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Abstract

We study the existence of solutions homoclinic to a saddle centre in a family of singularly perturbed
fourth order differential equations, originating from a water wave model. Due to a reversibility
symmetry, the occurrence of such embedded solitons is a codimension-1 phenomenon. By varying
a parameter a countable family of solitary waves is found. We examine the asymptotic frequency
at which this phenomenon of persistence in the singular limit occurs, by performing a refined
Stokes line analysis. In the limit where the parameter tends to infinity, each Stokes line splits
into a pair, and the contributions of these two Stokes lines cancel each other for a countable set
of parameter values. More generally, we derive the full leading order asymptotics for the Stokes
constant, which governs the (exponentially small) amplitude of the (minimal) oscillations in the
tails of nearly homoclinic solutions. True homoclinic trajectories are characterised by the Stokes
constant vanishing. This formal asymptotic analysis is supplemented with numerical calculations.

1 Introduction

In many singularly perturbed problems, exponentially small terms have to be taken into account to
study the persistence of solutions. Often an algebraic expansion suggests the existence of certain
(types of) solutions, which eventually — beyond all algebraic orders — are destroyed by an expo-
nentially small term. However, sometimes the coefficient of the exponentially small term vanishes,
and the conclusion derived from the algebraic expansion is then valid after all. In this paper we
consider an instructive model problem, illustrating how matched asymptotic expansions can be
used to study how frequently the relevant exponentially small term vanishes. The method will be
illustrated for a well-known model equation, introduced below, where the objects of interest are
solutions homoclinic to saddle centres, also known as embedded solitons.
It is by now well established that the homoclinic solution of the second order equation

' —u+u?=0 (1)
does not persist for the (singularly perturbed) fourth order problem
2" + " —u+u® =0. (2)

To be more precise, (2) has no solution homoclinic to the origin for small positive ¢, as was
observed in [1, 9] and proved in [2]. There are numerous explanations of this phenomenon using

matched asymptotics in the complex plane [12, 15], optimal truncation [14, 7] and more rigorous
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methods [13, 16], all these approaches being closely related. In particular, one may write down a
formal homoclinic solution

N-1
u= Z 2, ()
n=0

to any finite algebraic order N, but the remainder term, at any order of truncation, contains an
exponentially small, rapidly oscillating term

omAe2e ™% sin(x/e), (3)

where A # 0.! In §2 we recall one route to calculating this term, namely via a matched asymptotic
expansion analysis of the Stokes line in the complex plane. As it turns out, A can be described in
terms of the limit of a certain recursively defined sequence.

The nonexistence of a homoclinic solution to the origin of (2) does not come as a surprise,
since the stable and unstable manifolds of the origin are both one dimensional. Taking the reversal
symmetry £ — —z into account, one concludes that a homoclinic connection is a codimension-1

phenomenon. In this paper, we therefore consider the two parameter problem
2 " —u P+ u62(u’2 +2uu”) = 0, (4)

which appears in the study of water waves [11, 8]. We are interested in the asymptotic problem
e — 0, p — +00, the limits being taken in that order so that, in particular, we require p < 1/£2.
The additional term does not break the reversibility, and one may thus expect homoclinic solutions
for a discrete set of p-values (for each ¢ > 0). We shall denote those values for which a homoclinic
orbit exists by pm(e), and we write p,, = lim._q ., (¢) for simplicity. The number of curves
in the (u,e) parameter plane for which homoclinic orbits exist, can a priori be zero, finite or
infinite. Such orbits homoclinic to a saddle centre are embedded in a family of solutions that limit
to small periodic solutions in their tails, hence the name embedded solitons. Solutions that are
homoclinic to a small periodic orbit come in one parameter families (for fixed ¢ and u), and exist
for any value of p for small . The minimal amplitude of the periodic solutions in such a family

—7/¢ asymptotically for small e. It is thus quite natural that (nondegenerate) zeros of

is TAe"2e
A = A(p) correspond to homoclinic solutions in the limit € — 0 [5, 13].

For the water wave equation (4), numerical calculations [6] show the existence of an infinite
number of curves {un(e)}72 in the (u,e) parameter plane, for which homoclinic solutions exist
and continue to exist in the limit ¢ — 0. In terms of the asymptotics beyond all orders, this is
characterised by the fact that the amplitude A of the exponentially small term has infinitely many
zeros as a function of u.

As was noted in [6], the first of these branches of solutions is explicit:

55(1 +4e2)1/2 -3 5
T2 a4t 0 M7

()

with corresponding solution

w() = 75

8(p1 + 5) cosh? ($(4(3fjr5))1/2> |

For m > 2 the values p,,, cannot be expressed in closed form, but can be approximated numerically

using numerical continuation of the homoclinic orbit [6]. This is a nontrivial task, since in the limit
€ — 0 one has to distinguish true homoclinic orbits from orbits that limit to exponentially small
limit cycles. Alternatively, one may approximate A(u) using a recursion formula, and calculate

!The reason why the factor 27 has not been absorbed into the constant A will become clearer later.



the zeros of the resulting polynomial numerically, see §4.1. Indeed, this is a much more efficient
method for determining fi,.

