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HIGHER-ORDER CHANGE OF THE HAMILTONIAN (ENERGY) FOR
NEARLY HOMOCLINIC ORBITS

Richard Haberman and Eric K. Ho

Dedicated to the memory of Charles Lange.

ABSTRACT. Conservative dynamical systems with a homoclinic orbit are analyzed
under a small dissipative perturbation. The asymptotic expansions of a nearly ho-
moclinic orbit are shown to fail as the surrounding saddle regions are approached.
A weakly nonlinear analysis of the surrounding saddle regions is derived assuming
the dissipation can be approximated by linear damping in the neighborhood of the
saddle point. By matching (to sufficiently high order) the asymptotic expansion
of the nearly homoclinic orbit to the solutions in the surrounding saddle regions,
the change in the Hamiltonian (the energy dissipation) over a complete nearly
homoclinic orbit is obtained. We show there is a new higher-order logarithmic
correction to the well-known Melnikov integral for the change of the Hamiltonian
from one saddle approach to the next. Numerical computations of this change in
the Hamiltonian for a double-well potential are shown to compare favorably with
the asymptotic result.

1. Introduction

We analyze Hamiltonian systems with double homoclinic orbits connecting a saddle
point to itself and surrounding two competing centers. Examples include double-well
potentials and the strongly nonlinear Hamiltonian system describing generic weakly
nonlinear 1-1 primary resonance [see, for example, Guckenheimer and Holmes (1983)
and Kevorkian and Cole (1981)]. Other examples are described by Neishtadt (1991)
and Henrard (1993). With a small dissipative perturbation, the method of averaging
is used to describe the long time behavior of weakly damped strongly nonlinear os-
cillations. The method of averaging fails as the solution approaches the unperturbed
homoclinic orbit. Timofeev (1978) showed that the slow passage through an unper-
turbed separatrix (homoclinic orbit) involves a large sequence of nearly homoclinic
orbits. This was generalized by Neishtadt (1986) and Tennyson et al. (1986). Henrard
(1993) summarized, justified, and improved various estimates and illustrated many
significant applications. Bourland and Haberman (1990,1994) showed that the non-
linear oscillations obtained by averaging and the nearly homoclinic orbits could be
connected by the method of matched asymptotic expansions.

The sequence of nearly homoclinic orbits involves a mapping from one saddle ap-
proach to the next. It is now well-known (and presumably known by Poincaré) that
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the change in the energy over one complete nearly homoclinic orbit can be approx-
imated by what we call the Melnikov integral [see, for example, Guckenheimer and
Holmes (1983) and Wiggins (1990)]. The boundaries of the basins of attraction are
the stable manifolds of the saddle point. The boundaries of the basin of attraction
are tightly intertwined, spiral-like, and near the unperturbed homoclinic orbit consist
of a large sequence of solitary pulses in which Melnikov-type energy estimates apply.
Bourland and Haberman (1991) obtained accurate asymptotic formulas for the bound-
aries of the basins of attraction for double-well potentials, and a similar result was
obtained by Haberman and Ho (1995a) for the dissipatively perturbed Hamiltonian
system corresponding to primary resonance. The Melnikov integral for the change in
the energy along a nearly homoclinic orbit is also very important in the calculation
of the probability of capture into either stable attractor as discussed by Neishtadt
(1991).

The usual Melnikov integral is a leading-order approximation to the exact change
of the energy. If the dissipative perturbation to the Hamiltonian system is O(g), then
the leading-order change of the energy over one nearly homoclinic orbit is O(e). Here,
we assume the Hamiltonian at each saddle approach is O(e) since this corresponds to
nearly homoclinic orbits. In the present paper, we analyze conservative systems with
a homoclinic orbit and derive a more accurate expression for the change of the energy
(the change AH of the Hamiltonian) from one saddle approach to the next along a
nearly homoclinic orbit:

B

AH ~ —eM + £2 IHE(E) (M) +

o (1.1)

where M is the usual Melnikov integral, (H; + H_)/2 is the average of the leading-
order energies at the saddle regions which surround this nearly homoclinic orbit, 3 is
the linear damping coefficient of the perturbation at the saddle point of the unper-
turbed system, and k is the exponential growth and decay rate at the saddle point.
Thus, this new dissipation is due to linear damping near the saddle point. In (1.1),
(Hy + H_)/2e = O(1) since the Hamiltonians are O(g).

For double-well potentials, the probability of capture into the left and right wells
is determined from (1.1), and Haberman and Ho (1995b) show that the probability
of capture is not affected by this O(¢?In¢e) energy correction. For general perturbed
Hamiltonian systems, Ho (1993) shows that (1.1) is still valid (with appropriate modi-
fications for the definitions of 5 and k). However, Haberman and Ho (1995b) show that
the probability of capture is changed by O(elne¢) from the usual Melnikov probabili-
ties when the topology of the double homoclinic orbit is twisted as in the Hamiltonian
system associated with primary resonance.

