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Abstract: We consider the asymptotic behavior of perturbations of standing wave
solutions arising in evolutionary PDE of generalized Cahn—Hilliard form in one space
dimension. Such equations are well known to arise in the study of spinodal decom-
position, a phenomenon in which the rapid cooling of a homogeneously mixed binary
alloy causes separation to occur, resolving the mixture into its two components with their
concentrations separated by sharp transition layers. Motivated by work of Bricmont, Ku-
piainen, and Taskinen [5], we regard the study of standing waves as an interesting step
toward understanding the dynamics of these transitions. A critical feature of the Cahn—
Hilliard equation is that the linear operator that arises upon linearization of the equation
about a standing wave solution has essential spectrum extending onto the imaginary
axis, a feature that is known to complicate the step from spectral to nonlinear stability.
Under the assumption of spectral stability, described in terms of an appropriate Evans
function, we develop detailed asymptotics for perturbations from standing wave solu-
tions, establishing phase-asymptotic orbital stability for initial perturbations decaying
with appropriate algebraic rate.

1. Introduction

We consider the asymptotic behavior of perturbations of standing-wave solutions u(x),
u(£o0) = uy arising as equilibrium solutions in equations of generalized Cahn—Hilliard
form

uy = (b(wuy)y — (c(Wttxxy)x, Xx,u,b,c eR,t >0, (1.1)

for which we assume

(HO) b,ce C*(R),
H1) b(u+) > 0,c(u(x)) >co > 0,x € R.

Our analysis is motivated by the distinguished role the Cahn—Hilliard model plays
in the study of spinodal decomposition, a phenomenon in which the rapid cooling of a
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homogeneously mixed binary alloy causes separation to occur, resolving the mixture into
its two components with their concentrations separated by sharp transition layers [9, 11].
In this context, and for the case of incompressible fluids, the Cahn—-Hilliard equation is

uy =V - {Mw)V(F' (u) — xAu)},

ou dAu

3 =5 =0; xedQ, (1.2)
where 2 denotes a bounded open subset of R” (n typically 2 or 3), v denotes the unit
normal vector to €2, u denotes the concentration of one component of the binary alloy (or
possibly a difference between this concentration and the concentration at homogenous
mixing), F (u) denotes the bulk free energy of the alloy, and the typically small param-
eter k is a measure of the strength of interfacial energy. (In the case that ¥ depends on
u, a new term appears in (1.2)) of the form —%K/(u)|Vu|2; see [9]. We take this natural
form of the equation from [12].)

An intesting feature of equations of form (1.1) is that the second and fourth order reg-

ularizations can balance, and a wide variety of stationary solutions can arise, including
standing waves. For example, in the case of (1.1) with

b = i — 5 cw =1 (1.3)
u) = 2u X c(u) = .
(the case studied in [5], corresponding with F' (1) = (1/8)u* — (1/4)u*, M(u) = 1, and
k = 11n (1.2)), one readily verifies that the standing wave

i(x) = tanh (%) (1.4)

is such a solution, often referred to as the kink solution. Motivated by the elegant result
of Bricmont, Kupiainen, and Taskinen [5] (which we state below for comparison with
the current analysis), we regard the study of standing waves as an interesting first step
toward understanding the dynamics of these transitions. (See also [36] and [38] for
related results in the case of multiple space dimensions). We stress that our focus is on
standing waves only, and remark that linearization of (1.1) about a traveling wave leads
to a linearized problem with non-vanishing convection and consequently an entirely
different flavor than the problem that arises upon linearization about a standing wave.
Indeed, upon shifting to a coordinate system moving along with the shock, a flux function
is introduced f(u) = —su, and the wave can be regarded as a regularized undercom-
pressive shock profile. Such problems have been considered in [16], and are quite similar
to the problems considered in [25, 26].

A critical feature of equations of form (1.1) is that the linear operator that arises
upon linearization of the equation about a standing wave solution has essential spec-
trum extending onto the imaginary axis, a feature that is known to complicate the step
from spectral to nonlinear stability. The purpose of this paper is to study precisely this
step from spectral to nonlinear stability. In particular, under the assumption of spectral
stability (described below in terms of an appropriate Evans function and verified in the
particular case (1.1)—(1.3) with wave (1.4)), we develop detailed asymptotics for per-
turbations from standing wave solutions, establishing phase-asymptotic orbital stability
for initial perturbations decaying with algebraic rate (1 + |x|) /2.