Although A(p) can be calculated (approximately) for every value of 1 (see §4.1), the dependence
on p is not captured, in general, by an explicit formula. Hence, one cannot determine explicitly
all values of p for which homoclinic orbits exist for small €, but studying the asymptotics for large
p is a feasible proposition, as noted by Champneys in [5]. In other words, one may wonder how
often homoclinic orbits occur for large p. This question was not just posed in [5] but also studied
using normal forms and Melnikov functions (see also [13]). A drawback of the method presented
there is that one needs to invoke an “unjustified hypothesis” (cited from [5]). Here we present
an alternative method for computing the asymptotic behaviour of the sequence p,,. It relies on a
matched asymptotic expansion method, which is fairly straightforward computationally, and has
the additional benefit of being fully systematic and hence self-consistent. In particular, for the
problem (4) the values p,, for which there is persistence of the homoclinic orbit for ¢ > 0 behave

asymptotically as
2

Hamt1 = Hm ™~ 5 as m — oo. (5)
The asymptotic result (5), obtained via matched asymptotic expansions, confirms the spacing
between homoclinic orbits predicted in [5]. In fact, we derive the following more refined asymptotic
expansion for the amplitude A = A(u) appearing in (3), in terms of the parameter pu:

A(p) ~ Qu= 96 gin (4\/3,111/2 + 116) as [t — 400, (6)

where € is defined as the limit of a recursively defined sequence, and its numerical value is approx-
imately —0.152.

We derive (5) via two routes. By way of introduction, in §2 we derive the recurrence relation that
leads to the definition of A(u), and we show how this is related to the Stokes phenomenon (which
turns on the fast oscillations). In §3 we derive (5) directly via matched asymptotic expansions
and a detailed analysis of the asymptotic behaviour of the Stokes lines as u — 4o00. The delicate
asymptotics that lead to (6) are established in §3.2. We find that each ¢ — 0 Stokes line splits
into two in the limit g — +o00. The combined effect of the Stokes lines leads to the expression (6).
In particular, the two terms turned on when crossing these Stokes lines cancel each other for a
countable set of p-values. The analysis of the Stokes lines for the asymptotic problem p — +o00
builds on the one for finite u, but is considerably more involved, which motivates us to first go over
all the necessary steps for fixed p in §2, before moving on to the large p asymptotics in §3.

In §4 we take the complementary approach of analysing the recurrence relation directly. Nu-
merically obtained results for the function A(u) and its limit behaviour as y — +o0 are presented
in §4.1. Next, we show that the main asymptotic behaviour of the zeros of A(u), see (5), can be
derived from the recurrence relation itself. This alternative is more lengthy than the delicate anal-
ysis of the Stokes lines preformed in §3, but it leads to additional understanding about the relation
between the matched asymptotic expansions near the pole in the complex plane and the asymp-
totics of the recurrence relation that defines A, and is of interest in its own right in terms of the

asymptotic analysis of difference equations. Finally, in §5 we conclude with some open problems.



2 Role and definition of the amplitude A

2.1 Initial Stokes line analysis

We recall the Stokes lines analysis using optimal truncation from [7], which we reformulate slightly
to develop a framework to which we can refer in the subsequent sections, and apply to the current
example. For ¢ = 0 the equation has the homoclinic solution
3 1
U= ———5——. 7
072 cosh?(z/2) @
In the complex plane, this function has poles on the imaginary axis; the ones closest to the real

axis are at +mi. We expand the sought for homoclinic solution u as an algebraic series in ¢, i.e.
o0
U~ Z ey, (8)
n=0

where the functions u,, tend to 0 as x — +00, and they have poles at the same positions as ug. As
detailed in [7] they are dominated (as n — oo, = € R) by

up ~T(2n +2) [x(z —im)"2"7% + x(x +im) ">,

for some constant y € C. Let us truncate the formal algebraic series after N terms:
N-1

U= g 2", + wy
n=0

and study the remainder wy, which asymptotically (for small ¢, large N) satisfies (neglecting
quadratic terms in wy and higher order terms in ¢)

n " "
2w + why + (2ug — Dwy ~ —2Nu .

A WKB ansatz shows that the solutions of the homogeneous version have asymptotic behaviour
(ase —0)

w ~ e/E, w~ e/ W~ ug, w ~ ug /(u{))_Q.

+iz/¢ gre turned on across the Stokes lines, which run down

We will see that terms of the form e
the imaginary axis from the pole at = mi and up the imaginary axis from the pole x = —mi (the
contributions from the other poles are negligible on the real line). As will be explained below, the
analysis near the poles also reveals the amplitude of the oscillatory term that is switched on across
the Stokes lines.

As it will turn out, in the strip 0 < Im(z) < 27 in the complex plane a term e/¢ ig the
dominant exponentially small term. It should match near x = w¢ with an inner scale, as detailed
in §2.2. Although introducing this inner scale is not strictly necessary at this point, it separates
the order of magnitude (in terms of ¢) from the Stokes constant A, and paves the way for later
generalisation (such as in §3.2).

From those local considerations in the inner scale emerges a global Stokes line across which a
term of the leading order asymptotic form A(e)e~**/¢ is in general switched on. The position of
the Stokes line is then found by identifying where the exponent has vanishing imaginary part (and

negative real part), see e.g. [14].

2.2 Inner expansion near the pole x = w1

We recall from (7) that

2

ug ~ —6(x F i)~ as ¢ — *mi.



Substituting the expansion u = Y &?"u,, into (4) and evaluating in a neighbourhood of the pole
x = £, one sees that

—2n—2

up(x) ~ en(x F i) as r — +mi.