When the trajectories approach the unperturbed homoclinic orbit (separatrix), the
solution behaves differently in different parts of the trajectory. The region away from
the saddle point, which we call the nearly homoclinic orbit region, is analyzed in
Section 3 with sufficiently high asymptotic accuracy. In Section 4, we do a weakly
nonlinear analysis of the neighborhood of the saddle point. This is valid in the saddle
regions which surround the nearly homoclinic region. The asymptotic expansion for
the nearly homoclinic orbit is matched to the asymptotic expansions of the solution
in the surrounding saddle regions. In this way, the change of the energy (1.1) between
two saddle approaches is derived in Section 5. The change in the Hamiltonian (en-
ergy) between successive saddle approaches is computed numerically in Section 6 for a
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specific double-well potential and is favorable compared with the asymptotic formula
(1.1) including the new O(e? In€) term.

2. Conservative systems with a homoclinic orbit

We consider conservative systems with a homoclinic orbit under a small dissipative
perturbation:

d*y dy

— +V = —¢eh(y, = 2.1

dtg + y(y) € (ya dt)v ( )
where V' is the potential. We use the corresponding force f(y) (f(y) = —V,(y) or

V = — [ f(y)dy). The energy of this system is H = %(%)Q—I f(y)dy. A conservative
system with a center and a saddle point and a conservative system with a double-well
potential are examples of unperturbed systems (¢ = 0) with a homoclinic orbit, whose
phase portraits are sketched in Figure 1. With a dissipative perturbation, there are
nearly homoclinic orbits, as illustrated in Figure 2. Figure 3 shows a typical time-
dependent nearly homoclinic orbit and the surrounding saddle regions.

W;e as?,ume the perturpation i;(y, %) is purely dissipative, by whi;h vx{e mean that
h(y,5}) is an odd function of %Y. Furthermore, we assume h(y,3¥) is or can be
approximated (using Taylor series) by linear damping, 3 %, in the neighborhood of
the saddle point. Later, we show that this assumption of linearity of the damping in
the neighborhood of the saddle point is essential to our calculation of the O(g? Ine)
correction to the energy dissipation.

FIGURE 1. Conservative systems with homoclinic orbit (¢ = 0)

3. Nearly homoclinic orbit

In this section, we consider a nearly homoclinic orbit. Here, the solution of the unper-
turbed system (¢ = 0) is assumed to be a homoclinic solution, a single solitary pulse
denoted by yo(t). The solution of the perturbed system (¢ # 0) which we call a nearly
homoclinic orbit can be assumed to have the following expansion

y=yo+eyr +eyp+ - (3.1)
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Ys

FIGURE 2. Phase portrait of nearly homoclinic orbit

FI1GURE 3. Time-dependent nearly homoclinic orbit

Since y is near yo, f(y) ~ f(yo)+—v0) Sy (Wo)+5H—y0)? fyy (Wo)+5W—10)> fyyy (Wo)+
.-+, and the system (2.1) becomes:

Pyo Py Py

a2 g T ge T
1
= f(yo) + ey + %2+ 1fy(yo) + eyt )? Fyy (o)
— eh(yo, yor) — €2[hy (Yo, Yo )yr + y1,ho (Yo, o)) + -+ (3.2)
_ 0 d _ 6] d
where hy = F-h(y, G¥) and h, = 8(%)11(3/, dy,
To leading order in (3.2):

d2y0
-0 = . 3.3
7 f(yo) (3.3)

We assume the leading-order term yo(¢) is a homoclinic orbit, approaching the saddle
point yp — ys as t — +oo where y; is defined by f(ys) = 0. In addition, we assume
that the center of this homoclinic orbit occurs at ¢ = 0, so that the solution yo(¢) is
an even function of t.

To determine part of the asymptotic expansions of the homoclinic orbit, we ap-
proximate its defining differential equation (3.3) in the neighborhood of the saddle
point:

d2 (yO - ys)

= Jus) (o —ys) + %fyy(ys)(yo —ys)’ 4 (3.4)
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As the solution approaches the saddle regions, i.e., as t — +o00, we insist that there
is no exponentially growing term. Consequently, by solving (3.4), yo has asymptotic
expansions:

t a%fyy(ys) 2kt

Yo ~ ys + ape” +Te +---, ast — —oo, (3.5a)
2
Yo ~ ys + aoe” M + 7%%;2(%) T2 ast — oo, (3.5b)

where k = \/f,(ys) is the exponential growth and decay rate corresponding to the
linear analysis around the saddle point (see (3.4)). The asymptotic formula (3.5a)
is valid for the saddle point preceding the homoclinic orbit, while (3.5b) is for the
following saddle point. The symmetry of yo around ¢ = 0 has been used to obtain
(3.5b) from (3.5a). Since the homoclinic orbit is unique, ag is a known constant
which can be determined for a given potential from the integral representation of a
homoclinic orbit (but we do not need its value here).
Higher-order terms satisfy the differential equation
2
% — fylyo)yi = R, i=1,2,3,..., (3.6)
where R; can be determined from (3.2) and is a function of y; and y;, where j < i.
In order to solve for y;, we use the method of variation of parameters, which requires
two homogeneous solutions, one being yo,. Since yo, is a nice function, its asymptotic
expansion can be determined by differentiating (3.5b) term-by-term:

kt o‘gfyy(yS)e—Wct
3k

Since yp is even around ¢ = 0, yo, is odd around ¢t = 0. The second homogeneous

solution yg can be chosen to be an even function of t since the linear differential

operator in (3.6) has no term with the first derivative and f,(yo) must be an even

function of t. This second homogeneous solution can be obtained by considering the