Our approach to this problem will be to extend to this setting methods developed pre-
viously in the context of conservation laws with diffusive and/or dispersive regularity,

u+ fu)y = Ouy)y + (c@uxy)x + ..., (1.5)
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which also have no spectral gap. More precisely, we proceed by computing pointwise
estimates on the Green’s function for the linear equation that arises upon linearization
of (1.1) about the wave u(x) (employing a contour-shifting approach introduced in [22,
52]; see also [23, 45]). Such estimates are dependent upon the spectrum of the linear
operator, which we understand here in terms of an appropriate Evans function (see, for
example, [14, 21, 35, 52] and the discussion and references below). Finally, we employ
the local tracking method developed in [34], an approach through which Green’s func-
tion estimates on the linearized operator can be used to approximately locate shifts from
the standing wave u. Our general approach is similar to the analysis of [5], in which
case the authors also employ Green’s function estimates on the linear operator in order
to close an iteration on the perturbation in some appropriately weighted space. A fun-
damental difference between the two analyses is that in [5], this iteration is carried out
by the renormalization group method, a theory that has its origins in particle physics
(see [8]) and was introduced in the context of time-asymptotic behavior for nonlinear
PDE in [17, 18, 20], and further developed in [3, 4] (it pre-dates the current approach
by about eight years). Briefly, the renormalization group method is an approach toward
understanding asymptotic behavior of PDE that makes use of certain natural scalings in
the PDE. This method is ideally suited for cases such as (1.1), for which the equation
that arises upon linearization about the wave u(x) has the same natural scaling as one
would use for the heat equation. Indeed, though the analysis of [5] is carried out in the
context of a self-adjoint linearized equation (the integrated equation), the method could
in principle be extended to the current setting for which the linearized operator is not
generally self-adjoint even after integration. Nonetheless, the Green’s function estimates
required for any such extension would almost certainly be obtained by methods very
similar to those employed here, which have been developed particularly for the case of
non-self-adjoint problems. In this way, the current approach seems to represent a change
of thinking from the point of view of classical mathematical physics to that of modern
Evans function techniques. We emphasize, however, that the spectral analysis of both
[5] and the current analysis rely on the self-adjoint nature of the equation, and in the
non-self-adjoint case spectral stability is left as a separate analysis (see the discussion
following Remark 1.1). A more fundamental difficulty with the use of such a scaling
technique as the renormalization group method in the context of the Cahn—Hilliard equa-
tion arises in the extension to multiple space dimensions, in which case it is known that
the leading eigenvalue of the linearized operator about a planar wave u(x1) (leading in
the case of stability) scales as A ~ |& |3 (see [50]), and consequently introduces a new
cubic scale into the problem, which competes with the natural heat-equation scaling of
(1.1). (Here, & € R?~! denotes a Fourier variable associated with spatial components
transverse to the planar wave.) A different approach is taken in this setting in [36, 38],
quite similar to the method employed here, and the authors conclude stability in space
dimensions d > 3 for the planar wave

- X1
= tanh —,
u(xy) an >

arising in (1.2) with F(u) = (1/8)u* — (1/4)u®, M(u) = 1 and k = 1. The primary
difference between the approach of [36, 38] and the current analysis is the local tracking
function §(¢) employed here, which can be generalized to the case of multiple space
dimensions as a function of 7 and the transverse variable x = (xp, x3, ..., x4) (see
[25-28]). It is precisely this local tracking, which does not seem to fit in any straight-
forward fashion into the renormalization group framework, that allows us here to obtain
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stability for more slowly decaying data than considered in [5], and that allows for the
extension of this method to the case of space dimensions d > 2 (an analysis we carry out
in a separate paper). Finally, we note that in addition to the standing waves considered
in the current analysis and the planar waves discussed above, the Cahn—Hillard equation
admits a wide range of periodic solutions, and the methods here can be extended to that
setting in a manner similar to the analyses of Oh and Zumbrun in the case of periodic
solutions arising in the context of viscous conservation laws [46, 47].

Before setting up the analysis, we mention that equations of form (1.1) have been
shown to arise in the area of mathematical biology in the context of cell formation and
aggregation [44], and also that equations similar to (1.1) arise naturally in the modeling
of thin film flows, for which under certain circumstances, the height (¢, x) of a film
moving along an inclined plane can be modeled by fourth order equations

B+ (h? = 1)y = Buluy)x — ¥ (P ttrxr)s

(see [6] and the references therein).

Asinthe case of conservation laws, itis readily seen that solutions u (¢, x) initially near
u(x), will not generally approach u(x), but rather will approach a translate of #(x) deter-
mined uniquely by the amount of perturbation mass (measured as fR (u(0, x)—u(x))dx)
carried into the shock layer. We proceed, then, by defining the perturbation

v(t,x) =u(t,x +6(t)) —u(x), (1.6)

for which 6 (#) will be chosen by the analysis to track the location of the perturbed solu-
tion in time. In this way, we compare the shapes of u# and u rather than their locations.
(The type of stability we will conclude is orbital.) Substituting v into (1.1), we obtain
the perturbation equation

vi+@x)v)x = (b(x)vx)x_(c(x)vxxx)x +8(l)(’2x(x)+vx)+Q(x’ V, Ux, Uxxx)xs (17)
with
a(x) = =b' Wiy + ¢’ (Wiixry; b(x) =b@(x)); c(x) = c(i(x));
Q(x, v, vy, Vaxx) = O(Jvvx|) + O(Jvvgsy]) + Oe "0, (1.8)

where n > 0 and Q is a continuously differentiable function of its arguments. According
to Hypotheses (HO)—(H1), we have that a € C'(R), b, c € C?(R) and fork = 0, 1,

