the imaginary axis and it has no even eigenfunctions in
L?, thus no eigenfunctions in E? forany s > 0. Thus ||(I — PONO(¢,3))_1 ez < C. From
lemma 3.1 we have || P¢#) — P||;z1) < Ce?. Thus we have the requisite regularity in ¢ and
invertibility of the linear part to apply the argument. We thus obtain for ¢ sufficiently small:

1. that P € E3,

2. that [|p©F — ¢4l < Cé?,

3. that ||(I — PEPN®(x)) ™"l z(gs) is bounded uniformly for ||l x — ¢ || small, and
4. that B8 > ¢*# is thrice continuously differentiable.
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One may now implicitly differentiate the fixed point equations ¢p©&# = P&P N&(pEh)
and ¢y = PON(¢p), isolate the difference d5¢“» — 955, and bound the terms on the
right-hand side. In the case k = 1 we obtain

a¢(a,ﬂ) _ ad)ﬁ = - P(S’ﬂ)aNs(d)(&ﬁ)))_]((POBNO(qb/g) _ P(s,ﬂ)8N5(¢(e,ﬁ)))3ﬂ¢ﬁ
+ 3g PCPN (9P — 8 PONO ().

Thus in light of (2) above and lemma 3.1 we see (after adding and subtracting relevant terms
and using the triangle inequality) that

959 P — dsppllm: < Ce? (30)

as desired.
Implicitly differentiating again we obtain

050" — 05gp = (I = PCPIN(@P)THG) + (D) + (i) + (v)),
where
(i) = (P°ON(¢p) — PCPIN" ()05,
(i) = PPN (@) — 95 PON(¢p),
(iii) = 285 PP INE (@ PP — 205, PPON(¢p)dppp and
(iv) = PEPIN(¢CP) (359 P)* — POI* N (¢hp) (3pp)”.

We may add and subtract relevant terms, use the triangle inequality, and bound each term
with either (2) above, equation (30) or lemma 3.1 to see

050" — 9301l uy < Ce? 31)

as desired.
Implicitly differentiating once more, we obtain

9P — 93¢p = (I — PEPIN ()7 () + (i) + (i) + (iv) + (v) + (vi) + (vii))
with

(i) = [PPON°(¢p) — PP AN (¢"P)19; 0,

(ii) = 0, PPN (¢P)) — 03 PON(¢p),

(iii) = 305 PP IN ()3 P — 305 PPIN  (dp)dphp.

(iv) =305 PCPO* N (P (350", 059 “?) — 305 P°9* N (¢p) (9p g, Opbp)

(v) =305 PEPIN (¢“P) 3505 — 305 PPON ()05,

i) = PEPPN (@) (950", 830", 059" — PYO*N(@°)(Bphp. dpdp. dp¢pp) and
(i) =3PCPN (6 “) (839 P, 85¢'“") — 3P°8*N°(¢°)(9p¢°, 350°).

Once again, we may add and subtract relevant terms, use the triangle inequality, and bound
each term with either (2) above, equation (30), equation (31) or lemma 3.1 to see

18507 — 83dplln; < Ce?
as desired. This completes the proof. |

We now use these small ¢ asymptotics to establish the existence of coordinates in a tubular
neighbourhood of the sum of two well separated solitary waves.
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3.2. Tubular coordinates

For the remainder of the paper we will regard (z, ¢, v;, v;) as coordinates for the solution u.
Here the pair (7, ¢) is shorthand for the four-tuple (z,, 7_, ¢4, c_). The strategy for proving
theorem 2.2 is as follows:

1. Let u be the solution of (2) of interest. Pick an initial time 7y, initial phases t7, initial
speeds ¢, and initial localized perturbations v , and let v; solve (2) with v;(fp) =
u(ty) — Za(ucé(._,;) + U;,a)'

2. Given t > fy determine the unique t, = 7,(¢) and ¢, = ¢, () such that

0 (Era, () = 11, (- = To)Vhe) = 0o (Ez e, W(E) = 01() =) the, (- = Ta))he) = 0.

Define vy (f) 1= u(t) — vi(t) — D, e,y (- — To(2)).

3. Derive equations for the evolution of 7, ¢4, and v;.

. Use the equations derived in (3) to control the evolution of t,, ¢, and v;.

5. Given the coordinates (7, ¢, v,) constructed in (2) and controlled in (4), conclude that
u(t) =Y, ue,i (- — (1)) + v2(t) + v1(r) is well behaved.

N

In our application of theorem 2.2 to the proof of theorem 2.1, the choice of 1, 7}, ¢} and
V3, in step (1) are naturally given by theorem 2.3. Step 3 is the subject of section 3.3 and
step 4 is the subject of section 4. Step 5 follows trivially from step 4. This section is concerned
with step 2. Similar work is done in section 2 of [8] and lemma 4 of [11], though for a single
wave. A key difference is that we must once again control the size with respect to ¢ of the
neighbourhood on which this decomposition is valid.

First, we state and prove the following lemma, which provides some preliminary estimates
on the restriction of the symplectic forms to the tangent space of the wave state manifold. It
corresponds to lemma 2.1 in [8]. In what follows the matrix A is given by

A(t,c) = Ap(t, 0) + Ai (7, 0), (32)

where

A+ +5 O+ 0
Ao(m)=< 0+ (T4, €4) )

0 Ao_ (‘L'_ , C_)

with Aoy (Te, Co) = <

0 A4 (T4)
AI(T, C) = (A (T ) 101: )
1-(7=

with Ala(taa Ca) = <

Wy (El,aa sl,aha) Wy (Sl,av ";:Z,ahc()
e (Er.as E1.0ha)  ©oErg, Eraha)]

wi(EZ.av él,fahut) wa(SZ,as 52,7Dthct)

Here as always &; ,, is evaluated at (74, ¢,).

0 (El s &1 —ala) wi@l,a,éz._aha))

Remark. In the following lemma, and in the remainder of the paper, we use the notation exp
to denote terms x which satisfy |x| < C(e™*"/™! +e~*"I™-1) for some constants C and m which
may be chosen uniformly in &. When the value of 7,, is allowed to vary we write exp(s) to
denote terms x which satisfy |x| < C(e=*"%®)I 4 e=#m™-))  Note that for any p we have
ePexp = exp by making m smaller and C larger if necessary. This convention will simplify
many expressions throughout the paper.
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Lemma 3.3. There is a positive constant Ty such that if 7., —1_ > Ty then the matrix
A = A(t,c, w) given by (32) is invertible. Furthermore, the off-diagonal terms A, satisfy

|A1|| = exp. Moreover, in the KdV scaling (14) to leading order in € we have Ty =~ “Oe—gg‘ and
e el exp exp
-1
& exp exp ex
Al A bR e (33)
exp exp & e
exp exp gl exp

Remark. When A and B are matrices and we write A ~ B, this means that there are positive
constants ¢;; and C;; which do not depend on ¢ such that ¢;;b;; < a;; < C;;b;; holds.

Proof. We show that Ay is the sum of a constant invertible matrix, plus a term which is
exponentially small in the phases 7, and t_ which measure the separation between the solitary
waves u., and the cutoff of the localization h,. We also show that the off-diagonal terms A;
go to zero exponentially in the phases t, and 7_. This completes the proof. The details follow.
The matrices Ag, were studied in lemma 2.1 of [8] for the case « = + and hy = 1
Our result is similar though due to the presence of the nonconstant function %, the matrices
contain exponentially small, time dependent components. Furthermore, the collision problem
demands that we keep careful track of the e-dependence of all quantities, unlike [8]. Consider
the matrix

Aos(ta 1) = (a)+(§1,+7 &E14hy)  wi(Ers, 52,+h+)>

w+(‘§2,+7 El,+h+) w+(§2,+a 52,+h+)

_ U)+('?>:l,+v ;5-1,+) CU+(‘$§1,+s %_2,+) . 0)+(;>:1,+7 51,+h7) CU+(§1,+1 ";:2,+h7)
0)+(§2.+, El.+) w+(§2,+, 52,+) w+(§2,+, E].+h—) CU+(52,+s 52,+h—)

=AY — Ao(Ts, ).