Wronskian relationship between yo, and yg:

Yo, ~ —kage” +---, ast— oo (3.7)

YorYHy — Yoy = 1. (3.8)

We will only need to notice that ygy is even around ¢t = 0 and has the following
important asymptotic expansion (derived in the Appendix),

-1 wt Q0fyy(Ys) -
yHNW e —T—Eate + ..., ast—>oo, (39)
where the parameter
5fyy(Ys)
o = fyyy(ys) — 1;;22 Fyy(Ys)s (3.10)

represents the effect on the system of the nonlinearity of the potential (quadratic and
cubic nonlinearities of the force) in the neighborhood of the saddle point. The proper
mathematical analysis here and in Section 4 requires the inclusion of the te=** term.

The first correction y; to the homoclinic orbit due to the purely dissipative pertur-
bation satisfies the following equation:

d? Y1
dt?

fy(o)yr = =h(yo, %). (3.11)
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By the method of variation of parameters, y; can be represented by

t t
Y1 = [ﬁl —/ h(yo,yot”)yogdf] Y + [041 +/ h(yoayog)def] Yogs (3.12)
0 0

where a7 and [, are arbitrary constants (multiples of the homogeneous solutions).
Since yo is even, the variable coefficient in the linear differential equation (3.11) is
even around ¢ = 0. Because h is odd around ¢t = 0, there exists a particular solution
of (3.11) which is odd around ¢ = 0. The solution of (3.11) given by (3.12) is odd
around ¢ = 0, except for the homogeneous solution (3;yg which is even.

To approximate y; asymptotically in the neighborhood of the saddle point, we
note that by our earlier assumption h(yo,yo;) can be approximated by ﬁ%, and
hence h(yo, yo,) — % = O(e~?k*). To approximate the following term in (3.12)
asymptotically as the saddle point is approached, we use the asymptotic behavior of

Yo (3.6), yu (3.9), and h(y, %):

t

t t
ym/ h(yo,yo;)ymdt = yot/ Byozymdt + yOt/ {[h(ym Yoi) — BYoil yH}df
0 0 0

~ —%t@‘kt +0(e™™), ast— oo, (3.13)
Later we will show that te~** will generate O(¢? In¢) terms in the saddle region be-
cause the saddle time variable will be shown to be just a logarithmic shift of the
homoclinic time variable. These terms are very important and essential to our cal-
culation of O(e?In¢) terms for the change of the energy. By (3.12), (3.13), and the
asymptotic expansion of yg (3.9), y1 has an asymptotic expansion as the subsequent
saddle point is approached:

_ —Q okt _ 0 fyy(Ys) _ M B Qo
n 2k2ay k2 9 ]k3

) te ™™+ 0(e™*), ast — 0o, (3.14)
where we have introduced @ as follows

Q=70 - /o h(yo, Yor) Yo, dt. (3.15)

Later, we will show that @ is the leading-order energy at the subsequent saddle
approach. We also introduce the Melnikov integral M,

M = 2/ h(yo,yot)yot dt, (316)
0

which represents the well-known leading-order change of the energy over a homoclinic
orbit. From (3.15) and (3.16), we have

Q:&—%M. (3.17)

Similarly, y; has an asymptotic expansion as the preceding saddle point is ap-
proached. Because of the homogeneous solution, y; has different asymptotic expan-
sions as t — —oo and t — +00. From (3.12) as t — —o0, the term 3 — %M is replaced
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by61+§M:Q+M. Thus,
_M[S_kt_m}

y 2k2a0 k2
M

For the next-order term in the nearly homoclinic solution ys, the O(¢?) terms of
(3.2) must be considered:

d*ys
dt?
By the method of variation of parameters, ys can be represented by

1
- fy(yO)y2 =Ry = —ylhy(yo,yot) — y1¢ho (Y0, Yo,) + §y%fw(90)

Yo = (62 + /Ot Ra(t)yo, df) yH + (ag - /Ot Rg(f)def) Yot (3.19)

where g and (3 are arbitrary constants multiplying the homogeneous solutions. Parts
of y, are even and parts are odd, and thus ys has different asymptotic expansions as
t — —ooand t — +o0. By the method of undetermined coefficients and the asymptotic
behavior of yo (3.5) and y; (3.14) and (3.18), we obtain the asymptotic expansions of
1o as the surrounding saddles are approached:

Qnyy(ys) o2kt BQ Qza kt
2402kS T\ T2y T TokPag ) ¢ T
Q@+ M2 foy(ys) —ope | (BQ+M) (Q+M)*a\ 4
Y2 2402k © \ 4kZag T Iokae )¢ T
as t — —oo. (3.20b)

as t — oo, (3.20a)