0fa(x)| = 0™ *: |95 (b(x) —bx)| = O™ M): [3f (c(x) —cx)| = O™ M),

(1.9)
where o > 0 and = represent the asymptotic limits as x — Fo0o. Regarding the con-
vection coefficient a(x), we note that it decays to 0 at both o0 (see Sect. 2 for more
details). In comparison with conservation laws

u+ fu)y = (bwuy)y,

this corresponds with the degenerate case, for which one of the asymptotic convection
coefficients ax = f/(u4) for a traveling wave u(x — st) is equal to the wave speed s,
and both values can be taken without loss of generality as O (see [23, 24]). In the case
(1.1)—(1.3) the wave (1.4) satisfies

a(x) = —=3u(x)ix(x),
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from which we see that for x < 0, we have a(x) > 0, while forx > 0, wehavea(x) < 0.
In this way, the wave (1.4) is similar to Lax waves in the sense that characteristic speeds
(values of the convection coefficient a(x)) impinge on the transition layer from both
sides. The critical difference, again, is that in the case of equations of form (1.1) these
characteristic speeds approach 0 asymptotically. Finally, we mention that whereas this
decay of a(x) is algebraic in the case of degenerate viscous shock waves, it is exponential
in the current setting, a difference critical in the Evans function analysis of Sect. 2.
Another important feature of equations of form (1.1) is that the diffusion coefficient
b(u(x)) may not always be positive. In the case (1.1)—(1.3) with wave (1.4), we have

b(it) = %ﬁz - (1.10)

which is asymptotically positive at both 00, but negative near the transition layer at
x = 0. Our assumptions (HO)—(H1) clearly do not give us control over the possible
destabilizing effect of this feature of the equations. The effect is, however, encoded in
the spectrum of the linear operator

Lv = —(c(x)Vxxx)x + (b(X)vy)x — (@(x)V)y, (1.11)

which we discuss further below. For now, we suffice to remark that the essential spectrum
of L consists of the negative real axis, up to the imaginary axis, and so as in the case
of regularized conservation laws, the step from spectral stability to nonlinear stability is
problematic.

Integrating (1.7), we have (after integration by parts and upon observing that e/ ii, =
i) the integral equation

o, x) = / G, x: Y)uo(y)dy +8(1)iix (x)

—00
t +00 .
_/ / Gyt —s,x; y)[Q(y, V, Uy, Uyyy) +5(s)v]dy ds, (1.12)
0 J—oo
where G (¢, x; y) denotes a Green’s function for the linear part of (1.7):
G, =LG; G@O,x;y) =68(x). (1.13)

We divide G (¢, x; y) into terms for which the x dependence is exactly iy (x) (the excited
terms) and the remainder, G(t, x; y). In general, the excited terms do not decay for
large time and correspond with mass accumulating at the origin, shifting the asymptotic
location of the waves. Writing

Gt x;y) = G(t,x; y) + ity (x)e(t, y),

we have
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o(t, x) = / Gt x: Yyvon)dy + ity (x) / e(t, Yo (y)dy + 8 ()it (x)

—00

t oo .
_/ / Gy(t —s,x;y)[Q(y, v, vy,vyyy)+8(s)v]dyds
0 J—-o0

t +00
—ﬁx(x)/o/ eyt =5, 9)[ Q. v, vy, vyyy) + 850 ] dy ds.

Choosing §(¢) to eliminate precisely the excited term, we have

+00 t +00
s == [ " etymmys [ [ et=s [ 000 v v +bodvs,

—00
(1.14)
after which, we have

u(t, x) =/ G(t, x; y)vo(y)dy

—00

t +00
—/0 / Gy(t —s,x; y)[Q(y, V, Uy, Uyyy) +$(s)v]dy ds. (1.15)

Integral equations for v, and § can immediately be obtained by differentiation of both
sides of (1.14) and (1.15). Our approach will be to determine estimates on é(t, x;y)and
e(t, y) sufficient for closing simultaneous iterations on v(t, x), v, (¢, x), §(¢), and 5(1).
To this end, we analyze the Green’s function G (¢, x; y) through its Laplace transform
G, (x, y), which satisfies the ODE (¢ transformed to A)

LGy — 1G) = —38,(x), (1.16)

and can be estimated by standard methods. Letting ¢ (x; A) and ¢3 (x; 1) denote the
(necessarily) two linearly independent asymptotically decaying solutions at +0o of the
eigenvalue ODE,

Lo = 1o, (1.17)

and ¢ (x, A) and ¢, (x, A) similarly the two linearly independent asymptotically decay-
ing solutions at —oo, we write G, (x, y) as a linear combination

dy (G ONT M)+, (5 MNT (i d), x <y

L ! - 2 (1.18)
T AN (s M) + 95 (x; AN, (5 4), x> y.

Gilx,y) = [

Insisting, as usual, on the continuity of G, (x, y) and its first two x-derivatives in x, and
on the jump in BEG;L (x,y) at x =y, we have

W, ¢3.0,) W(gr. ¢5.91) .