Here Af is exactly the matrix studied in lemma 2.1 of [8]. From that lemma, and from
lemma 9.1 of [7] it follows both that AP is constant and invertible, and that Af® ~ (O fz);

g &
thus (AfP)™!' ~ (ij 8;). For the matrix A ., note that due to the inequality (19) we see that

0o (o §jah-a) < Kll&ialle,, 1Ejah-allez, Inlight of the fact that &4 (k)| < Ke i
we see that
lgjh ) = Y Ke 20k ml ¢ Zem2inl = oyp,

a
k=—00

In the last inequality we have used the fact that 7, > 0. The factor of a in the denominator
comes from summing the exponential. Thus we obtain that Ao, is the sum of a constant,
invertible matrix plus a perturbation that is exponentially small in |r|. The inequality
1€, ~hell2, < %e‘“"*' also holds, thus we obtain an analogous result for Ag _. In fact,
. . . Fp
these bounds suffice to yield || A[| < £ (e +e™). In particular, denoting A™ = (Ag A%p)

we obtain

K
A — AT < e
a
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for |t,| > To. Since Af’ is invertible, it follows that A is also invertible as long as
Ke=aTo||(A™)~!|| < 1. Isolating Tj) we see that A is invertible for

a

W) ~ ¢ 'og(e’) ~ ¢ log(e). (34)

1
Ty > — 10g<
a
Since A~! differs from (AF")~! only by terms of the form exp, (33) holds and the proof

is complete. U

The following proposition quantifies the size of the neighbourhood of two well separated
solitary waves on which the symplectic orthogonality conditions (21) and (22) uniquely specify
the modulation parameters ¢ and 7 in the ansatz (20). Its proof is given in appendix A.3.

Proposition 3.4. Let u and v, in £* be given. Define
U, T, Chy ) =t (- — 7)) + e (- — T).
For each n > 0 there is a C > 0 which may be chosen uniformly in & such that whenever
lodll + [l — d(xf, T, ¢ e*) — v)hglle < Ce¥/2 t€lto.n]  (35)
for some T* < =Ty < Ty < t¥and c* ~ —1 — &> < 1 + &> & c*, then there is a unique
choice of phase 1, and speed c, such that
wo(E1,a, (U — U(Ta, Ca)ha) = Wa (&0, (U — i(Ts, T-, €4, c2) — VDhe) =0

holds. In particular, upon denoting v,(t) = u — vy — u(ty, T_, ¢4, c_) the orthogonality
conditions (21) and (22) are satisfied.

3.3. The modulation equations

Having established that studying the flow of FPU near the sum of well separated solitary waves
is equivalent to studying the coordinates (7, ¢, v») we return to equation (23) which describes
the evolution of v, ,. To completely describe the evolution of the coordinates (z, ¢, v2), we
must derive evolution equations for the modulation parameters t and c. In order to work with
modulation parameters whose variation is small, we define y4 by 74.(f) = j;:) c+(s)ds +yy(r)
and we study the evolution of y and c¢. Modulation equations are obtained by applying
®q (&4, -) to (23) and moving all terms which do not depend upon ¢ or y to the right-hand
side. The following lemma makes this precise.

Lemma 3.5. Let ty < t| be real numbers and suppose that the ansatz (20) and orthogonality
conditions (21) and (22) are valid for t € [ty, t;]. Then

Wy (§2,as LaUZ,a) = N2,a + 62,01 (36)
and
wa(él,aa LotUZ,a) = Nl,(x +Z1,a (37)

hold for t € (ty, t1). Here &; 4 is evaluated at (ty(t), cy(t)), Lyvaq is evaluated at t, and the
quantities £; , and N; o are given by

El,a == _J./awa(&rél,ou va) - éawa(acél,a’ va)» (38)
£2,a = _J)awa (arEZ,OM v2,o¢) - C.'ozwoz (3052,01’ v2,a) (39)
and

Nl,oz = _wa(gl,ou Lavl,a)v N2,a = _a)a(%-l,av U2,Dt)- (40)
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Proof. The proof proceeds by implicitly differentiating
o (§1,a(Ta (1), €a (1)), Vo (1)) = o (52,0(Ta (1), Ca(?)), V2,4(1)) =0

to obtain

tawa(atgl,aa Ua) + éaa)a(acgl,aa va) + wot(gl,ou 8tva) =0 (41)

and

fawa(argla’ UZ,a) + C.‘ota)ot (86%‘2’,1, U2,a) + Wy (EZ,&? atvla) =0. (42)
Use the fact that 3:&,4 = ~JH" (e, )20 — 10, that w (Jx, y) = —wq(x, Jy), and that
Ty = Cq + Yy to rewrite (42) as

wa(EZ,ou LaUZ,a) - wa(gl,ota U2,ot) + ywa(argla» UZ,a) + éawa(acg'_la’ v2,a) =0
which is exactly (36). Similarly, use the fact that 3. &, , = CLJH”(MCQ)ELQ, that wy (Jx, y) =
—wgy(x, Jy), and that 7, = ¢, + ¥, to obtain

wa(él,a’ Lava) + yawot(argl,av Uot) + éawa(ac&,av UO() = 0
which is exactly (37). O

With the aim of using lemma 3.5 to obtain equations for ¢, and y,, define 57,30, =

wo (&g, y) and N; o = wy(&i o, (Jga)hy) Where £, and g, are defined in (25) and (26),
respectively, so that upon applying wy(&;«, ) to equation (23) and using lemma 3.5 we

obtain a system of four ordinary differential equations for ¢, and y, which we may write
in components as

lig—Vliqg=Nig—Nig i=1,...4,

and as a system

))+ Nl,+ - 1\71,+

AO+ - B+ Al+ C:'+ _ N2,+ - ]S’Z,+ ) (43)
A1, A(), — B_ Y- Nl’, — Nl,,
o Ny_ — N _

Here A; , is defined in (32) and studied in lemma 3.3. The nonconstant parts of A; , correspond

to the inhomogeneous term 57,30, which appears on the right-hand side of the perturbation

equation (23) and arise because the modulation parameters ¢, and 7, are allowed to vary.
The matrix B,, which is given by

B — Wy (0:81,45 Vo) 0o (0:81,0> Vo)
* Wy (8152,0(7 U2,a) wa(acglav U2,o¢)

corresponds to the inhomogeneous terms ¢; , which measure the failure of the range of the
differential operator L, to be symplectically orthogonal to the tangent vectors &; , and &, 4.
So long as the smallness condition (35) holds, it follows that

5 <85/2<nv1,a||wu+||v2,a||a> s)

A a — Da ™~
0 ) g2
Here we have used (28), (35), the fact that || - || bounds || - |lw,, and the fact that u,, is
exponentially localized. Moreover, as before the off-diagonal terms are not only bounded
above by a multiple of ¢ but also bounded below by a multiple of ¢. Thus so long as (35) holds,
Ao, — By is invertible. Let A denote the matrix on the right-hand side of (43). In light of the
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fact that the off-diagonal terms of A are exponentially small, we see that A is invertible and to
leading order in ¢ is given by

g g! exp exp
Al g! 81/2(||Ul,+”W+ + lvz2+ll+) exp exp
exp exp e g!
exp exp e (v llw. + llua-11-)

Thus we have proven.