In conclusion, as the solution approaches the subsequent saddle point, i.e., as t — oo,
the nearly homoclinic orbit has the asymptotic expansion:

a%fyy(ys) o2kt
6k2

Q Jyy(Ys B Q _
- E{2k2a0 {ekt = e : } (ﬂ - a§k30> te kt}
Q

2 2
2 Q o2kt | B Qo kt
< t
te [2404 Zp w05 )¢ <4k2a0+16k5a0) ot }

+ - as t — oo. (3.21a)

Yy~ ys +age "+

As the solution approaches the prior saddle region, the nearly homoclinic orbit has
the following asymptotic expansion:

Y~ ys + aoekt + 0402527;2(245)62“
Q+MT 4 aofyy(ys) Bag  ao(Q+ Mo\
_8{ 2%k2aq [e TRz } * (T R )te }
(Q+ M) Lo, (BQEM)  (Q+ Mo\
+e [Wf”( e < 4k2 o 16k>aq )te N ]

+--- as t — —oo. (3.21b)
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We use these asymptotic expansions as the outer (nearly homoclinic orbit) solution in
the matching process between the nearly homoclinic orbit region and the surrounding
saddle regions.

4. Solution in successive saddle regions

For the nearly homoclinic orbit, the solution spends a long time in the neighborhood
of the surrounding saddle points. As shown in the last section, the asymptotic behav-
ior can be represented by (3.21). The leading-order term of the asymptotic expansion
of the nearly homoclinic orbit (outer) exponentially decays to ys as t — +oo. From
(3.21a) and (3.21b), the O(g) term exponentially grows as t — too. Thus, the expan-
sions fail as ¢ — 4o0. In this section, we show that different asymptotic expansions
are necessary in the neighborhood of the surrounding saddle points. We determine
the differential equations valid in the surrounding saddle regions by rescaling the so-
lutions based on (3.21). This is the fundamental idea behind the method of matched
asymptotic expansions.

First, we consider the failure as ¢ — +o00. The correct scale is derived by assuming
e * = O(eef*) as t — oco. This type of failure of an asymptotic expansion corresponds
to shifting the time variable [Lange (1983)] by a logarithmically large amount, — 5 Ine
[Haberman (1983)]. The correct time variable in the saddle region after the nearly
homoclinic orbit is 7 :

Ty =1+ % Ine. (4.1a)
Note that e = e~zeb™ and e * = e2e #™+. When 7, is O(1), e % = O(ez) is
small so that y is near y, verifying that this region corresponds to being near the
saddle point. Note also that e¥* = O(e~2) is large. The two limits associated with
this matching correspond to fixing 7 and letting ¢ — 0, in which case from (4.1a)
t — +o00, and fixing ¢ and letting e — 0, in which case from (4.1a) 74 — —o0.
The asymptotic expansion of the nearly homoclinic orbit also fails as t — —oc. In
a similar way, the appropriate time variable in the saddle region before the nearly
homoclinic orbit is 7_:

1
_ =t— —1Ine. 4.1b
T ok ne ( )

By using the outer (nearly homoclinic) asymptotic expansion and the relationships
between the inner and outer time variables (4.1a,b), we are able to determine the form
of the asymptotic expansion in the saddle region (inner expansion). For example, the
term e~** in the outer expansion (3.21a), yields an O(¢2) term in the inner expansion.
Furthermore, it is important to notice that under the shifting of the time variable
(4.1a), logarithmic terms are introduced in the following way:

1
te Rt = (7’+ ~ o lns) ere kT

1
tert = (7'+ - ﬂlns) e 2k

Thus the terms ete " and e%te** yield O(E% Ine) terms. By these observations, the
method of matched asymptotic expansions implies that the asymptotic expansions in
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both saddle regions that surround the nearly homoclinic orbit have the same asymp-
totic form:

T —l—a%g% + e + 2 Inegs —i—s%gj% + e (4.2)

We will need the energy at successive saddle approaches. The O(E%) term will not
affect the energy to the order we wish to analyze. However, the O(E%) term will show
the weakly nonlinear interaction between the quadratic and cubic nonlinearity in the
neighborhood of the saddle point. In the saddle region after the homoclinic orbit, the
time variable is 71, and in the region before the homoclinic orbit, the time variable is
7_. To avoid repetitive algebra in this paper, we use 7 as the time variable in the saddle
region, keeping in mind that this represents two different regions defined by (4.1a) and
(4.1b). Successive saddle regions are essentially the same. Time for successive saddle
approaches are shifted, and the solutions of the differential equations (the constants
of integration) are different.