Ni(y:n) = . Ni(yiA) = —
Y c)Wi(y) 2 c(Wr(y) (L19)
_ Wb, . by.03) . _ W (o, . b5 . 97) '
Ny (pih) = —— 222200 Ny (s h) = — 22
c(MWr(y) c(MWr(y)
where W (¢1, ¢2, ..., ¢,) denotes a square determinant of column vectors created by

augmentation with an appropriate number of x-derivatives and Wy, (y) := W (¢, , ¢, , ¢7,
¢2+ ). We see immediately from (1.18) and (1.19) that, away from essential spectrum,
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G, (x,y) is bounded so long as W, (y) is bounded away from 0. Since W, (y) is a
Wronskian for (1.17), for each fixed A its sign does not change as y varies. In light of
this, we define the Evans function as

D (1) = W;(0). (1.20)

Introduced by Evans in the context of nerve impulse equations [14] (see also the early
analysis of Jones for pulse solutions to the FitzHugh—Nagumo equation [35]), the Evans
function serves as a characteristic function for the operator L. More precisely, away from
essential spectrum, zeros of the Evans function correspond in location and multiplicity
with eigenvalues of the operator L, an observation that has been made precise in [1]
in the case—pertaining to reaction—diffusion equations—of isolated eigenvalues, and
in [21, 52] and [40] in the cases—pertaining respectively to conservation laws and the
nonlinear Schrodinger equation—of nonstandard “effective” eigenvalues embedded in
essential spectrum. (The latter correspond with resonant poles of L, as also examined in
[48].)

Briefly, we remark on the connection between our form of the Evans function (1.20)
and the definition of Evans et al. [1, 14, 35]. Letting @ := (877, ¢, ¢ . o7 )",
define

Ya(x; 2) = ®F(x; 1) A OF (x5 1), (1.21)

where A represents a wedge product on the space of vectors in R* (i.e., A denotes an
associative, bilinear operation on vectors v € R4, characterized by the relation between
standard R* basis vectors e jand ey, e; Aex = —er Aej). Inthis case, we obtain through
straightforward calculation that

"X

D(\) = e Jo TAGINAY Y (x5 A Y, (x5 ), (1.22)

which is the form of [1, 14, 35]. (As described below, the matrix A is simply the matrix
that arises when (1.17) is written as a first order system.) One notable advantage of the
formulation (1.22) is that the 2-forms Y4 (x; 1) are the asymptotically decaying solutions
of the equations

Yy = As(x; MY,

where A is defined by

Y, = (@ A dF) = oF' A o + oF A 0f
= (ADT) A By + DT AADY = AL O A Dy = AsYs.

In this way, the wedge formulation can remain analytically valid in cases for which
the wedge products Y+ cannot be uniquely resolved into components. In the current
setting, the <I>ki remain sufficiently distinct (away from essential spectrum) that the two
formulations are equivalent.

We will observe in Sect. 2 that D()) is not analytic at A = 0, but can be extended
analytically on the Riemann surface p = /A. (This is quite similar to the analysis of
Kapitula and Rubin in the case of the complex Ginzburg—Landau equation [39], and the
analyses of Gues et al. and of Zumbrun in the case of multidimensional shock stability
in the vicinity of glancing points [19, 51], but differs markedly from the case of degen-
erate conservation laws, for which the Evans function has a dependence of the form
VAlna [23,24]) In light of this, we define the function D,(p) := D(A). The primary
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concern of this analysis is to show that under assumptions (HO)—(H1), nonlinear stability
of standing wave solutions u(x) of (1.1) is implied by the spectral condition (D):

(D): The Evans function D(A) has precisely one zero in {ReA > 0}, necessarily at 0,
and 9,, D, (0) # 0.

Remark 1.1. Under the assumption of Condition (D), the point spectrum of L, aside
from the distinguished point at A = 0, lies to the left of a parabolic contour, which
passes through the negative real axis and opens into the negative real half plane,

As (k) = —Cak? + i1k + Co. (1.23)

We will denote this contour I'y. The essential spectrum of L consists of the negative real
axis.

While Condition (D) is generally quite difficult to verify analytically (see, for exam-
ple, [13, 15,35]), it can be analyzed numerically [2, 33, 31]. In the case of Egs. (1.1)—(1.3)
and the standing wave (1.4), (D) is straightforward to verify (see [5] or Lemma 2.6 of the
current analysis, in which we review the analysis of [5] for the sake of completeness).

We are now in a position to state the first theorem of the paper.

Theorem 1.1. Suppose u(x) is a standing wave solution to (1.1) and suppose (HO)—(H1)
hold, as well as stability criterion (D). Then for some fixed C and Cg, and for positive
contants M and K sufficiently large, and for n > 0, depending only on the spectrum
and coefficients of L, the Green’s function G(t, x; y) described in (1.13) satisfies the
following estimates for y < 0 (with symmetric estimates in the case y > 0).