Lemma 3.6. Assume that (35) holds. Then there is a constant K which does not depend on &
such that

. —_ 7 2 =
|ca| g K(S llNl.a - Nl.al +81/ (Hvl.a”Wa + ||U2,a||a)|N2,ot - N2,a|)

2
+ (Z |Ni,—oz - Ni,—ot|> exp (44)
i=1

and
2
[l <K (271N o = Nyl + 67 Vo = Nl + <Z INi—a = N,-,a|> exp. (45)
i=l

We now refine lemma 3.6 by obtaining quantitative estimates for the quantities which
appear on the right-hand side in (44) and (45).

Lemma 3.7 (Bounds on the right-hand side). Letr g, be given by (26). Assume that (35)
holds. Then the following hold

1(Jg)halle < K& 01 allw, + K (v1all + lv2.al) V24 lla) + exp, (46)
INi.o = Nial < K& (Jv1ally, + [v2al3) + exp (47)
and
IN2w — Mool < K (e I01allw, + &2 Uviall + lv2.a D l1v24lla)) exp. (48)

In particular, combining equations (44) and (45) with equations (46), (47) and (48) we obtain
ol < K+ orall + v2alDlv1ally, + lv2al3) +exp (49)
and

- 12 -3/ -1 2 2
Vel < K& 01allw, + &7 2(vrall + 1v2.a D lv2alle + 7 (0rally, + [v2402)) + exp.

(50)
Proof. We first estimate g, /.
Let G(u,v) := H'(u+v) — H'(u) — H' (u)v so that
8a = Guc,, Vo) — G(0, vy) )]
+ G(Vig, V20) + (H" (V1a) — Dvag un
+ (H"(u,) — Doy (10
— H'(u._ )+ H (vig) — H' (v) + H (uc, +u._ +v) — H' (uc, +vy). v)

(D
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Since H is smooth, term (/) is order ucﬂvi. Since H”(0) = Id, term (/1) is order

[V2,|(JV1,e| + |v24]) and term (I11) is order v; 4u.,. Term (IV) becomes exponentially
small in the weighted norm upon multiplying by 4, .
We compute the terms (/)—(/ V) in turn.

1115 < Ky e ™, (k — 1) va (k)
keZ

< K84||va ”%oo Z 6*2(K7a)|kffa|va (k)z
keZ

4, 12 2 2
< Ketllvallz (lvrally, + lveellz)

I < Ky ey, o ()2 (01,4 (k) + v2,4(K))?
keZ

2 2
< K(viell + 2o D7 v2qll
2
111T]le < Kellvrallw,

11Vhgll, = exp.

In estimating ||/ |I§ we have used the fact that « > 2a. In light of the fact that the @ norm
dominates the W,, norm, the contribution from ||/|, is dominated by the contributions from
11|l and ||[111]|,. In particular

”gozha”a < K(:‘?Z”U],a“W“ + (”Ul,a” + ||U2,a||)||v2,ot”a) + eXP) (52)
Observe that
(Jgu)ho = J(gaho) + [, holgas (53)

where [-, -] is the Lie bracket. Thus || (Jgx)lalle < Kllgahialla + [V, helgelle. Here we have
used the fact that J is a bounded operator. We first examine the boundary terms. For any
vector x, the bracket [J, h,]x is localized at the lattice sites —1 and 0. Thus in the weighted
norm we have

LY, holxlle < e % lxflee < e ™ lx]]
and in particular
1Y, halgulle < Ke™ (1 + [lv]) = exp.

Here the ||v]| term comes from terms (/)—(/ I I) and the constant term comes from (/ V). Thus
(46) follows from (52).

Moreover, in light of the facts that w, (x, Jy) = —(y, x) and [J, hy]g, = exp we can use
the Cauchy—Schwartz inequality to obtain Noo <772 8uhalle +exp. Similarly, we can use
(21) and (28) to see that

Nog = 04 (E1 4, V19) = (H'(Ue,), Vi) < Ce2|v1gllw,.

Equation (48) now follows from (52).
We now estimate Ny 4 — N1y = —0u (€14, (J8a)ha + Lyv1,4). Define

8= H'(ue, +uc_+v) — H'(u,,) — H'(u._) — H" (ue, v
= H/(uca + Uot) - H/(uca) - H”(uca)va (I)
+ H (e, +ue +v) — H (ue, +vg) — H'(uc_,) — H" (ue,)v_q In
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and

ga = H/(Ul,a) - H//(u(*ﬂ)vl,ﬂt (III)

50 that (J g)lte + LaVie = (J8u)ha + (JDh .

Observe that ||[(/1)hyllq = exp and gh_, = 0. Since multiplication by J and
multiplication by &, commute up to error terms at the lattice sites O and 1, the contribution of
terms (/1) and (I11) to ||(Jgx)ha + (J€)h_q |l is localized at the lattice sites k € {—1, 0, 1}.
Thus this localized error term is exponentially small in the weighted norm. Upon taking the
symplectic inner product with &; , we see that the contribution of (/1) and (I11) to Ny o, — N Lo
is exp.

Since H is smooth we see that (I)(k,t) < Kuv,(k,t)*> where K may be chosen to be
independent of k, 7, and ¢ and to be increasing in ¢, and ||v, ||, thus may be taken to be constant
as we have assumed ¢, and ||v, || to be bounded above. In particular,

(D). &1.0) < K&¥ Y~ ey, (k)

keZ

<K Y (e (k) + e C T 00 ()
keZ

3 2 2
< Ke'(lvialliy, + llv2elly)-

In the second line we have used that k > 2a. In the last line we have used Young’s
inequality. We may once again use the fact that wy (x, Jy) = —(y, x) together with the fact
that (J go)hy = J(g4ha) + exp to see that the contribution of term (I) to | Ny o — ](71,0,| is order
&3(Jlv1allw, + [lv2.elle)?. Combining these contributions we obtain (47)

This completes the proof. ]

4. Stability and the proof of theorem 2.2

This section is concerned with controlling the evolution of [|v(¢)||. Lemma4.1 controls ||v; || w,,
lemma 4.2 controls ||v(¢)|| in terms of |c(z) — c(fy)| and ||v(#y)|| and theorem 4.5 uses these
bounds to control |c(t) — c(#)| and thus |[v(z)]|.

We begin by controlling ||v;||w,. The following lemma is a version of lemma 9 in [11]
where it was adapted from [12]. The only difference is that we pay attention to the small ¢
asymptotics of the constants and exponents.

Lemmad4.l. Let a > 0 be given. Let & : R — (0,1) be C* smooth and assume that
A 1= SUp, g SUPy_s-; W < 00. Then there are constants Cy, Cy, and C, which may be
chosen independently of a such that whenever T : R — R satisfies T > 1+ Coa, and v is a
solution of (2) with ||v(ty)|| < Cia then for any t > ty we have
t

(C2/a) Y YOG O+ [ D WGl )P dt < (Co/a) Y (. t)lv(i. o)l

jez o jez jez
where ¥ (x,t) = 0(a(x — t(t))), and ¥'(x,t) = ab'(a(x — t(t))). In particular, choosing
0(x) = 1 +tanh(x), and a < &> we obtain

t
2Ce~H iy () 2o ()1 + / o1 ()13, ) ds < Ce™*[lvr (1) 1. (54)
fo

Remark. The choice @ « & is necessary for the result to be valid when © — 1 ~ &2.
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Proof. Sum by parts to obtain

d 1 , (1, /

P SPIEVED )Yy = =3 piV o)Wy = i) = SpF V) ) v
JEZ

Thus we may write the right-hand side of the above as

RHS = Y %f(pf I = piria (= Yi) = p (V) = 1) (W = Wj1)

jez

1 2 ’
+ (V(rj) - Erj> )

In light of the convexity of V and the conservation of the Hamiltonian, there is a constant
C which may be chosen uniformly such that

V() = 52 +1V'() = r| < ClvGo) Ir? < Cagr? for [lv(w)ll < Cia

holds. Here we are using [|v(¢)|| as a cheap bound for r;(¢) and using the conservation and
convexity of the Hamiltonian to replace |[v(¢)|| with ||v(#)||. We have also absorbed the
constant C into the constant C. Now we have

1
RHS < = ) —(& = Ca)(p} + )W) + (14 COpjrj (W) = 1)
JEZ

< %Z—(f—Csz><p§+rf>w;+(1+ca)(‘/” wf”’ ‘lpz-w;)

. 247
jez J

- W+ w ’
+Ca( J le, jzrjl//.)