This inspires us to introduce the following new variables for an inner scale near the pole x = +mi:
z=¢ Yz T ) and u=¢e2v. (9)

The equation for v(z) at leading order is

/l//

+ 0" 0%+ + ) =0, (10)

with
v~ —6272 for large z. (11)

We remark that the scaling (9) and equation (10) can also be found by looking directly for scales
on which a nontrivial balance of terms arises.
Equation (10) has a formal solution of the form

ZA D" (@2n + 1)1 (12)

where Ap = 6 and the A4, = An(,u), which are related to e, via A, = (—=1)"Tle,, satisfy the

recurrence relation

n—1
(2k + 3) — 2k
[(2n 4+ 4)(2n + 5) — 240] Ansr = (20 + 4)(2n + 5) A, + i 2ni3) D A
k=0
(2k +1)!(2n — 2k + 2)!
> (4 =2 ALA
/‘Z( n—2k+8) (2n + 3)! Wk
(13)

In particular, we see that A, = A,(u) is a polynomial of degree n in p. Finally, we define
A=A(p) = lim Ap(p). (14)
n—oo

We note that the factor (—1)"*1(2n+1)! in (12) was chosen such that the remaining coefficient A,,
tends to a constant as n — oo.
Clearly, the series (12) is an asymptotic one, diverging for fixed z. Hence, we need to truncate
it:
v = Z Ap(—1)" (20 +1)127272 + Ry, (15)

where the remainder satisfies to leadmg order (for large z, large N)
W+ Ry =0. (16)

As will be explained in more detail below, using the optimal truncation formalism from [7], we
can calculate that a term of the form e~% is turned on across the Stokes line that runs down the
imaginary axis from the pole at z = 0. Similarly a Stokes line runs up the imaginary axis from z = 0
across which a term of the form e*%* is turned on. As it turns out, A determines the amplitude of
the oscillatory terms that are switched on across the Stokes lines.

Before going into detailed calculations, let us remark that by matching for large z to the outer
scale z F i = O(1), we see that the term v = ce ™ turned on across the Stokes line running down
the imaginary axis from z = 7, corresponds to an exponentially small contribution ce~2e~™/¢e /¢
to u, and similarly for the term v = ce’* that is turned on when crossing the Stokes line running

up the imaginary axis from —mi. Hence, the scaling with e of these oscillations has already been



inferred without any involved calculations, with only the coefficient ¢, which depends on p but not

on g, remaining to be determined.

2.3  Optimal truncation

While the leading order equation for the remainder is (16), we need additional terms to perform

optimal truncation. Hence, to next order we have
R + RY; —12272Ry ~ =" |, (17)
where vy_1 is the final term in the sum in (15).
We concentrate on the term e~ and obtain the result for ¢ by using the symmetry z — —z.
The following steps can also be found in [7]. First we optimally truncate the right-hand side of (17):

1" (_1)N+1AN_1(2N -+ 3)!
UN-1 7™ S2N+4

(i.e., we choose for fixed large z the value of N for which this is smallest in magnitude). Using

polar coordinates z = re®?

U%L1 ~ (_1)N+1Amef(2N+3)(2N + 3)2N+7/27,7(2N+4)67i9(2N+4),

which is smallest when N = r/2 + s, where s is bounded as r — oo. Hence, when optimally

we get

truncated equation (17) reduces to (choosing —1 = e~™ for convenience, rather than e™™; this is
not clear a priori, but the other choice is equally valid if we keep in mind that r + 2s is always an

even integer)

R" + R" — 122_2R ~ mAT—l/Qe—iﬂ(r-i—Qs—‘rQ)/Qe—re—ie(r+25+4)_

Anticipating that a term of the form e~% is turned on, we write

R=F(z)e ",
By using that the derivative in polar coordinates can be written as
d ie " d
= = 18
dz r o db’ (18)

to highest non-vanishing order (for large r) one obtains

27,7164964%@'9 % ~ \/%Arf1/2efiw(r+2s+2)/267r67i0(1’+23+4)7

hence IF _
\/mArl/2€—i7r(r+25+2)/26—7"(1—ielg)e—i@(r+25+3)'

do "~
The right-hand side is exponentially small, except near § = —/2. Let us introduce = —3 + 70,

where 7 is small (to be chosen a little later). Then, expanding in 7, many terms in the exponentials
cancel and we are left with .

ﬂ ~ MATN/?@W/%%T?@?/Q.
do

Finally, choosing 7 = r~1/2 (i.e. the scale becomes small for large r) leads to

A ig 12\

60
embodying the familiar error function smoothing that occurs across a Stokes line [3]. By integrating
one obtains F(+o0) — F(—00) = [0 T2 1/2Ae=™*/24f = ix A. Hence, crossing the ray § = —m/2
—i2

clockwise for large r, a term imAe™"* in v is turned on. On the real z-axis, where z = (x — 7i) /e,

this corresponds to an exponentially small term in u of size

imhe™2e"m/EeTin/E, (19)



For the other term e* we use the symmetry z — —z. Hence, crossing the ray § = —m/2,
again in the clockwise direction, a term imAe’? is turned on for large r. Translating this back to the
original variables u(z) and noticing that for increasing x the ray emanating downwards from z = i
is crossed in the clockwise direction, whereas the ray emanating upwards from z = —mi is crossed
in the anti-clockwise direction, we see that on crossing the origin x = 0 in total an exponentially
small term of the form

u~ whe 2e ™5 (je7/F — /%) = 2 Ae 2™/ sin(x /e)

is turned on.