(I) For either |x — y| > Kt ort < 1, and for o a multi-index in the variables x and y,

I+la| — lx—y[*/3

[0%G(t,x;y)| <Ct™ 4 e mlZ | Ja| <3.
() For |x —y| < Ktandt > 1,

G(t,x;y) = G(t,x; y) + E(t, x; y),

where
()y<x<0:
. C _a=»? an? =92
G(t,x;y) = [e Bt — o Wt ]+0(l71)€7 M
JAb_t
Gottomyy = —Ca [~ _ G
y(t, x5y «/_}[ oo _t]
4b
3/2y — —y)” |x+)’| —@
+O(f )e M O( 3/2 e M,
- a—p? 2 G—y?
Gultoxi ) = 0( 2 pETp e 1 01 2e e + 0 e

> X 42
Gyy(t,x;y) = 0(1‘_3/2)6_ My, +0( |3y|2 —nlxl), -
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(ii)x <y =<0
- C _a—p? _Gy)? (x—y)2
G(t,x;y)= [e bt At ]+O(f])e7 M,
Ja4b_t
~ X — -2 —»?
Gyt 9 = O e 4 0 R
G ( ) ¢ 9 - (Z;ygz - (i;y)f
<, x5y) = x[e - —e ’]
Ja4b_t
y? + @tn)? a—y)?
+O( 1 2em ¥ e 4+ O ('J;Tyl) e+ Ot~ e i,
@-y?

Guy(t,x;y) = 0@ ?)e™ .
(i) y <0 < x:

m/%»z
G(t,x;y) =00 "Pye —mr
AP )

Gy(l,x;y)zo T e Mt

()

[yl —nlx] _2 32y —~ V=)
+0 | 5™ e ™ +O@ " )e M,

372
2
) =\ () 2
Gx(t,x;y) =0 —5 e Mt +()(f/efnlx\)e*m
13/2
2
+00 3 ?)e o,
)
=~ —32 _\ V=) [yl —nlx| _2
Gyt x;y) =0(t )e Mi +0 t376 e Mi,

and in all cases

Et,x;y) = CEﬁX(x)/«/ﬁ e—;zdé_ (1 +O(e_'7|y|)),

2

Ce ax(x)e‘ﬁ(ume—"'yl)).

JA4b_t

The estimates of Theorem 1.1 are quite similar to those of Lemma 2.1 in [38], in
which the authors are considering a multidimensional generalization of (1.1)—(1.3). Sim-
ilar estimates are also obtained in [5] during the course of the analysis, though in that
case the authors work with the integrated equation and consequently the term E (¢, x; y),
which does not decay as t grows, does not appear. In both of these cases, the analysis is
restricted to the case of (1.2), with F(u) = (1/8)u* — (1/4)u?, M(u) = 1,and x = 1,
and the wave (1.4).

Ey(t,x;y) =



774 P. Howard

The estimates of Theorem 1.1 are sufficient for establishing the following theorem
on the perturbations v(z, x).

Theorem 1.2. Suppose u(x) is a standing wave solution to (1.1), and suppose (HO)—(H1)
hold, as well as stability criterion (D). Then for Holder continuous initial perturbations
(0, x) —ii(x)) € C™*(R), y > 0, with

/ (0, x) — u(x))dx =0

—00

u(0, x) = a(x)] < Eo(1+|x)72, (1.24)
for some Eq sufficiently small, and for 5(t) as defined in (1.14), there holds

lu(t, x +8(t)) — i(x)| < CEo(1 + |x| + /1) /2,
|0, (u(t, x+8(1))—i(x))| < CEO[f‘/“(l+r)—‘/4(1+|x|+ﬁ)—3/2+(1+t)—3/4e—'7lxl],

18(t)] < CEo(1+1)~ 14,
18(t)] < CEq(1+1)7/%, (1.25)

In the estimates of Theorem 1.2, we have included v, (¢, x) in order to take advantage
of the particular form of the nonlinearity Q, in which the term O(|vv,|) is better than
O(v?), which arises in a similar analysis in the case of regularized conservation laws.

Remark 1.2. We note that in the current setting the assumption of zero mass initial data
can be taken without loss of generality. As in the case of Lax waves arising in regularized
conservation laws, the asymptotic shift of the wave can be located here entirely from the
initial perturbation. In this way, the shift to a zero mass perturbation is simply a change
of perspective, in which we consider the stability of the asymptotically selected wave
rather than of the original wave. The validity of this a priori selection of the asymptotic
translate is justified precisely by our decay estimate on §(¢), from which we verify that
perturbations of the zero-mass wave do indeed approach the zero-mass wave. Of course,
this means the stability we conclude is orbital.

In light of Remark 1.2, we can state the following theorem regarding initial pertur-
bations with non-zero mass.

Corollary 1.1. Suppose u(x) is a standing wave solution to (1.1), and suppose (HO)—
(HI) hold, as well as stability criterion (D). Then for Holder continuous initial pertur-
bations (u(0, x) — it (x)) € CH7(R), y > 0, with

u(0, x) — i (x)] < Eo(1+]x) /2, (1.26)

for some E sufficiently small, there holds
(e, x + x0) — i1(x)| < CEO[(l i+ VD2 (14 t)_1/4e_”|x|], (1.27)
where

X0 = —;/ u(0,x) —u(x)dx.