1 . _ _ /
< ) Z(r —1—a(l+A+C(+ad))(p;+r)y)
jezZ
—Caa Yy (p;+r)v).
JEZ
In the second line we have used Young’s inequality and multiplied and divided by 1#}. In the
third line we have used the mean value theorem and the definition of A. In the last line we

have used the assumption T > 1 + Coa and have chosen Cj large enough.
Now integrate and use the fact that V (r) > r for r small to obtain the result. g

The following energy estimate is a consequence of the convexity of the Hamiltonian.

Lemma 4.2. Let ty and t; be real numbers. Denote m = min{ty, t;} and M = max{ty, t,}.
Suppose that u = u., +u. +v solves (2) fort € [m, M]. Suppose also that there are wave
speeds and phases c(t;) and t(t;) such that wy (&4 (T (t;), ¢ (1)), V4 (t)) = 0 fori =0, 1.

Then there are positive constants 81 and K such that whenever ||v(t;)|| < 8; fori =0, 1
then

lo@n)|? < K[||U(l0)||2+ D7 elealty) = calto)] + 7= (1 + |la (1))

ae{+,—}

+ el 4 |Iva(t1)||)}- (55)
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Proof. Since the Hamiltonian is convex in a neighbourhood of u, +u._, thereisa§; > 0, and
constants K_ and K, such that

K _|IxI* < H(ue, +ue_ +x) — H(ue, +uc ) — H (ue, +uc )x < Ki|lx|? (56)
whenever || x| < §;. Thus we may write
K o@)I* < [H(ue, +ue +v) — Hue, +uc ) — (H' (ue, +uc), v,

= [H(uc, +uc_+v) — He, +uc) — (H (ue, +uc_), v)s o)
+ H(ue, +uc +v)|y, — Hue, +uc +0)l;, n

+ H(ue, +uc )iy — He, +uc )y 010))]
(H'(ue, +uc ), v)liy — (CH (ue, +uc ), )y, av)
(57)

We immediately see that ||(1)| < K|lv(f)|*> from (56) and the fact that |Jv| < 8;; we
also see that (/) = 0 because the Hamiltonian is conserved along solutions. To estimate
(I111) we write

Hue, +ue )= Y (Hue, +ttc) — H(ue,))he (i)
ae{+,—}

+ Y (H(ug,) — Hiia))he (id)

ae{+,—}
+ Y H(iia) (iii)

ac{+,—}
+ Y H(ig)h o, (iv)

ae{+,—}
where i (k,t) = uc, ) (k — 74(t)). It is a consequence of the mean value theorem that

O] € K Zae{+,—} luc hel < K7™ +¢e%). From lemma 9.1 in [7] we know that
% ~ ¢, thus by the mean value theorem we see that || (ii)|| < K¢ Zae{+,f} [co (1) —cq(t0)]-
Since the Hamiltonian is translation invariant, we may replace (iii) with H (u, ) (k—c4 (t0)1))
which is constant in time, thus does not contribute to (/ /7). Term (iv) is exponentially small

because uyh, is exponentially small and H (0) = 0. Thus we obtain
TN < Y e o™ v e @® 4 gle, (1) — calto)].
aef{+,—}

To estimate (I V) we write

(H'(we, +ue ) v) = Y ((H (e, +1ue) — H'(ue,)ha. va) < K€ [|v, || + e [lu_]).
ae{+,—}

Here we have used the mean value theorem and the fact that (21) may be written as
<H/(ucu)9 Uoz) =0.

Summing the bounds I through IV we obtain

o) < K[llv(f0)||2+ 3 elealth) = calto) +e U= (1 + lug (10) )

ae{+,—}

+ e—Kara(tl)(l + ||va(t1)||)i|

as desired. O
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We now study the semigroup associated with the linear variational problem about a solitary
wave in the Toda lattice.

Proposition 4.3. Let V be the Toda potential V (x) = e* — 1 — x. Fix c, > 1. Then there are
positive constants K, b, and a such that any solution w of the linear equation

ohw =JH (u)w, (58)
which also satisfies the orthogonality condition

(J 7 Bcues, w) = (J 7 0ctte]eeer, w) = 0 (59)
necessarily satisfies the decay estimate

le“=Pw ()]l < Ke "= |e = w (1) . (60)

Moreover the constant K can be chosen uniformly in ¢ (and hence ¢) while the constants a
and b satisfy a = O(e) and b = O(&>) in the small ¢ regime for the scaling (14).

Remark. Here the inner product in (59) is the dual pairing between ¢2 , and ¢2. The Neumann
series form for J~! reflects this: (I — S)~! is the sum Z,fio S which has norm # as an
operator from £ . toitself. This result is for rightward moving waves. Of course, to examine

leftward moving waves, one takes (-, ) to be the dual pairing between £2 and ¢> , and defines
JTh==3 2 s

The estimates in proposition 4.3 are proven in [13], with the exception of the fact that K is
independent of ¢, which turns out to be crucial for our proof of theorem 2.2. We establish this
by studying the e-dependence of the Backlund transformations constructed in [13]. Details
are provided in appendix A.2.

We move now toward the main stability estimate. Our aim s to use the exponential estimate
(60) to solve equation (23) via the variation of constants formula. Note that equation (59) may
be rewritten in our notation as w,(§;(c}, t+), w) = 0 for i = 1,2. This differs from the
orthogonality conditions (21) and (22) that we impose on v, , in three important ways. First,
&, « is evaluated at a fixed wavespeed ¢, rather than at a modulated wavespeed ¢, (¢) and second,
the condition wy (&) 4, v2,0) = O is imposed rather than wy (&) 4, V2.4) = —®u(&l.05 Via)-
Third, we consider any potential V which satisfies (H1) which is more general than restricting
to the Toda potential. More concretely, we have only proven that the estimate (60) holds for
perturbations which are symplectically orthogonal to the tangent vectors of the wave state
manifold for the Toda model and at a fixed reference wave speed cj,. Our perturbation v; 4
satisfies different conditions, (21) and (22), which impose symplectic orthogonality to the
tangent vectors of the wave state manifold for the FPU model and at a modulated wave
speed cy(1).

Furthermore in proposition 4.3 we have studied the semigroup for the Toda lattice
linearized about a solitary wave while the linear part of our evolution equation generates a
different semigroup—that of a more general FPU model linearized about a solitary wave.
Thus the solitary wave profile . which appears both in the orthogonality condition (59) and
the evolution equation (58) will differ between this proposition and our later analysis.

The reason for these differences are that (21) and (22) are essential for obtaining good
bounds on the modulation equation while (59) is the most natural condition (and the one used
in [10] and subsequently in [13]) for extending the KdV semigroup estimates of [6] to the
FPU context. Moreover, it is useful to work with the Toda potential because the Backlund
transformation constructed in [13] allows us to obtain uniform estimates in the small ¢ regime
for the constant in (60). These differences contribute additional terms to the evolution equation
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for v(¢) which we bound and regard as small inhomogeneous terms on the right-hand side of
(23). This is addressed in lemma 4.4.