Let us remark that the above analysis does not imply that there exists a solution in the unstable
manifold of u = 0 (as * — —oo) which connects for large x to an exponentially small periodic
solution. In fact, the differential equation is conservative, the conserved quantity, the energy, being

E—2”//§”2 1/21213 2,/
—5uu—2u +2u —2u +3u + petuu”.

It is not hard to infer that solutions that tend to 0 as * — —oo, and thus have energy F = 0,

2

cannot have any extremal values smaller that % In particular no oscillations near 0 are possible
for such solutions. This implies that for solutions that start, for x — —o0, in the unstable manifold
of 0 and that (at least initially) stay close to (7), the exponentially small rapid modulations never
become dominant as # — +o0o. Instead an exponentially growing term (in xz), with a coefficient
which is exponentially small in € but of an exponential order smaller than the one considered in the
arguments above, becomes dominant before the algebraic terms in (8) have decreased sufficiently
for the exponentially small modulations to become visible.

On the other hand, solutions that are asymptotic to a small periodic orbit in both limits x — +o0o
do exist, and the amplitude of the limit cycles is bounded below by mAe~2¢~™/%, see e.g. [13, 10].
Asymptotically, those limit cycles are of the form Py cos(xz/¢) + Q4 sin(z/e) as © — foo, with
Py ~ P_and Q4 ~ Q_ + 2wrAe—2e~7/%, as the Stokes line analysis above shows. The asymptotic
energy of the limit cycles is Fy = —%(Pi + Q%), with, since the energy is conserved, B, = E_.
This implies that connections are only possible when Q_ = —wAe2¢~ /¢ and Q4 = wAe~2e7/°.
Furthermore, for each energy E < Epin ~ —m2A2e 4e27/¢ /2 there are two connections between
periodic orbits, one with Py ~ [2(Ewin — E)]'/? and one with Py ~ —[2(Epi, — E)]Y/2.

3 Matched asymptotics for the Stokes line

3.1 Large p asymptotics

In this section we derive the behaviour of A(u) for large . Although A(u) can be computed (e.g.
numerically, see §4.1) from its definition via the recurrence relation, such recurrence relations can
be difficult to work with, and it is more convenient to stick, for as long as possible, with differential
equations, for which a matched asymptotic analysis can be performed more easily.

As is discussed in detail below, in the limit 4 — +00 an additional inner scale appears near the
poles = £, and the Stokes lines split in pairs, see Figure 1.

Near the pole = 7i of the homoclinic solution (7) of (1), let us, as in §2.2, introduce

T — T
z =

and v = g“u.
€

The differential equation for v(z) at leading order is (10), with asymptotic behaviour (11). To



Figure 1: In the limit ¢ — 0 a Stokes line appears, which emanates from the pole z = mi.
A blowup near the pole allows an analysis of the exponentially small term (and its amplitude)
switched on across the Stokes line, see §2.2 and §2.3. Moreover, in the limit 4 — +o0o another
scale appears in which the Stokes line splits into a pair emanating from & = 4+/37.

consider the asymptotic limit p — 400, we use rescaled variables?

&= ;fl/Qz and P = uug.
This transforms (10) into the (singularly perturbed) problem
N_1¢/,// + ¢// + ¢2 + d}/? + 2¢¢// =0, (20)
so at leading order )
0+ w5+ + 208G =0, (21)
still with
Yo ~ =662+ 0(67Y)  as f¢] — 0. (22)

Thanks to its Hamiltonian nature, this differential equation can be solved in two steps: a first
integral gives 1 1
2 2
5%+ 3% +vov =0,
and hence, again using (22),

1+ 249 12 1/2 12 _
<2¢0> —1U<(1+21/10) + (2¢0) )_27\/56

Here 1)g is real and positive for £ purely imaginary (the left-hand side decreases from +oo to —oo

i

as a function of g > 0). In particular, we choose the branch on which wé/ %~ —iy/6671 for large €.
Note also that vy is real and negative for ¢ real with |£] > /3.
There are branch points when ¢y = —%, at &£ = +/3m:

1 2/3
Py ~ —3 + (3%)1/3 (§ — \/37?) as £ — \/§7r, (23)
1 2/3
¢ON—§+ (3—32)1/3 (—\/gﬂ—ﬁ) as £ — —V/3.
These are most easily derived from the identity
(1+2¢0) g = =i(3) w5, (24)

and the fact that 1y < 0 for real & with [¢| > /37. We will come back to the behaviour near 4+/3m
in §3.2.

To determine what gets turned on across the two Stokes lines, which emanate from the singular
points &€ = ++/37, see Figure 1, we use, in the spirit of §2 and without further ado, a formal WKB

2Note that p < 1/52 is crucial here since the £ scaling needs to be much smaller than that of the outer region.
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Figure 2: The two Stokes lines emanating from & = +v/37. They run down towards +4+/3 — icoc.
The angle the Stokes line makes with the real axis at & = /37 is —37/8.

ansatz and set s
Y~ dodp i T Y + K (&) ps et 7o),

with the constant ¢ € R to be determined later (by matching to the inner scale in §3.2). Substituting
this into (20) we get

o't + o' + 21[)00'2 =0,
while the next order gives

2 (20’3 (1 21/;0)0’) K+ <60’20” (14 200)0” + 21/}60/) K =0.
Hence
o' = —i(1+ 2¢) "2, (25)
with the minus sign required, as we shall see later, for the term to be exponentially small as
& — —ioo (the Stokes lines corresponding to the other sign choice run in the opposite direction
and are thus not relevant to this analysis at the singularity in the upper half of the z-plane). The
equation for the amplitude is also nicely integrable:

Ko Ky Ky

K = == B - )
(20 + (1 + 20)0’) /> (@) (1+2¢0)%/*

for constants K and K.
Using (24), we can rewrite (25) as

o = —i(14200)"* = (3) 0y (1 + 2¢0).