Uy —uU— ) _
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We note specifically the relationship between Corollary 1.1 and the result of [5]. In
[5], the authors employ the renormalization group method to establish the following
result on (1.1)—(1.3):

BKT Theorem 1.1. For any p > 2, there exists § > 0 such that for |lvolx, <6,

X = {0 € CO®) : Jollx = sup(1 + [xI"*Hluo(x)] < oo},

xeR

the Cauchy problem (1.1)—(1.3) with
u(l, x) =u(x)+vo(x),
where u(x) is as in (1.4), has a unique smooth solution u(t, x), t € (1, 0o) satisfying
flu(t, ) —u(-—xo)llLe®y = 0 ast — oo,

for some xo € R depending only on vy.
Moreover, for some constants A and B depending only on vy, there holds

u(t,x +x9) =ulx)+ e_%(Aﬁ(x)+B)) +0(l_1).

1 d (
At dx

The difference between Corollary 1.1 and the result of [5] (for Eq. (1.1)—(1.3), with
wave (1.4)) lies predominately in the difference in assumptions on the initial perturbation.
In taking more rapidly decaying initial perturbations, we could increase the decay rate of
our perturbation in time. More precisely, in the estimate of Theorem 1.2, for 1 <r < 2
initial perturbations of size (1 + |x|)™" give temporal decay on u(t, x + 5(¢)) — u(x)
at rate (1 +¢)~"/2 and §(¢) decay at rate (1 + HA=12 Forr > 2, 8(t) decays at the
maximal rate (1 +¢)~!/2, and the estimate of Corollary 1.1 becomes

lu(t, x +x0) — i(x)| < CEO[(I +0) 72y (17, (1.28)

which almost recovers the detail of [5] Theorem 1.1. Finally, we note that the second
order term in [5] Theorem 1.1 is the analogue here of the diffusion waves of Liu [41], and
could be recovered in the current setting by an analysis similar to that of [29, 30, 49].

Outline of the paper. In Sect. 2, we carry out a general analysis of the Evans function
for the eigenvalue problem (1.17), providing full details in the case (1.1)—(1.3) with wave
(1.4). In addition, we use this analysis to develop estimates on the Laplace-transformed
Green’s function G, (x, y). In Sect. 3, we prove Theorem 1.1, while in Sect. 4 we prove
Theorem 1.2. Finally, some representative estimates on the integrations arising from our
integral equations are provided in Sect. 5.

2. Analysis of the Evans Function

In this section we analyze the Evans function, as defined in (1.20), for our linear eigen-
value problem (1.17). We begin with a remark on the structure of standing waves i (x)
arising in the context of (1.1). Upon substitution of such a wave into (1.1), we have the
ODE,

(c@@itxxx)x — (b(W)itx)x = 0. 2.1)
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Observing that i, (x) — 0 as x — =00, we can integrate (2.1) to obtain the third order
equation
c(ixxx — by =0. 2.2)

Asymptotically, solutions to (2.2) behave like solutions to the constant coefficient equa-
tions
Ctlixyy — bruty =0, (2.3)

whose solutions grow and decay with rates +./b4 /c+ and 0. Since the solutions with
rate 0 correspond with constant solutions to (2.1), we see that any solution that does not
blow up must approach its endstates at exponential rate.

We now begin our analysis of the Evans function by writing the eigenvalue problem
(1.17) as a first order system

W = AGx; D)W, (2.4)
where
0 1 0 0
0 0 1 0
A 2) = 0 0 0 1
A a’(x) alx) , P'(x) bkx) < (x)

T T @ T T e e T )

Under assumptions (HO)—(H1), A(x; A) has the asymptotic behavior

A_MN+Ex; L), x<0
Al d) = IA+(A) +E(x:2), x>0,
where
0 1 0 O
. 0 0 1 0
XEIEOOA(X;)»)=AH)»)= o o o 1l (2.5)
-5 0 F 0

and for |A| bounded E (x; 1) = O(e~*"!). The eigenvalues of A (1) satisfy the relation,

, —hit bE — 4hes

= —Zci

Ordering these so that j < k = Reu (L) < Reug (1), we have

Vbx

4, L 32y, kL [bx
Mg(l)—+@ﬁ+0(|)»| ), uy () =+ Ci+0(|)x|),

with associated eigenvectors VkjE =(1, M;—L, (u,f)z, (,u,f)3)". A straightforward way in
which to understand these expressions is through the relationship

V4 A
/bi — /bl —dhex = /i ,
\/bi+,/b:2t—4)»ci

b 1
Wiy = —‘/i +O(A); pF) = ———=Va+O(A?),




Transition Fronts for Cahn-Hilliard Equations 777

where the right-hand side is now in the form of /A multiplied by a function that for |A|
sufficiently small is analytic in . We note that for || sufficiently small, and away from
essential spectrum (the negative real axis), these eigenvalues remain distinct. Also, we
clearly have MT = —u, and /,L;: = —MSi.