We now define a map which takes as an input v, , satisfying (21) and (22) and gives as
its output a v, o satisfying (59). Given an initial time fy, define 51,0[ (v) := 3X"cTo,(z0) (-—171)and
Ez,a (1) := BCuCTa([O) (- — t) where the superscript 7 denotes that these are solitary waves for the
Toda lattice. Given v, , satistfying (21) and (22) we seek 0, o close to v, , which satisfies the
conditions (59) which we write as

wa(gi,av 52,0{) =0 i = 1, 2

so that we may apply the semigroup estimates (60) of proposition 4.3 to control the evolution
of 52'0,.

To that end, we define a projection O, onto the symplectically orthogonal space as follows:

0u(E20:0) z DaEra 5200010 V) 2 G

= = lLa — = = 2 lLa — = = %-Z,OP (61)
a)a(SZ,av El,a) wa(éla’ Sl,a) wa(él,a’ 52,01)
We note that the denominator w,, (51,0,, 52,0{) is bounded below by a multiple of ¢ as was shown
in lemma 9.1 of [7] and lemma 2.1 in [8].

Define

Q4 :=v —

T iﬂt /7 T
La = 8; - %JHToda(uca(to))'

Lemma 4.4. Suppose that v, o satisfies (21) and (22) and |c(t) — c(tp)| < Ce3. Then for ¢
sufficiently small,

lv2elle < CUQav2alla + lV1allw,)- (62)
Moreover

[Lo: Qul =0.
Furthermore, there is a C which is independent of ¢ such that || Qux|l¢ < C|X||a-

Proof. To see that the norm of Q, is bounded uniformly in ¢, apply (28) to (61). We now
establish (62). We estimate

Wy (52.0{’ él,rx)(l - Qot)vZ,ot = Wy (52,(17 UZ,a)é:l,at (l)
Wy (52,019 52,01) = Pt

- = =~ _ at&2a -
w0 o o) )

Observe that since the wave profiles u, and u! are both equal to the KdV wave profile to
leading order in &, their difference and the derivatives of their difference is higher order in €.
To quantify this use (27) and the triangle inequality to obtain

1959 (ue — ul)|lo < Ce"/*72K, (63)
which is reminiscent of (28). From the above, it follows that
1€2.0 — E2.alle < N3ctteqry = Dettequy o + 1Bctteqy) — Bettly) la < C(&™2|e(t) = clto)] + &7%).

Here we have used (28) and the mean value theorem to bound the first term and (63) to bound
the second term. Similarly, we obtain

€10 — Eralla < 10ctteqy — drtteqolla + 10zt — dcttly) la < Ce|e(t) — c(to)] +€772).
Use (28) together with the above and

wa(gl,aa U2,¢x) = [wa(gl,a - gl,av U2,0¢) + w(gl,aa vl,ot)]

+ Wy (gl,(xa v2,0{) ( (”)
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and
0o (Er,ar V2.0) = Wa(Era — E2.00 V2.0),

which follow from the orthogonality conditions (21) and (22) to obtain
() < (Ee@) = clto) + ) vralla

and
(i) < Celvialw, + CEe @) — clto)] + &) vaalla-

Summing these estimates and dividing by w, (52,0,, él,a) ~ g, (which is known from P3),
we obtain

(I — Q)vaell < Cllvigllw, + Ce™*le(ty) — c(®)| + &) [v2glla-

After applying the triangle inequality and using the fact that 6 =/?|c(#y) — c(t)| < 1 we obtain
(62) as desired.

We now show that~Qo, commutes Witll Za. {f the follqwing c~0mputation H = Hyoga.
Write Q(xv = v_alwa(%‘Z,ou v)SI,a_QZwa(él,aa v)gl,ot"'alw(él,aa v)$2,a Whereal = 1

a)a(gz.mgl.u)
and a, = % Note that a; and a, are constant in ¢ because éi,a are evaluated at a fixed
LasS2,a
wave speed . y 4 ~ ~ 4 ~ ~
Also recall that 9,&; , = C’—OJH”(uCO)éLa and 9,6, 4 = éJH”(uCO)éz,a - %élqa.
One may compute
d ~ ~ ~ ag ~ ~ ~ ~ ~
EQU = atv - alwa(EZ,ou L(xv)SI,(x + c_wa(él,aa v)SI,tx - aZwa(El,aa Lotv)sl,ot
0
s = = T " a oz z
a1We(S1,ay LaV)8§2,0 — — Uey)\V — V) — — Wy (S1,a5 V)S1,a
+ (1.0 Lav)& CJH()( Qv) . (63 )&
0 0
T - ~ - . . - .
= C_JHW(MCQ)U + Lav - alwa(EZ,aa Lctv)gl,ot - azwa(%‘l,aa Lav)él,a
0
+ ala)a(gl,on Zav)gla'
Thus I:a Qv = QO,I:D,U as desired. O
Thus
L(x Qav2,a = QotLaUZ,a + Qa (Za - Lct)UZ,a
= Qu((Jgu)ho + lo + (Loy — La)2.a) (64)

= Gy.

Let W, be the evolution semigroup associated with equation (58). Then solutions of (64)
have the following representation via the variation of constants formula:

QaUZ,a(t) = Wy (14(1), T (t0)) QaUZ,a(tO) +/ Wy (14 (2), Ta(5))Go(s) ds. (65)

fo
In light of the exponential estimates on W, given by (60) we are now in a position to
control [|v3 ¢ |le-

Theorem 4.5 (Stability estimates). Assume (HI). For each n > 0, there exist positive
constants C,, and &, which may be chosen independent of ¢, with the following property.
Suppose that u is a solution of (2) and

u(t) = tte,(y(- — (1)) +te_in(- — (1)) + v1(2) + v2(2) t e[, nl.
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Suppose further that the solutions satisfy
le(@) — c(o)| + o2 + oy D] + w2+ @) [l + [lva - @) [ - < Ce™* forall 7 € [19, t1].

Then for all t € [ty, t1] the following inequalities necessarily hold:

lca (1) = calto)] < C [e™ o1 (1) [I” + &~ [[v2.4 (o) 1] + exp(to) (66)
and
o) 1> < Cle lvi o)1 + o2 ()11 + vz (f0) 15 + vz, - (10) 1|21 + exp(to) (67)
and
o203 < Cle™ o1 + [v1a (15, o) + e "¢ lvsa () [I5 +e 721, (68)

Proof. We use the variation of constants formula (65) to solve (64). From (50) and the
smallness assumptions in the statement of the theorem it follows that |y| < C g7/ for
t € [fy,1;]. This together with the smallness assumption on the variation in ¢ yields
o (1) > co(ty) + co(t) — cu(ty) + Vu(t) > 1+ Ca. Thus t,(t) — 74(s) = t — s whenever
fp < s <t < ty, and in addition the use of (54) is justified.

In light of the decay estimate (60) we have the estimate

t
[Quv2.4(®)lle < Ce ™™ Q4vs 4(t0)llo + C / e P Gy (s) | ds. (69)

fo
For ease of notation we have replaced t,, () — 7, (s) with # — s in the exponents. This is justified
by the remark just prior to (69). Use (62) as well as the fact that the norm of Q, is bounded
uniformly in ¢ to obtain

t
V2,6 @)lle < Ce vy (1) [l + Cllv1®)llw, +C / e P |1G o (s) |l ds. (70)

)

In order to proceed we make the estimate

1Ga(®)lla < ClI(Jga())alla + Clla($) o + C(Icals) = calto)| + 1Ya ()] + &) V20l

—1/2 5/2

2 . . .
< Cellvrallw, + Clviall + lv2alDllv2alle + Ce™ 7 [cal + 77 Val + C(|Val

+ [ca(s) = calto)] + M) v2alle + exp
< Ce¥llvrallw, + Cellvrally, + Cellvaglll + Clvrall + Vol
+ [ca(s) = calto)| + M) v2alle + exp
< Ceviallw, + Cevaglla +exp t € [to, 11]. (71)

In the first line we have estimated Q, (Za — Ly)vy 4 in (64) and also used the fact that
|Q«|l is bounded uniformly in €. In the second line we have used equations (46) and (25).
In the third line we have used equations (49) and (50). In the fourth line we have used the
smallness assumptions in the statement of the theorem.