In §3.2 we will need to be able to match the exponentially small term to an inner region (£ near
V/37), hence we require o = 0 at £ = /31 (where wé/Q = —($)'/%). This implies that

o4 = _\/é(wo_l/2 - 2¢é/2 — 2\/57,),
while for the branch point at & = —v/37 (where ¢é/2 = —(%)1/21')
o = —V6(ihy * — 2007 + 2v/2i).

The two Stokes lines are where Im(o) = 0 and Re(o) < 0, for each of these o’s. They are
depicted in Figure 2. Since @béﬂ ~ —i/6ET 4+ O(€73) as |€] — oo, the asymptotic behaviour of &
is

os ~ —if £4V/3i as [¢] — oo. (26)



For later reference we note that the exponentially small term behaves like
K MC i 1/203\T/6 (¢ 4/3
K (&) uSel?o+©) 0 o2 ()70 (6—V/3m) as € — /3. 27
G Y= ; (27)
The two terms which are turned on in passing from left of the left-hand Stokes line to right of
the right-hand one, take the form
e,
(1 + 2¢0)3/ 4

where the calculation of K requires the inner problem to be solved. Symmetry arguments (in

—VB(wy /P2y *)ut/? (KoeV3im'? _ e tVaiu?),

particular, 1o(—€) = 1(€): reflection in the imaginary ¢-axis) have been used in expressing the
other coefficient as —Kj. Taking into account the asymptotics as ¢ — —ioo, and converting back
to (z,v) variables, we conclude that on crossing these Stokes lines an exponential term

215~ sin(4vV3u/? + ©)e 2, (28)
where Ky = Se'®, is switched on for large . Comparing with (19) we see that
Ap) ~ les_c sin(4v/3u/? + ©) as [t — +o00. (29)
Hence the true homoclinic connections correspond to
W32~ —©  asleN,l — oo, (30)

implying (5). The value of © is determined in §3.2 to be 7/16.

One interpretation of these results is that for a countable set of values of y the contribution
from the left-hand Stokes line (originating from & = —+/37) is cancelled (or absorbed) by the
right-hand Stokes line. It follows from (26) that in the limit & — —ioco (where the real x-axis is
located) the terms exp(u'/204(€)) represent exponentially small oscillations in the real ¢ direction
with frequency p'/2/(27). On the other hand, the distance between the Stokes lines (in terms of &)
is 81/3 for £ — —ioco, hence (30) implies that exactly [ oscillations fit between the two Stokes lines,
as & — —ioo and [ — oo, with the oscillatory contributions being abruptly turned off as the Stokes
lines are crossed. These oscillations are not directly observed in the corresponding homoclinic
solutions because of their exponentially small size, but one could argue that remnants of these
oscillations become visible when the solutions are continued far away from € = 0, as observed in [6].

3.2 Inner expansion near £ = /37

We concentrate on the Stokes line emanating from & = v/37 and running down the complex plane.
We expand the solution in an inner region near ¢ = v/37 and match to the exponentially small term
K(¢) ,uCe“m"+ (€) from §3.1, to obtain an expression for the (complex) pre-exponential constant K.
Close to & = /31 we set, being inspired by (23),
1
1/):—5—}—#_”(1) and E=V3r4puZ.

Looking at (23) we impose p = %q. On the other hand, for the fourth order term in (20) to balance
the nonlinear terms, we need —1 — p 4+ 4¢ = —2p + 2q. Hence we set

1
P = —3 + ,u71/4® and E=V3r+ ,ufg/gZ.

This gives for ®(Z) ~ ®4(2)
" D)% 4+ 20D = 0,

with
1/3
®p ~ <3%) Z2/3 as Z — —ioQ.

10



Let us expand & as

o0
Dy ~ ZanZ_8”/3+2/3 as Z — —ioQ.

n=0

The recurrence relation for «,, is, with ag = (

(5 —5)G - )G - )G~ Fana

3

k=0
hence
n—1
0 = Danoo = —(F = )G = )G = )G — Pona = 3G - FIF - Farans
k=1

From the balance
10 8n, 7 8n, 4 8n, 1 8n
an = —ag an [( 33 )(3@3 N3-3)(3—3) | 0(1)]

S (5-1)

= —aalan_l [%QnQ — %n + O(l)]

= —Sag an- [(2n = § - )20~ [ = 2) + O]

we conclude that _g\"
anp ~wl'(2n —17/8) (> as n — 0o, (31)
9040
for some w € R, which can be determined only by using the full sequence o, satisfying the recurrence
relation; by computing, from the recurrence relation above, the first few hundred terms of the
sequence (—9ap/8)"I'(2n — 7/8)a, and extrapolating, one establishes that w ~ —0.0608.
As in §2.3 we need to perform optimal truncation to evaluate the amplitude of the oscillations
that are turned on. We thus write ®q = ZnNgol anZ78/342/3 4 Ry where the remainder Ry

satisfies, to leading order (large Z, large N),
R™ 4+ ao(%Zfl/SR/ + 222/3R” i %Z—ZL/SR) _ _aN_l(%)4Z78N/372/3. (32)