Lemma 2.1. For the eigenvalue problem (1.17), assume a € C'(R), b,c € C*(R),
with b+ > 0 and cx > 0, and additionally that (1.9) holds. Then for some & > 0
and k =0, 1, 2, 3, we have the following estimates on a choice of linearly independent
solutions of (1.17). For |A| < r, some r > O sufficiently small, there holds:

(i) For x < O0:
de)]_(x; A) = eu;(A)X(M;(A)k +O(e %My,
Wpy (x: 1) = e+ DY (uy WF + 0y,
DU () = e Py (0 + 0 ),

KT (x; ) =

ny (A) (ME(A)keuz‘(m - u;(k)keug‘(/\)x) I YORGLDY
2

(i1) For x > 0:

07 (x: 1) = DT (Ui + O ),

003 (x; ) = P3G + O,
afl/ff—(x, A) = +_(M§'()\)kell§(k)x _ M;(k)kell;(k)x) + O(ei&lxl),
"3 A)

993 (5 1) = P + O I,

Proof. Lemma 2.1 can be proved by standard methods such as those of [52], pp.
779-781. We remark here only on the choice of our slow growth solutions v, (x; A) and
1/r1+ (x; A). We could alternatively make the choice

8§K17{(x, A = e“;(A)X(ME(A)k + O(e—&lx\)),
DT (5 1) = PTG + O,

The difficulty with this choice is that these growth solutions coalesce with the slow decay
solutions ¢, and ¢3 as A — 0. (See [23], in which this latter convention is taken.) Fol-
lowing the analysis of [5], we take the linear combination of solutions stated in order to
have a set of solutions of (1.17) that remains linearly independent as A — O.

In order to see that ¥, (x; A) and wf(x; M) are valid choices, we note that their der-
ivation depends precisely on this coalescence with the slow decay solutions ¢, and ¢3
as A — 0. In the case, for example, of ¥, (x; 1), we proceed by letting ¢, (x) be any
A = 0 solution of (1.17) that neither grows nor decays as x — —oo. (The existence of
such a solution follows immmediately from the slow decay solution ¢, .) We search for
solutions of the form v, (x; 1) = ¢, (x)w(x; 1), for which direct substitution reveals
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- c(x)¢o_ww/ - (c(x) (3(1)0_"1”’ + 3¢0—’w~ +¢O—w//,))’
by v+ (b)gy W) —a@dgw' = gy w, 2.6)

and we make the critical observation that the only coefficient of undifferentiated w is
A, - In this way, the first order system associated with (2.6) has the form (W} = Bkw)

W =A_WOW+EGx; MW,

where A_ (L) is precisely as in (2.5), while £(x; A) has the particular form

0 0 0 0
0 0 0 0
Een =1 ¢ 0 0 o |- @D

20(e™H) 0™ Okl O e)

for some o > 0. Searching for solutions W = e"3* 7 we have the equation
7'+ uslZ=A_(MZ+EZ,

which can be integrated as

X —
200 =V o+ [ eI e Z (i h)dy

—00

-M _
+/ BN 0 e (v M) Z (y; Mdy,
X

where similarly as in [52], P is a projection operator projecting onto the eigenspace
associated with ], 15 , and p5 , while Q is the projection operator projecting onto the
eigenspace associated with 1, . In this way, the first integral decays at exponential rate
due to the exponential decay of £ and the second integral decays at exponential rate

due to the exponential decay of the combination e(*4 ~#3)*=Y) £(y; 1). Consequently,
a standard contraction mapping closes for all |x| sufficiently large. This in turn justi-
fies a direct iteration, in which V3(A) is taken as a first approximation for Z(x). Upon
substitution for a second iterate, we observe

0 0 0 0 1
0 0 0 0 e
E(: V() = 0 0 0 0 53‘3 ((/\))2

)»O(e_aly‘) O(e—o{\yl) O(e—OlM) O(e—a\ﬂ) M;()\)B
= O(|A'/2|e Py,

Continuing the iteration, we conclude
¢ (x: 1) = e P () (1 +O(|2! 2P 1)),
Similarly, a slow growth solution can be constructed from ¢, (x), as

1/;27()6, )\,) = ell;(k)xqs(;(x)(] + O(I)\‘l/2|efa|x|))'
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Any linear combination of ¢, (x; A) and 1}{ (x; A) is also a solution of (1.17), and so
we are justified in defining

- e :
Ya (52 = — (T (60 — g7 (i ).
K
‘We have, then,
1 7 — . - .
= (P — i »)

= (505 (1403 e D) — et g ()1 + O e
K

_ 9@

- (eM{()»)x o Wx 0(|,\1/2|e—a|x|))_
Mo

The estimate we state is obtained by scaling ¢, (x) as

¢y (x) = 1+0(e™ ).
The case of ¥ (x; A) can be analyzed similarly. O

Lemma 2.2. Under the assumptions of Lemma 2.1, and for q’);c, 1,//,3E as in Lemma 2.1,
with k = 0,1 and for D(A) as in (1.20) we have the following estimates. For some
a >0,

(i) For x < O0:

()W (x)

1 (W 3 h n h - - - —alx
- c(O)D(A)e 15 (A ((—Mz )k(ul =gy —p3)(puy —p3z)+0Ce | ‘)),
T () Wir(x)