Substitute (71) into (70) to obtain

t
—b(r— 2 —b(—
v2.e®lle < Ce™? "N v2 4 (t0) e + Cllvi o (0)]lw,Ce / e P vy o () llw, (s ds

Iy

t
+ ¥ / e P79 0.4 (5) | ds + exp.

t
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Apply the integral form of Gronwall’s inequality to obtain

C(e34)(1—e—Lt—10)) /p _b(t—
V2,6 () [lo < CeCENA=/ [nvl,a(r)u%me =0y 4 (1) |l

t
+ &2 / e P vy o () |lw, ds:| +e Pexp(to)

Io

< c[nvl,a(t)uwu(t) +e P00 v, 4 (1) o

t
+ &2 / e P v () lw, ds} +e Mexp(ty). (72)

fo

Here we have used the fact that b = O(e*) > Ce**" for ¢ small enough. Use Young’s
inequality to obtain

2 2 —2b(t— 2
lvae 2 < C[nvl,a(r)uw,) +e 2P0 vy, (1) 112

t 2
+ s4< / e P vy o () I, ) ds) ]+e—2’”exp(t0). (73)
4]

Now compute

t 2 t t t
/ ( J e ds) ar< [ ( [ereas [ a6l dS) dt
o Iy 4] to fo

I3} n
<b! / 01,0 15, s) / e "™V dr ds

10 N

a1
-2 2
<b / o1 ()13, ds.

1o
In the second line we have used the Cauchy—Schwartz inequality and changed the order
of integration. Recall that b = (O(¢?) and substitute the above into (73) to obtain

131 4]
/ ||vz.a(t)||§dr<6[s2 / ||ul,a<t)||%va(,)dt+s3||vz,a<to)||§+eb’exp(ro)] (74)

fo fo

Apply lemma 4.1, and in particular (54) to see that

151
/ lv2.a (DIl d < C [e70v1(t0) 15,y + & 020 (t0) 1 + exp(to) ] - (75)

)
Integrate equation (49) and use (75) and (54) to obtain (66). Substitute (66) into equation (55)
to obtain (67). To obtain (68), apply the Cauchy—Schwartz inequality to the integral term in
(73) and use (54). This completes the proof. O

Remark. It might appear from the proof that the cross terms associated with u._, do not appear
in the estimates for v,. All of these cross terms are exponentially small, and incorporated into
the term exp.

Theorem 2.2 may now be regarded as a corollary of theorem 4.5.

Proof of theorem 2.2. Proposition 3.4 applies as long as [|vy. ¢ ||+ + [|va,_||_ + [lv1 || < C&>/**7.

Since this inequality is satisfied by hypothesis at t = fy and we have continuous dependence
on initial conditions, it follows that tubular coordinates remain valid on some interval [fy, #;]
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with #; > 9. Thus we may apply theorem 4.5 to obtain (66), (67) and (68) for t € [z, #1].
It is straightforward to see that so long as [v1 ()| < C&”?* and ||va.4(t0) ||« < Ce>*" with
0 < n < 1/2 then we may take t; = oo. In particular (67) holds for all # > fy. This establishes
(9). That ¢, converges follows from the fact that ¢, is integrable.

From (50) we see that to show that y — 0, it suffices to show that [|v; o |lw, and |[v2 4|l
each go to zero. To see that ||v; o(?)||w, ) — O we compute

d , )
a”vl,a(t)”%/vu(;) < eI H (i) lw, + £ O v lw, o) < C.

This, together with (54) and in particular the fact that ||v; o (f)[lw, is square-integrable imply
that [|vq o () lw, ) — O as desired. Similarly,

d 2 . 2
g7 V2l < 2a0%allv2ally + 2020l w20l

Since v, 4 solves (23) and (68) holds, all of the terms on the right are bounded; this together
with the fact that ||vy 4|« 1S square-integrable implies that ||vp 4 (f)]le — 0 as t — oo as
desired. It remains only to establish (10) and (11), both of which follow from (68). This
completes the proof. g
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Appendix A. Uniform bounds in the small ¢ regime

Appendix A.1. Uniform bounds in the small € regime for higher derivatives of the wave profile

Proof of lemma 3.1. First we observe some facts about the weighted space H; with

norm || fOllgs = I fOllas + lle® f()llgs. For L € L(H) we estimate |[Ly |y =
LY N a5 + ILaallgs where L, := e Le™ and ¥/,(-) = e (-). Thus
LN ccasy < WLl ceasy + W Lall ceas)- (76)

Also observe that whenever P is a pseudodifferential operator with symbol p, then || P|| z(us) <
lpll~m®,cy for any s > 0. Furthermore, if we denote the symbol of P, := e* Pe™ by p,
then p,(§) = p(£ +ia). Thus to bound the operator norm of a pseudodifferential operator (as
in (1)) in H} it suffices to bound its symbol uniformly in a strip [Im&| < a in the complex
plane. A slight modification of lemma 3.3 in [7] yields this bound.

SN/ \ith (2 = |42 B/12 Denote by p, the critical part

¢2—sinc?(£/2)
. . . . _ 12(1+6% (%)
of p given by contribution of residues. Friesecke and Pego compute p.(§) = e (116261 (D)

where o and B are analytic functions. Lemma 3.2 in [7] establishes that

More explicitly, let p(§) =

1+&2
Here the symbol p has poles at £ix and is analytic on the strip [Im§| < «.
One may now define py(§) := 521% as in the statement of lemma 3.3 in [7] and compute

120, (%) B Bi(e?)
(E/e)?+1+62B1(2)  ((E/e)2+ D)((E/e)2+ 1 +2B1(e2))’

Ip€) — p(&)] <

for |Im&| < b, with b, < k.

P«(&) — po(§) =




2942 A Hoftman and C E Wayne

In particular | p,(¢€) — po(e€)| is bounded uniformly in a strip of width 5 for any n < 1. In
particular, we take n = 1/2.

It now follows from the triangle inequality that |p(e§) — po(€§)| is bounded uniformly
on [Im&| < 1/2. Now observe that p®(£) — p°(&) = e?(p(e€) — po(e£)). This proves the
first assertion in the statement of the lemma.

; ; : 0 _ 12 e _ 12sinc? (¢£ /2)
To prove the second assertion differentiate p”(§) = 245 and p®(§) = —/3+:%(lfsincz(5$/2))

with respect to 8 to obtain

Ip’E) = (=D'KIE + ) “Vp%E)  and
12 —¢=D
I p° (&) = (—D*k! (ﬂ + (= sincz(ss/2>>> poE).

In light of this computation, the fact that i—f(l — sinc?(¢&/2)) = &2 + O(e?), and the fact that
we have proven the first assertion in the statement of the lemma, the second assertion now
follows.

To prove the third assertion in the statement of the lemma, write N© (x) = N©(x) +
1x?n(e%x) and compute d(N®(x) — N°(x)) = xn(ex) + 1&%x’n/(e%x) and 9*(N®(x) —
N°(x)) = n(e?x) + 2&2xn'(e2x) + %84)6277”(82)6). Also compute N°(x) — N%(y) =
1+ y)(x — y), IN°(x) — IN°(y) = x — y and 3°N°(x) — 3*N°(y) = 0. Now use
the triangle inequality together with the fact that n is smooth with n(0) = 0 and the fact
that to bound the H* norm of a multiplication operator it suffices to bound the multiplier to
conclude that

0¥ N®(x) — * N llgy < llx — yllgy + Ke?
uniformly for ||x|/zs + |yllgs <2 withk=0,1,2

as desired.