Looking at the large Z behaviour of solutions by performing a WKB analysis on the homogeneous
equation, we see that what is turned on across the Stokes line is

R =dz /2 i000/9) /2247 (33)
for some d € C, which nicely matches with the exponential term in (27), provided that
3 3\1/4
¢ 16 and 0o=d 1 (34)

While this already fixes the (algebraic) dependence on pu of the amplitude of exponential term, the
remaining task is to determine the complex constant d.
For large N and large Z the right-hand side of (32) needs to be optimally truncated. To combat
formula bloat, we introduce the constants
of /90 \1/2 3\7/6 . _
S R R
Using (31) and Stirling’s formula, and writing Z = re’

(%)4278N/372/3 ~ (_1)Nwl7,72/36721;9/36781'N9/3N2N+5/8(62,’,8/352/4)7N'

9 we obtain (for N and r large)

—ON-1

Optimal truncation is then found to be at

1
N ~ Nopt = §5T4/3,
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and the asymptotically minimal right-hand side becomes
wi (—1)Nopty—2/82i0/3—8Nopeif[3—Br/* (3)5/8,5/6,

Substituting 2 4/3
R — D(z)z*1/2671ﬁz

into (32), and using the expression (18) for the derivative in polar coordinates, the equation for
D(Z) becomes, to highest non-vanishing order (for large r),

ag/225/2,,,,—1/26—i9/2€—i,@7‘4/3ei49/3 % _ wl(g)5/8e_ﬂiﬂr4/3/2r1/6e_2i9/3e_4iﬁr4/39/3e_ng4/3 '

This simplifies to

1 dD . 4/3(36140/3 _1_ 430 /3—mi
T2/3@ = woe 19/66,6'r (ie 1-4i6/3 1/2)’ (35)
with 4/
def — — —
wy & w1(§)5/8040 / 9-5/2 :wﬁ(g)lﬂﬁ 3/8.
The right-hand side in (35) is exponentially small unless 6 ~ —%’r, and the relevant inner scale can
be easily read off to be 8 = —%’T +7r72/34. In the new variables the equation becomes
@ _ w2€i7r/166—(85/9)é2‘
do
Hence, on crossing the ray 6 = —%” (see also Figure 2) in the clockwise direction for large r, the

term (33) is turned on via the usual error-function smoothing, with

d = woei™/16 /oo o—(88/9)6% 15 _ w2ei7r/16(g%>1/2 — w3 T/8¢im/16

Combining this with (28) and (34) we finally obtain

3\ —37/48 T
S—wﬂ(1> and @_ﬁ’
so that (29) leads to
A(p) ~ w2(3) 73190 sin(4v/3? 4 7/16)  as pp— +o0, (36)

with w =~ —0.0608 (see above) determined by the recurrence relation via (31). This establishes (6).

4 The recurrence relation

Here we take an alternative approach to the splitting Stokes lines from §3.1. Namely, we investigate
what information can be obtained directly from the recurrence relation (13). In particular, we
present numerical results on the Stokes constant A, and we derive (5) directly from the recurrence
relation, see §4.3. We emphasise, however, that the results of §3 are, for our purposes, complete
and that what we present here is an instructive alternative approach.

4.1 Numerics for A(u)

Our aim is to study the properties of the Stokes constant A = A(x) numerically, and compare the
results to the asymptotic expression (6). We recall that A(p) = limy, o0 An (1), see (14) and §2.3.
Using computer algebra (MAPLE) we have computed the first few polynomials A, (u) from the
recurrence relation (13).2 They are depicted in Figure 3 and can be seen to converge as n — oo for
fixed p. The zeros i, of the limit function A(u) are well approximated by the zeros fi, of A, (1)

3We recall that A, (u) is an n-th order polynomial.

12



1AL
I

Figure 3: The polynomials A4, (u), n = 1...15, which converge to A(u), see (14).

1
=

339

32149

3.1 o ©

Figure 4: The normalised differences v, between square roots of consecutive zeros fi,, and fi;,—1

are indicated by open circles. The extrapolated data V,(f) are depicted by dots, while the grey line

indicates the limit value .

for large ng (provided p < n?). For the numerical results presented here we have used ng = 197.

According to (30) we expect the differences

VU = 4\/§<\/,Lﬂ— M)

to approach m as m — oo. Indeed, this is what can be observed in Figure 4 for the first 30 zeros of
Ap, (). To make the evidence for convergence even more convincing, we have also used Richardson

extrapolation

V(j):mygfl)—(m—l)y(jfl) j=12,...andm=j+1,7+2,... (37)

m m—1 >
with y,(,?) = vp,. For example, Figure 4 depicts the twice extrapolated data uﬁ,?) as well as v, and

the acceleration in the convergence to m is clearly visible.

In Figure 5 one can compare the shape of the function A(u) for large u, as expressed by (36),
with the numerically computed polynomial A,,. One sees that the spacing between the zeros, as
well as the decay for u not too large, correspond very well. For the phase shift the agreement seems

to be less obvious. To investigate numerically the phase shift ©, we define

pm = 4V3\/ i — (m + 1)1

13



0.015
0.010

0.005

7

-0.005

-0.010

-0.015

Figure 5: The polynomial Ajg97(p) in grey, and the predicted asymptotic behaviour for large n
and p, given by (36), in black. For p larger than 100 one can see the two starting to diverge.