The leading-order terms in the differential equation in the neighborhood of the sad-
dle point are O(c2). The dissipative perturbation —eh is O(¢?) in the neighborhood of
the saddle point, since we have assumed the dissipative perturbation is approximately
linear in the neighborhood of the saddle point, A(y, %) ~ %. The dissipation in the
neighborhood of the saddle point is very important. However, if we are careful, the
effect we are looking for is O(¢? In¢) and the O(e2) term can be neglected. Including
the O(c?) terms, the system (2.1) can be written as

L g d* 3 d*§. s 93
€2 dT; +ad—7_y2 +e2lne dTy2 +ez2 dT22

= [ségj + &g + €2 Ineg. +a%g% + - -}fy(ys)

1
2

1
+e [5 (Qé + 26%@371) Suy(ys) + - }

1

dijs
+g% [Enguuy(ys)+:|+_&-gﬁ 2

dr

In order to analyze the solution in each saddle region up to the order with which we
will be concerned, we have to solve for g 1 U1, Ys, and g 3 directly from the differential

e (4.3)

equation (4.3). For g1, we consider the O(e2) terms of (4.3),

d*yy _
—2 — fuys)7

This corresponds to the leading-order terms in the neighborhood of each saddle. By
solving the above differential equation, g 1 can be represented by

=0. (4.4)

1
2

i = Ae™" 4 Bt (4.5)

where k =/ fy(ys). A and B are the integration constants associated with a specific
saddle region. These constants will be different in the saddle regions immediately
before and after the nearly homoclinic orbit. The constants in the region before can
be determined by matching as 7 — +oo with the asymptotic expansion of the nearly
homoclinic orbit solution as ¢ — —oo. The constants in the region after can be
determined by matching as 7, — —oo with the asymptotic expansion of the nearly
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homoclinic orbit solution as ¢ — +o00. The solution to this order in each saddle region
is given exactly by (4.5), which is the same as its asymptotic expansion.
For ¢, we consider the O(e) terms of (4.3)

A7 U
gz~ K= 508 fun(vs)- (4.6a)

This term accounts for the possible quadratic nonlinearity of the force in the neigh-
borhood of any saddle point. Using (4.5) for § 1, the above equation becomes

dzgl 2~ 1 2 —2kt 2 2kt
We solve for ; in the saddle regions before and after the nearly homoclinic orbit by
the method of undetermined coefficients:

1
i = gz fuy(s) [A%7T —6AB + B2 (4.7)

The method of matched asymptotic expansions implies that there are no homogeneous
solutions e™*7 at this order because, for example, there are no terms of O(e%/2¢**) or
O(e5/2e¢7Ft) in (3.21a). A similar observation is necessary in (3.21b).

The next order, 0(53/ 2Ine), solution 7, satisfies the following linear homogeneous
differential equation:

4%,

2~
5 — k. =0. (4.8)

Similar to the calculation for g 1 7 can be represented by
Ju = Ave ¥ 4+ B,eb7. (4.9)
At order O(a%), the solution gjg satisfies the following linear nonhomogeneous dif-

ferential equation corresponding to the interaction of the quadratic and cubic nonlin-
earities:

&3 - o 1 dys
FQQ - kag = %ylfuu(ys) + gyéfyyy(ys) -3 de
= % (A2Be_]” + AB26kT) + kg (Ae_]” - Be]”)
+ O (7, 673]“) , (4.10)

where ¢ is defined by (3.10) and O(e**, e =37 represents terms we can calculate but
do not need. Exponentially resonant terms contribute to the solution

= Ase FT 4+ B%e]” - (4%:1423 + 614) e kT

s i
2 2

g 2 6 kT 3kt _—3kT
+ (EAB - 53) Te"T + 0(e’" e ). (4.11)

y

(MY
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In conclusion, the expansion of each saddle solution (up to the order in which we
are interested) is

1
Yy=ys+ aé(Ae_]” + Be’”) + E@fyy(ys)[A2€_2kT _6AB + Bze%T]

+etln E(A*e_’” + B*e]”)

Je3 Ase ® 4+ Baek™ — iA2B + éA Te kT
2 2 4k 2
g 2 6 kT 3kt _—3kTt
+ EAB - EB e + 0(e’" e )+ (4.12)

The constants in each saddle region can be determined by matching (7 — 400 and
t — +00 ) to the nearly homoclinic orbit.

5. Matching between the saddle region and the nearly homoclinic orbit

In order to find the change in the energy from one saddle approach to the next, we
match the asymptotic solutions in both saddle regions to the nearly homoclinic or-
bit between them. As ¢t — —oo (7— — ©0), the nearly homoclinic orbit approaches
the preceding saddle region, and as ¢ — oo (14 — —o0), the nearly homoclinic or-
bit approaches the following saddle region. According to (3.21a) and (3.21b), the
corresponding asymptotic expansions for the saddle approach prior to the nearly ho-
moclinic orbit (¢ — —o0) and for the saddle approach after the nearly homoclinic orbit
(t — 00) can be determined by matching to the saddle solution (4.12) as 7 — oo and
T+ — —0OQ.

As t — oo (equivalent by matching to 74 — —o0), the asymptotic expansion of the
nearly homoclinic orbit (3.21a) expressed in terms of the saddle variables is

1 o kr
y~y5+55a0 {14—51115 (%—%)}e kre
1 Q B Qo k
_ 14¢] Py w9 T4 1
52%2% { +e€ n5<4k+ 16]{4)}6 + (5.1)

By matched asymptotic expansions, (5.1) should be the same as the asymptotic ex-
pansion of the corresponding saddle solution (4.12). By comparing this to the solution
in the saddle region after the nearly homoclinic orbit, we determine the constants of
that saddle region:

A= Qg,
_ Q
B = 2I€2O[07
A — aof Qoo (5.2)
T4k 16k4”°
B. — QB Q%

8]€30[0 32k6a0 '
We can determine these coefficients by comparison with the homoclinic expansion
(3.21a) if we note that ¢t = — 5 Ine.