To prove the fourth assertion in the statement of the lemma, let P, denote the
pseudodifferential operator with symbol p,(£) = p°(& +ia) = ﬁ We claim that
a- 0 0 -1 ,—a __ 0 —1
e“ (I — PTON"(¢p)) e = — P,ON (¢p) . (77

To prove the claim, first observe that for any operator L with 1 € p(L) we have
eI — L) 'e® = (I — L)™' where L, = e“Le . Thus it suffices to show that
e POON (¢p)e " = e PYe 9N (¢p), i.e. that the operator given by multiplication with
e~ commutes with IN°(¢g). But IN°(¢p) is just multiplication by ¢4 and multiplication
operators commute, so the claim is established.

In light of (76) is suffices to show that Q, := (I — PaaNO((i)/j))‘1 is bounded uniformly
in L(E*®). Write

Qo= —(I—P°AN"¢p)) " (P, — PN (¢p)) "' (I — PPON(¢pp))~"

and use the fact that the symbol p° is analytic in a strip |Imz| < b, to see (for example from
the Neumann series) that the function a — || Q.| 2z is continuous on an interval of the form
[0, amax], hence achieves its maximum. Thus || Q] is bounded uniformly for a < amax, as
desired. This proves the fourth assertion in the lemma and thus completes the proof of the
lemma. ]



Counter-propagating two-soliton solutions in the Fermi—Pasta—Ulam lattice 2943

Appendix A.2. Uniform bounds in the small ¢ regime for the constant in the Toda semigroup
decay estimate

To prove proposition 4.3 we rely heavily on [13], which itself makes use of [10]. The main
result of [13] is (60), in fact all of the claims of proposition 4.3 are proven in [13] except the
claims that a = O(¢) and b = O(¢3) which are proven in [7, 10], respectively, and the claim
that K may be chosen uniformly in ¢, which we prove in this paper. A refinement of the proof
used in [13] yields the result. The method of proof is as follows. Lemma 3 of [13] shows that
the linear evolution equation

w, =JH O)w (78)

is exponentially stable in weighted spaces, i.e. admits semigroup estimates of the form (60).
Proposition 7 in [ 13] constructs a Backlund transformation which conjugates the flow of (58) on
the space of exponentially localized profiles which satisfy (59) with that of (78) on the uniform
space £2 x £2. The important observation that it suffices to study the Bicklund transformation
at r = 0 is made in corollary 8. Finally, in corollary 10 of [13] it is shown that the Backlund
transformation and its inverse are bounded, thus the estimates (60) which are valid for (78) are
necessarily also valid (with some constant K (¢) which may now depend on c) for equation (58).
With this in mind, to prove proposition 4.3 it suffices to show that the Backlund transformation
and its inverse are bounded uniformly for ¢ > 1.

Let k = k(c) be the unique root of sinhk = k¢, let Q.(n,t) = log M—’:t‘z))) be the

Toda soliton with speed ¢ and let A : ¢2 — ¢2 be the multiplication operator e2<-9, given

more explicitly by [Ax], = %xn. Because we work in slightly different coordinates

than [13], the Backlund transformation that we study is W, given in the notation of [13] by
U, = A®.(0)A~" and more explicitly by W (r, p) = (', p') and W' (+', p') = (r, p) where

Cs~'r'=p+Cs'r Cs'r=Cs7'r = p/,
s . and B} (79)
p=Cs'r—Cés'r p=Cs'r' —Cs'r.
Here
§:=(S—1), C:=A—SA™", C:=A—A"'S7",
C:=A—SA"'s7! and C=4A—-A"" (80)

The coordinates (r, p) evolve according to the Toda model linearized about a solitary wave
with speed ¢ and must satisfy the orthogonality condition (59) while the coordinates (+/, p’)
evolve according to the Toda model linearized about the O solution and may live anywhere in
2(73).

Equation (79) is exactly equation (29) in [13], rewritten in (r, p) coordinates. Note that
W, does depend on c. Other than §, each of the operators defined in (80) depends on A which
is defined in terms of «, which in turn is defined in terms of c.

Proposition 4.3 may now be regarded as a corollary of the following lemma, together with
the fact that [|8~" || 2,2y = =, that k = O(¢) and thata = O(¢).

Lemma A.1. Let 5, C C, C, and C be defined by (80). Then there is a constant K, independent
of ¢ such that the following hold

L ICllge + ICll g2y < K.
2. 1C8 g2y + 1C8 gy < K.
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Suppose in addition that r, p, r', and p’ satisfy equations (79) with (r, p) satisfying (59). Then

30 le < Kllp+C8~'rle.
4. \rlle < KICS™'r — p'llea.

Proof of lemma A.1. We bound each expression in turn. Let g, = cosh(nx). Then [Cx], =
2_ 2 ~
bt~ 42 sinhk A~ 42k, Similarly [Cx], = ””q 42~ 42ginhk ~ +2k. We write

Gndn+1
Cs ' =Cs'+A 'S tobound Cs~'. Alsowrite C§~! = C+A~' S +(A~1S—SA~ )5~ 1.
The first two of these terms have already been bounded. To bound the last term note

[(A~'S = SA DHx], = q’f*“;q% = o(k’). This completes the proof of 1 and 2 above.

To establish 3 and 4 we solve the equations C6~'x = y and Cslx = y for x in terms of
y. This is not always possible because C has a one-dimensional kernel and its formal adjoint
C has a one-dimensional cokernel. This will manifest in our expressions for x as either a
consistency condition that x must satisfy or the presence of a free parameter in the solution
for x. However, it is known that the map W, defined by (79) is an isomorphism from the
subspace of 62 (Z?) on which (59) holds to 63 (Z?). Thus in the context of conditions 3 and 4,
the consistency equation will always hold and the free parameter will be fixed by (59).

We now invert C§~!'x = y. The equation Cz = y is nothing more than a non-
autonomous first order linear difference equation and thus may be solved (e.g. with a
M- 1qn+l

discrete integrating factor) to obtain q,%,, +12M — q,i 11Zm = D =Ly, which is valid for
any integers m, M. Taking either M — oo OR m — —o0 we "obtain the expression

ik = — Zi’f’_k Z";'z Yn = Zﬁ_ioo 5"*‘2 vn. The fact that the range of C has codimension 1
3
manifests in the condition that Cz = y may only be solved when ), q;“ yn = 0. One may

show that this condition is satisfied for y = p+C8~'r so long as (r, p) satisfy (59). Applying
8 to the result we see that

3 2 2 k=13
q q q q _ Ykl 9y — 4 q
xp = k;l Ve k+1 k } : n+1 — + Y + k 5 2k+1 2 : n+l Vi (81)
P Deiens w1 9n 4k i+l oo 9n

One may now choose the first representation of x for k > 0, the second for k < 0, regard
each as a convolution by changing the index n to k — n, estimate that the coefficients in the
sums in (81) are bounded by Cke~2¢, and finally apply the Hausdorff-Young inequality for
convolutions to see that

Ixllz < C+xlle = )llylle < Cllylle.

In the last inequality we have used that a < 2«. This establishes assertion 3. The proof of 4
is similar. We may solve Cz = y to obtain

61k+16]k+2 Z Qk+161k+2 k>0,
q19> =0 qn+2
2k = i
Gk+19k+2 20— Z t]k+1261k+2 Y k<0
q192 ek dn+2

Here z( appears as a free parameter which is fixed by the orthogonality condition (59) in our
qu+l

case, i.e. when z = 6~ !r and > ez = 0fory = p+ C8'r. One may now prove
assertion 4 using ideas similar to the above g
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Appendix A.3. Uniform bounds in the small ¢ regime for the neighbourhood on which tubular
coordinates are valid

Proof of proposition 3.4. Let Ty be given as in lemma 3.3. Assume the conditions

2+n

(@) lea —cil <Ce (i) aty > T

and define
Q= {(ts, T_, 4, c_, u, i) € R* x €2(Z,R*) x L2(Z,R*) N €> (Z,R*) | (i) and (ii) hold}.