-05 o ©

Figure 6: The phase shifts p,, of the zeros fi,, are indicated by open circles; their behaviour
seems transient (not clearly converging). The fifth order extrapolated data p(s) depicted by dots,
converge to a limit value for the phase shift. The grey line indicates © = 7/16.

where we have shifted the index compared to (30) in order to fit with 4v/3,/z1 = 2v/15 being closer
to 27 than to m. We expect p,, to converge to ©® = 7/16 as m — oo, but this is not evident in
(5)

Figure 6. However, using repeated Richardson extrapolation, see (37), the sequence p,, converges

quite convincingly, see Figure 6 again.

4.2 The scale p > n?

The recurrence relation (13) can be slightly reshuffled to read

"L (2k 4 3)!(2n — 2k + 1)!
App1— A, = A1 An_
+1 kZ:O (2n + 5). k+1 k

(2k + 1)!1(2n — 2k + 2)!
(2n + 5)!

n
— Y (4n — 2k + 8) ApAn_p. (38)
k=0
In order to investigate the asymptotic behaviour of A(u) = limy, o An (@), we thus need to un-
derstand the behaviour of A, (u) for large p and large n, where we first let n tend to infinity and
subsequently g. As it turns out, the critical scaling is u = O(n?), and we need to start with the

easier scale 4 > n? and the go through the scales to arrive at pu < n?.
H H
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Introducing A Gty On leads to the following recurrence relation for a,:

n (2n+1
2n 4 2)(2n + 3 QU -
(2n+4)(2n+5)[an+1 — ( ),u( )an] = Zakam_l_k—Z(4n—2k+8)(2n—2k—i—2)akan_k,
k=0 k=0

with ag = 6. For p > n? this simplifies somewhat to
n+1
(2n + 4)(2n + 5)bpy1 = Z bbni1—k — Z(4n — 2k +8)(2n — 2k + 2)bybn_r, (39)
k=0
where a,, ~ b,, for ;1 > n?. The sequence b,, behaves as ﬂl(—ﬁg)”rfﬁ3 when n — o0o. The constants
B1 and (2 cannot be calculated from asymptotic considerations (the full sequence b, is needed),
whereas 3 can be determined with some effort to be g (this involves going to second order in the
appropriate balance and replacing all summations by corresponding integrals), but that turns out
not to be relevant for the leading order asymptotics.

The recurrence relation (39) can be “solved” using the generating function

o

by,
HOEDY T
k=0
where the function ¥ is the solution of
U — W2 4 (V)2 4 200" =, (40)
with asymptotic behaviour
U~ — asn— o0,
n
With these definitions we thus have
n
n ~ mbn as p,n — oo and g > n?. (41)

The differential equation (40) is (for obvious reasons) the same as (21), up to the change of
variables n = i, i.e. W(n) = ¥p(£). We find it a bit easier to work with real variables here. The
solution is given implicitly by

1 1420\ 12 1/2
m”‘(wm)) —ln((l—!—Q\I’(n)) + (29(n)) ) (42)

4.3 The scale y = O(n?)

We now want to consider p and n? going to infinity and being of the same order of magnitude. It

is useful to introduce new variables, containing an artificial small parameter §, namely

X Y
n=5 p=5 and An(p) = B(X,Y).

Then the recurrence relation (38) turns into

Z": (2k 4+ 3)!(2n — 2k + 1)!

B(X +6,Y) - o+ B

B((k+1)5,Y)B(X — k3,Y)
k=0

—u24n—2k 8)

k=0

(2k + 1)1(2n — 2k + 2)!
(2n +5)!

B(ks,Y)B(X — kd,Y).

However, this is not the most convenient way to write it in the scale u = O(n?). We anticipate
that the sums are endpoint dominated, hence we rewrite the sums in (38) as
n/2

Apr1An—g ~ 22
k=0

(2k + 3)1(2n — 2k + 1)!
(2n +5)!

" (2k +3)!(2n — 2k + 1
Z( )!( )!

Api1 A
(2n +5)! kL n—k

k=0
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and
n

> (4n— 2k +38)

k=0

(2k + 1)!(2n — 2k + 2)!
(2n + 5)!

ApAp_p =

n/2
yo @k 1()!(2” — 2k DY gy~ ok 4 8)(20 — 2k 1 2) + (20 + 2k + 8)(2k + 2)] ApAn_p.

|
— 2n + 5)!
For k < n = O(y/ft) the terms Ay, 1(2k + 3)! ~ pfb, 1 and pdg(2k + 1)! ~ pfF1by, are of the
same order. We may therefore neglect the first of these two sums (the second one has an additional

multiplicative factor n?). Also, Stirling’s formula implies that Gno2kil)l (2n)~2k=4 We thus

(2n+5)!
obtain
n/2
B(X +6,Y) = B(X,Y) ~ —p Y Ag(2k +1)! (2n)**8n° B(X — k4, Y)
k=0
X/28
~ =23 bt (2n) 2 B(X — k6,Y)
k=0

X/26

= -2 b <2> B(X —k4,Y).
— 4X
Using a WKB ansatz
B(X,Y) = M(X,Y)e?XY)/3, (43)
we get at leading order

@ - Y\, ox N V2, 6 2X 4./
‘ kZ:O k<4X2> € ¢ Z k<4X€ > e <\/?€ )7

or, with ¥ defined in §4.2,

It inspires us to, once again, introduce new variables

X X
W=— and X)Y)= — ],
Mg oxx1) =0 ( 75)
for which we then get
91 =20 (2Wed/?).