In the saddle region before the nearly homoclinic orbit, the time variable 7_ is
simply the nearly homoclinic time variable t shifted backwards by —ﬁ Ine, — =
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t— ﬁ Ine. It is important to notice that under this shifting of the time variable,
logarithmic terms are introduced in the following way :

te = (r_+ i Ine sfée*k“,
2k (5.3)

teft = [ r_ + i Ine | ezek™ '
-+ o5 .

Thus, as t - —o0 (7— — 400), the asymptotic expansion of the nearly homoclinic
orbit (3.21b) has the following asymptotic expansion in terms of the saddle variables:

Y~ ys + 20 {14—51115 <w b ﬂ ek

16k* 4k
€2 (Q+M)B  (Q+M)’c ke
—M{(Q—FM)-FElDE (— 1k - 1674 >:|6 + - (54)

By matched asymptotic expansions, (5.4) should be the same as the asymptotic expan-
sion of the saddle solution preceding the nearly homoclinic orbit. By comparing this
to the solution in the saddle region before the nearly homoclinic orbit, we determine
the constants of that saddle region:

B:CYQ,
. Q+M
A__2k20107
5 _ @B (Q+ M)oay (5.5)
4k 16k4
4 Q@+M)p (Q+M)o

8k3 (%)) 32k6040

By matching, we have shown that the parameters in two consecutive saddle regions
are related by (5.2) and (5.5).

6. Change of the energy between two consecutive saddle approaches

The preceding sections showed a detailed calculation of a nearly homoclinic orbit and
the saddle approaches that surround it. We now show the relationship between the
time dependent solution and its energy. The formula for the energy in saddle regions

is unchanged,
L fdy\ L A dy\ v,
H= 3 (E) - /ys f@)dy = 3 (E) - /ys f(9)dy, (6.1)

since in the saddle region time is shifted and therefore dt = dr.
We now find an approximate expression for the energy in any saddle region. Using
the Taylor expansion of f(y) and noting that at the saddle f(ys) = 0, yields

2
H= % (%) - [%fy(ys)(y - ys)2 + %fuy(ys)(y - ys)3 + O[(y - ys)4]:| : (62)

Since (4.12) represents the solution in any saddle region including the O(E%) terms,
by substituting (4.12) into (6.2) we will obtain the asymptotic expansion of the energy
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in the saddle region,
H = —2k*[cAB + *Ine(AB, + BA,)] +--- . (6.3)

Since (6.3) is valid in the entire saddle region, we conclude that the energy is nearly
constant (up to this order) everywhere in each saddle region. Time-dependence in the
expression of H occurs only in those terms of O(¢?) or higher. Equation (6.3) is very
convenient to compare the difference in the energy between two consecutive saddle
approaches up to O(e?In¢), because the result will be the same if we compare any
two points in the corresponding saddle regions. As shown in the next section, this
conclusion is particularly convenient when we compare the numerical solution to this
theory.

From (5.5) and (6.3), the energy at the saddle region (H_) before the nearly ho-
moclinic orbit has the asymptotic expansion

—B(Q+ M)
2k

At the next saddle region immediately after the nearly homoclinic orbit, the energy
(Hy) is determined from (5.2) and (6.3):

H_ =¢(Q+M)+e*Ine +-e (6.4)

pQ
ok + .
By comparing the energies at two consecutive saddle regions, (6.4) and (6.5), we
determine the change in the energy from one saddle approach to the next:
M
AH:H+—H~—5M+521115<§) <Q+7>+---. (6.6)

To leading order, it is well-known that the change in the energy over a nearly

homoclinic orbit is —e M, where M is the usual Melnikov integral

M =2 [ o gnJuocdt = § b (so, =7/ "2V ) ) dao (67)
0

The O(¢? In€) terms in (6.6) represent an O(e In€) percentage correction to the well-
known leading-order change of the energy. According to (6.6), this O(g? In€) correction
depends on @ where, according to (6.5), @ is the leading-order energy at the saddle
region after the nearly homoclinic orbit,

H, =cQ+<*Ine (6.5)

AH ~ —eM +&%*lne s E—i-% +oee (6.8)
k € 2

In fact, the O(¢2In¢e) correction is proportional to Q + % which is the average of
the leading-order energies at the saddle regions before and after the nearly homoclinic

orbit,
AH ~ —eM +&*Ine (%) (H—F+6H_> + e (6.9)

Furthermore, the correction to the change in the energy is also proportional to the
ratio of the linear damping coefficient of the perturbation at the saddle point of the
unperturbed system (6 = hy(ys,0)) to the linear exponential growth and decay rate
(k) at the saddle point. Even though the detailed calculations of the nearly homoclinic
orbit require the nonlinear effect (o) of the saddle point, the O(¢? In€) correction to
the energy change does not depend on the higher-order nonlinearities of the potential
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function at the saddle point. If the damping is not linear around the saddle point (with
nonlinearities smaller than the size of linear terms), then 8 = 0 in this analysis and the
O(g? In€) terms vanish, in which case correction to the leading-order dissipation of the
energy will be smaller than O(e?In¢). (If the damping is locally larger than linear,
then the effect will be larger than O(¢%In¢)). It can be seen that these O(s?Ine)
corrections are due to the te*** terms in (3.21) with the amplitude factor ¢ replaced
by :l:21—]C Ine, depending on whether the saddle approach occurs before or after the
nearly homoclinic orbit.