Define F : Q — R* by F(zr,c,u,it) = col(Fiy, Foy, Fi_, F,_) with Fi, = w,(&.q,
(u —)hy) and F 4 = wy(&2.4 (i — i1)hy). Here &; 4 is evaluated at (z,, ¢,) and # is evaluated
at (t4, 7—, ¢4, c—), which we abbreviate as (t, ¢). Observe that if we regard u as the solution
of (2) under study and v; as another exact solution of (2) intended to capture the part of the
perturbation which is not exponentially localized, then upon denoting
V=1 — U, vV i=u—1il and Vig = Vihy fori=1,2

then v, , satisfies the orthogonality conditions (21) and (22) for « € {+, —} if and only if
F(t,c,u,u) = 0. We note that it is natural to proceed by applying the implicit function
theorem to find the zero set of F near (t*, ¢*, i1, ). In fact, this has been done in [8, 11].
However, small ¢ asymptotics are not of interest there, and the naive estimates from the
implicit function theorem on the size of the neighbourhood on which these coordinates are
valid are not sufficient for our purposes. Rather, we construct an explicit contraction mapping
and exploit the structure of F' to show that the coordinates t, ¢ and v, are defined so long as
(35) holds.

Before we proceed it is convenient to establish the small ¢ asymptotics for F and its
derivatives. Let A be the matrix studied in lemma 3.3 and let

(wa(arsl.a, (U — iDhg)  —wu (D1 q (4 — ﬁ)h@) <c+ 0 )
C, = . o and C=
a)a(argZ,av (ﬁ - u)hot) a)a(ac%—Z.aa (I/t - M)hot) 0 C_

so that D(; ) F (7, c, u, 1) = A+ C + exp. Use (28) to see that when
lu—dall+ Y NG —Dhale <K 7 >0, (82)

aef{+,—}
which corresponds to (35), the terms in C are dominated by the terms in A (except for the
upper left term, whose counterpart in A is exponentially small). Thus so long as (82) holds, it
follows that for ¢ sufficiently small D(; . F is invertible. Moreover, to leading order in ¢, the
off-diagonal blocks of (D, . F)~! are exponentially small and the diagonal blocks have the

-1
structure (i—l fz+,,) which is similar to (33). Similarly, one can compute

2F , 02.F Z2F, 02.F
D2F1’a _ 2-( o r,zc o and Dze,a _ 21: N t,zc o ’
af’cFl,a 8@ Fl,a ar,cFZ,a 8C FZ,a

where 81_?Fl,ot = wa(agél,av (M - ﬁ)ha) + wa(atsl,av ‘i:l,a)’ afzycFl,a = wa(a(znc)i:l,a»
(u — ﬁ)ha) - a)a(ar";’_l,av gZ,a)’ 852F1,a = wa(aczé:l,m (u — ﬁ)ha) + a)a(acgl,uu SZ,a) +
wa(%‘l,as 83%-2,01) and 83F2,0t = wa(azglas (lZ - ﬁ)ha) - a)a(atslav él,aha) - wa(SZ,av argl,a)»
8(21‘6) F2,Dt = wa(a(zf’c)gla’ (ﬁ - ﬁ)ha) - wa(atSZ,av gZ,othot) - wa(ac'SZ,av él,aha) -
Wy (EZ,as aﬂgl,d) and aCZFZ,a = Wy (862'%-2,0(7 (’:i - ﬁ)ha) + Wy (86%-2,051 %-2,(1)~

Use (28), (82) and (19) to obtain the leading order expressions

2 85 82 2 82 871
DFra~|, DFa~| ). (83)
& & & &
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Note that to control the terms involving w, (-, (u — it)h,) we have used the fact that the
first term in the symplectic product contains a factor of &; , = Cl JH'(u.,). The presence of J
allows us to replace the symplectic inner product with a Euclidean one and then use the regular
Euclidean Cauchy—Schwartz inequality rather than (19). This is important because u — i need
not lie in the weighted space.

As in the proof of the implicit function theorem we set up a contraction mapping. It will
be convenient to let A := D, o F(t*, c*, u, ii), to let x denote the variable (, c¢), and to fix
u and @ and to denote F(x, u, it) simply as F(x). Define G(x) := A~'(Ax — F(x)) so that
fixed points of G correspond to zeros of F. Write

1
(F(x) = F(y) —A(x —y)) = [/0 (F'(tx + (L = 1)y) — F'(x*))dt] (x =)

1 1
=</ (/ F”(stx+s(1—t)y)ds>
o \Jo

x (tx+ (1 =1y —x")dt, (x — y)>.

We renorm R* by |(z4, 7, ¢4, )|, 1= \/e3<r3 +12) +e73 (e + ).
Restrict attention to the neighbourhood of x* on which |(z, ¢) — (%, ¢*)|, < &¢'**"i.e. on
which

1+n and lc — c*| < &2 (84)

hold. Denote the t and ¢ components of x — y by 0, and 6., respectively. Then using (83) and
(84) we have

GOy — G et g7l Mg, + gl+ng, &g, + 3716,

-G (8_] 82+'7> (8””& +8‘2+”9€) ~ (83+”19r +8”96.> '

Note that we have absorbed the off-diagonal terms which are exponentially small. Thus
1G(x) — G(y)|? = 32102 + e 7*2192 = 7| (8., 6,)|2. (85)

GO) e ¢! &3 \u — | el
et &2 ) \e=32) (i — )yl e ]’

where in the last relation we have used (82). Thus |G(0)|, &~ &3?*. It now follows from
the triangle inequality and (85) that for & small enough G maps a neighbourhood in R* of
the form (84) to itself and is moreover a contraction on this neighbourhood. In particular
G has a unique fixed point x = (z, ¢) in this neighbourhood. Moreover, as is standard in
implicit function theorems, we can let u and # vary in the definition of G and the fixed point
(t,¢) = (t(u, ut), ¢(u, u)) is smooth in u and u by the uniform contraction principle.

It —1%| <¢e”

Moreover

It therefore follows that these functions 7, = 7T,(u,u) and ¢, = Co(u,it)
map a neighbourhood of (it(t*, c*), u(r*, ¢*)) to a neighbourhood of (z*, ¢*) such that
F(t,c,u,u) = 0 if and only if ¢, = ¢4(u,u) and 7, = 7T,(u,u). Moreover, the

implicitly defined functions are unique and as smooth as F, i.e. C*°. Thus upon defining
Uo(u, ) := it — (T (u, ut), ¢(u, ¢)) we obtain a homeomorphism between a neighbourhood U/
of (u(t*, ¢*), u(r*, c*)) to a neighbourhood V of (t*, c*, 0).

Recall that 7* and ¢* are arbitrary, thus for each 7 and c satisfying (i) and (ii) we have a
homeomorphism between (z, ¢) and V(t, c). We now show that these local homeomorphisms
may be patched together to produce a global homeomorphism between Z/* and V*.
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To that end, suppose that

u(t,c) +vy = u(t,c) + v

so that

a(t,¢) — 4(%, ¢) + (7, ¢) — (T, €) = 1y — va

by the mean value theorem there are numbers r; between t,, and 7, and cl between ¢, and ¢,
such that

E(T], et — T+ E(T), e ) (tm — 1) + E2(Th, eD ey — E) +E2(F_, ¢ ) (e — o)

:Uz—ﬁz.

In light of (28) we see that so long as we force ||valtg |lo + || U2halle < Ce*Z27 it follows that
|t — 7| < Ce™™? and |c — ¢| < Ce*?". In particular, |t — 7| and |c¢ — ¢| are sufficiently
small for the local inverses to hold. O
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