Substituting this into the implicit expression (42) for ¥, we obtain

W =+3e9/? [(eeg_i 1)1/2 —n (7)Y 4 (e - 1)1/2>] .

This defines W as a function of g, but also g as a function of W. We note that

gW) ~=2InW as W — 0,

while
gW) ~—=3W2  asW — oc. (44)

Our goal is to calculate the exponent

P(X,Y) = /Xg<f?>df< = \/}7/Wg(W) AW

in the WKB term (43), but it easier to compute [ W (g)dg first, namely

/W )dg = 3[—4\/6_9—1+2e_g/21n<e_9/2+ 6_9—1>}—|—C.
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It follows from the inverse function theorem that
/g(W)dW: —/W(g)dg+Wg+C.

Hence
def w 2 2
e / g (W) di

=3 [—4\/6*97—14— 2¢79/%1n (6_9/2 + \/6*97—1)} +Wg+C

4—2e79 ~
= 2W — V33— + Wy +C,
ve 9—1 g

where the final constant of integration is denoted by C for definiteness and will be determined by
matching to the scale y > n?. We first infer that

GW) ~ +idV/3+C —2WhW  as W — 0, (45)
since W ~ £+/3im/2e=9/2 for small W. Next, we note that, see (41),
b’ﬂ:un b n —2n— n
An(p) = 2 e (2n) P,

Cn+ ) " Vo
with b, ~ B1(—F2)"n"% as n — 0o, so that in the new variables

An(p) = e~ 2nInntnlnp+O(n) _, ,~(2VY WnW)/s

We conclude from (45) that
B(z,Y) ~ MeVY 6W)/5

matches to A, (u) for small W (u > n?) provided that
C= :Fi4\/§.
Finally, taking the limit W — oo, i.e. 4 < n?, we obtain, using (44), that
GW) — C =+i4V/3  as W — oo,
which implies that?
An(p) ~ B(X,Y) ~ eFUVBVY /6 _ o xidVBYH for yu and n large, with p < n?.

Indeed, this is the analogue of (30) and thus leads us once again to (5).

We note that the main difficulty in the above analysis is caused by the fact that we need to pass
through the entire scale u = O(n?) to go from the relatively easy scale y > n? to the desired scale
< n?. In particular, the problem for b,, in this intermediate scale needs to be solved completely.
The explicit “solution” of the recurrence relation for b, involves generating function techniques.
This constitutes a link with the direct Stokes line approach in §3.1. In particular, equation (40) is
the same as (21) modulo a straightforward change of variables.

We conclude that working with the recurrence relation is much more involved than working
with the differential equation directly, as in §3. We shall therefore not proceed with calculation of
the pre-exponential term via this route, but conclude that we have illustrated the principle that
the main asymptotic behaviour can also be derived using the recurrence relation.

“Here only ~ means that the exponential dependence upon f, but not the pre-exponential, has been captured.
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5 Conclusion

We have sought in this paper to provide a systematic approach, the need for which was noted in [5],
to constructing homoclinic connections in a class of ODEs. The key ingredient of our approach
is to extend the techniques of [7] by exploiting a second small parameter (here 1/u, in addition
to €) to subdivide, and make analytically tractable, the Stokes line structure. In the course of
the analysis, we have also expored some novel asymptotic techniques applicable to certain classes
of difference equations. The scope for applications of the approach is significantly broader than
the model problem treated here, no special properties of the nonlinearities having been exploited.
Indeed, we anticipate that the asymptotic structure, elucidated above, whereby the (exponentially
small) oscillations are confined to a finite range of =, will be generic in many problems of the current
class.

More specifically, for the (singularly perturbed) model equation (4) we have determined the
asymptotic dependence of the Stokes constant on the parameter p. In particular, a vanishing
amplitude implies the occurrence of an embedded soliton, or solitary wave. The precise asymptotics
of the amplitude for large p are given by (6). The asymptotic analysis reveals that, asymptotically,
an additional inner scale appears when p — 400, where each Stokes line splits into a pair, and the
contributions of each pair of Stokes lines cancel for a countable set of p-values. Furthermore, the
relevant Stokes constant can also be defined via a limit in a certain recurrence relation. This allows
for a complementary, partly numerical, investigation, which corroborates the asymptotic analysis,
as well as providing an alternative approach to finding the frequency at which embedded solutions
occur for large i, shedding additional light on asymptotic methods for recurrence relations.

These results lead to several open questions. First, can they be proved, e.g. in the spirit of [17]?
Second, the leading order asymptotics (5) concur with the normal form approach in [5], but what is
the precise relation between the two methods? Third, what role is played by the conservative nature
of the differential equation? It is certainly used in the analysis, but is it essential to the asymptotic
structure? A related question is whether it is worthwhile to analyse higher order exponentially
small asymptotic terms in order to quantitatively study the phenomenon described at the end
of §2.3 (this could require the treatment of higher-order Stokes lines, cf. [4]). Such analyses may
also shed light on the occurrence of multi bump solitons (arising in related equations). Finally, for
solitary waves, an integer number of oscillations occur in between the pair of Stokes lines in the
&-plane (u — +00), as noted in the final paragraph of §3.1. Although these are exponentially small
as ¢ — 0 and thus not visible in this limit, oscillations do appear in the homoclinic profile as &
becomes large, as observed in [6]. It would be interesting to obtain insight into the connection (if
any) between these oscillations of very different size.
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