It is well-known that the leading-order change of the energy along a nearly homo-
clinic orbit is a constant, the Melnikov integral. However, the O(¢?In¢) correction
depends on the energy at the saddle region. Thus, if we consider a sequence of nearly
homoclinic orbits, then this correction is different for each nearly homoclinic orbit.
This recursive effect has been analyzed in Haberman and Ho (1995b), where a cal-
culation was performed on the boundary of the basin of attraction which requires a
sequence of nearly homoclinic orbits.

7. Numerical comparison for a specific double-well potential

As a simple illustration, the one-dimensional motion of a particle in a specific double-
well potential is considered:

&y dy
dt? dt’
with a small purely dissipative perturbation, —25%. The system consists of two

competing equilibria (left and right) and one saddle point in between at y, = 0. The
energy H is

+ (y® —y? —2y) = —€2 (7.1)

H= % <%)2 V(). (7.2)

4 %yg — y? is the potential energy and is not symmetric (around

where V(y) = 1y
y=0).
In the last section, the change of the energy between two consecutive saddle ap-

proaches for the left nearly homoclinic orbit is given by (6.6):

AH = —eMp, +¢* el <@ + lML> , (7.3)
k\ ¢ 2
where My, stands for the Melnikov integral for the left homoclinic orbit and Hy is
the energy at the preceding saddle. We are interested in comparing this to the
change in the energy between saddle approaches produced by numerically integrat-
ing the time-dependent differential equation, (7.1). Here, we verify (7.3) including
the coefficient of the O(¢%In¢) term by computing numerically the change in the en-
ergy. For this particular example, 3 = 2, k = /2, My = 3.565721510024 ..., and
Mp = 16.72981910456 ... . With these values of the parameters, the coefficient of
the O(e?1n¢) for the change of the energy can be determined with the given energy
Hy at the preceding saddle approach. Since we are considering the nearly homoclinic
orbit, Hy must be O(g). Furthermore, since the leading-order change of the energy is
negative, in order to compare two consecutive saddle approaches before the trajectory
gets captured, the initial energy must be at least (Mg + My ). With this constraint in
mind, we choose the initial condition to be Hy = 22¢, so that the asymptotic formula
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€1 61/2 AH(l)(El) AH(l)(€1/2) C* Cg
1.0000e—4 5.0000e—5 —3.72521e—6 —9.89929e—7 3.38324e+1 —6.09129e+1
5.0000e—5 2.5000e—5 —9.89929e—7 —2.62120e—7 3.37883e+1 —6.13491e+1
2.5000e—5 1.2500e—5 —2.62120e—7 —6.91854e—8 3.37517e+1 —6.17375e+1
1.2500e—5 6.2500e—6 —6.91854e—8 —1.82094e—8 3.37210e+1 —6.20845e+1
6.2500e—6 3.1250e—6 —1.82094e—8 —4.78044e—9 3.36974e+1 —6.23665e+1
3.1250e—6 1.5625e—6 —4.78044e—9 —1.25209e—9 3.36174e+1 —6.27426e+1
1.5625e—6 7.8125e—7 —1.25209e—9 —3.27244e—10 3.33680e+1 —6.34160e+1
7.8125e—7 3.9063e—7 —3.27244e—10 —8.53401e—11 3.24259e+1 —6.69226e+1
3.9063e—7 1.9531e—7 —8.53401e—11 —2.21924e—11 3.49303e+1 —8.08243e+1

TABLE 1. Coefficient of O(%In¢) term for the change of the energy
(HO = 226).

for the higher-order change of the energy, AH(!), from one saddle approach to the
next is

AH®Y = AH + My = 33.6341 2Ine + - - - . (7.4)

The correction to the change of the energy theoretically contains not just the
O(e?In¢e) term but also higher-order terms. A term of O(g?) should be included
in a numerical comparison because it is not much smaller than the O(e?In¢) term:

AH®M = AH + eMp = C.e?lne+ Coe® + -+ -, (7.5)

where C is the coefficient we want to compare with the analytical result. To find C,
(and Cy), we use Richardson extrapolation. We evaluate AH!(¢) with two different
values of £ and approximate the coefficient of the O(e? In ) term by using (7.5). With
two different €, €1 and £1/2, C, can be expressed as
1 €

C = CrhE [AHO (e1) — 4aH (51)} T (7.6)
In Table 1, numerical data is given for a left nearly homoclinic orbit with energy
at the preceding saddle, Hy = 22e. According to Table 1, when & decreases from
107% to 1075, the numerical approximations of C, converge to the analytical result
33.6341.... Moreover, the numerical approximation of C, = 33.6174... in the 6th
row is the closest approximation. The small difference between the analytical and
numerical result, AC, ~ 1.7 * 1072, is caused by higher-order terms in (7.5). The
percent error for C, is very small, showing the accuracy of the analytical result (7.3)
for the saddle-to-saddle change of the energy. We note that the numerical results
reported in Table 1 are not reliable when ¢ is too small (probably due to the round-off
error of O(1071%) in the numerical integration over one complete homoclinic orbit),
in which case the analytical formula may (of course) still be used.

Here, Hy is the initial energy, €1 and 1/2 are the two epsilons used in the Richard-
son extrapolation, AH™M (g;) and AH™) (g, /2) are the numerical results of the higher-
order change of the energy corresponding to £1 and €1 /2, C,. and C» are the coefficients
of the O(? In¢€) and the O(¢?) terms predicted by Richardson extrapolation.
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Appendix. Asymptotic expansion of the second homogeneous solution

In this appendix, we derive the second homogeneous solution yg for the following
differential equation arising from analyzing nearly homoclinic orbits:

Pyn

52 fy(yo)ym =0, (A1)
where yo is a homoclinic orbit which we have defined to be an even function of t (around
t = 0). Furthermore, we also derive the asymptotic behavior of yg as t — +00. Due
to the translation invariance of (3.3), one of the homogeneous solutions of (A.1) can
be defined as yo;, which is an odd function of ¢. The second homogeneous solution
can be defined to be the unique even solution of the Wronskian relation:

YorYHy — Yoy = 1. (A2)
We can derive an explicit formula for yz (without singular integrals),
t *\—2
_ =2, [y
) = [ (02 = 1) 2 2)ar - L), (A3)

where y* = y0(0) is the maximum value of y associated with the homoclinic orbit.
However, we will use (A.2) instead to obtain the needed asymptotic behavior of yx
as t — +o0.
Since yg is a solution of (A.1) and f,(yo) ~ k* as t — oo, yu satisfies to leading
order as t — +o0,
yn
dt?
Since yo exponentially decays, from (A.2) yy exponentially grows as t — 400

yu ~ FBeft £ g(t)+---, ast— 4oo, (A.5)

—(k2+"')yH:0' (A.4)

where we are particularly interested in obtaining higher-order terms than just the
simple growing exponential. By substituting the expansions of yg and yo, from (A.5)
and (3.7), respectively, into the Wronskian relationship (A.2), we obtain

_2a0k2E_ O‘(Q)fyy(yS)E —k kt

3 e M —agkg'e”
3
By considering the O(1) terms of (A.6), it follows that £ = —1/2agk?.
The largest term that remains in (A.6) is O(e~*') which must be balanced by the
(¢' + kg)e " terms. Thus ¢’ + kg = O(1) or g(t) = O(1), ignoring the exponentially
small homogeneous solutions. From (A.6), we obtain

oty = Tue)

Therefore, the asymptotic expansion of yg as t — oo is of the form

-1 @
YH ~ SR [ekt - 70%@;@5) + R|, (A7)
where R represents the next term.

However, if yg has a term of O(te™**), it will contribute in the matching due
to the logarithmic time shift from the center to the saddle point. Consequently, a

P g(t)apgk?e ™ 4. =1, (A.6)
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higher-order calculation of yg is needed. It is simpler to determine the next term by
considering the differential equation for yg directly near the saddle point. By using
(3.5b), the asymptotic expansion of yg, (A.1) becomes

_ od s)
YH — {k2 + (aoe Mo Ongyz(y)e th) Fyy(Ys)

1 _
+ 308 ) 4+ fur =0, (A8)

Since the differential equation (A.8) for yg is linear, it is particularly easy to obtain
the next term R. By substituting expansion (A.7) into (A.8), we obtain

-1 2kt 2 —kt ag nyy(ys) —2kt
2a0k2 (k e+ Rtt) — k7 + aoe ™ iy (ys) + 5 Fyyy(ys) + 352 e
-1 Kt aOfyy(ys)
_ =0. A.
X N (e 2 + R 0 (A.9)

By considering the most important exponentially small terms, R satisfies the following
differential equation:

2 54 (ys) okt
3k2 '

«
Ry — KR = 70 [fyyy(ys) ey

Since e~** is a homogeneous solution of the above differential equation, the particular

solution will be O(te=**). By using the method of undetermined coefficients, the
particular solution is

2
Qp

2
R= _4—k (fuuu(ys) - 5?7]{:(38)> te™ M. (A.10)

Since we assume R is the next higher-order term in the expansion (A.7), we can ignore
the homogeneous solution of R which involves O(e*). The O(e*') homogeneous
solutions are asymptotically smaller than (A.10). Moreover, this O(te™**) term will
contribute to the logarithmic terms in the saddle solution because of the logarithmic
time shift. By combining (A.10) and (A.7), we derive that yy has an asymptotic
expansion

-1 ke 0fyy(Ys) a% —kt
yE N oo E € T T R Tl |

where o = fyyy(ys) — 5/, (ys)/3k?, which was important in the asymptotic analysis
in this paper.

as t — 400, (A.11)
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