! —ny k= Mg s »
__ wy (A)x _ k _ 2 3 . alx|
= ODD" My (( wy )" (py M4)(—M2_ Mg —py)+0Ce )),
T e()Wi(x)
b N L Tt = N P
— ()L)X _ _ g _ c{|x‘
= c(O)D(A)e Hy (( My )(Mz My )( P )(,u1 7 )+ O(e )),

ak W(¢2_a W1—» 1)02_)
T c()Wi(x)
_ 1 (= )y = g )y — )N (i ox, . —k
B c(O)D(A)( 1w )(6 3 (=n3)
— e r Wk 0(|A1/2|e—&"")).
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(i1) For x > 0:

T e(x)Wax)
! - sy
[ — TOx + 2 x|
= c(O)D(X)e Hy (( My ) (_l/v3 )(/‘L3 ﬂ])(ﬂz ,bLl)+O(e ))
T )W)
= ¢ (D = D s —uh + 0 D),
e Wax)
Ly = D = DW= BDN (wtoon ek
B c(O)D(A)( P )(e 2 (=)
— e—ltg(k)x(_llg)k +O(|Xl/2|e_&‘X|)),
T e(x)Wa(x)
1 i _+ > —a|x
~ o (o (M) soe).

3

Proof. The estimates of Lemma 2.2 are each carried out in a similar straightforward
manner, so we proceed only in the case of

W (5. ¥y . %)
cCOWi(x)

X

Computing directly, and observing (c(x) W, (x))’ = 0, we have

o W@y ¥y ¥y) _ 0 W@y ¥y ¥;)
c(x)Wi(x) cOWi(x)

For the denominator, we note Abel’s relation,

xL(

W (x) = Wy (0)elo tA0TY — pye™ I 6 gy

c(0)
=D(A
A —— )’

or

c()Wi(x) = c(0)D(1). 2.8)
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For the numerator, we compute

oy U vy

Wy Uy ) =det 9wy
N S Y

1 1 1
— t det (“j . :“_1 . M_z . ey iy +ay )X
My ) (I/Ll ) (Mz )
1 1 1
_% det 'uf_ . M_l_ . “_3_ . T Iy U)X O(e_&lx‘)- (2.9)
(M4 ) (H«] ) (l/«3 )

We mention particularly that in the exponentially decaying terms of this last calculation,
we have observed the estimate

__(eu;(k)x _ eM;(}»)X)O(e—&M) < (C _1
7 ) My )

=0 M),

1V 3x]0(e~1)

for some 0 < & < . Computing the determinants, we find
Wy, ¥y ¥y) = M—E[(—u;m; — Uy = ) (g — g et
— (SR = DT = RWT = ) [0 T 0% 1 O,
for which we observe that with ;" = —u, and u, = —pu5, we have
(g — )y — g )y — g ) = (g — (g — pg )y — By ),

and S B
e iy Ty )X =i x

e Iy Ty )X =y X

Combining these last observations with (2.8), we conclude our argument for the case of
interest. The remaining estimates follow similarly. O

In addition to Lemmas 2.1 and 2.2, we have the following estimates on the N, ki

Lemma 2.3. Under the assumptions of Theorem 1.1, we have the following estimates
on the N,;t of (1.19) (with similar estimates for x > 0).
Forx <0,k =0, 1, and for |A| < r, some r sufficiently small,

AN (x: 1) = O(A™ 15 )era W,
OENS (x1 1) = O(IA~ 742 )2 x|
DN (s 2) = 0372 D (2 Dy W — e P* s ) + 0 (127773 ) 5 P,

FNFx: =0 (an |) o1 DT 4 O(1)eHa
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Proof. We note at the outset that for x < 0, we will take the expansions

O (x; 1) = AL (M)@y (x; A) + By Wy (x5 2) + CE )Y (x5 2) + DE(M)Yry (x5 4).
Without loss of generality, we take the convention 210
P17 (x; 0) = it (x) = b, (x30), 2.11)
according to which there must hold

AT = O(A2): By = 1+0(A2); () = 022y,
D} = O(AY2); AT =0(1); Bfy (M) =0(); C3(h) =0();
D3(x) = O(1). (2.12)

As each estimate of Lemma 2.3 is proven similarly, we provide details only in the
case of 3y N, . We have, similarly as in the proof of Lemma 2.2,

WW(oy.9;.97)
cOWi(x)

N[ (x; ) =—

for which we compute
_ _ + d);/ ¢;/ ¢3—/
KW@ g 0D =det| ¢ 9y @3
¢ ¢ 9

In order to derive expressions for the terms d)fw, we consider the eigenvalue problem
(1.17). In general, we have the relation

—(c)PE") + b)) — (a(x)pE) = Ao (2.13)

For ¢, and ¢, , upon integration from —oo up to x, and keeping in mind that a(x)
decays at an exponential rate as x — £00, we have

—c)y "+ b — at)gr = A / or (v; A)dy.

The most straightforward case is ¢, (x; A), which for x < 0 decays at an exponential
rate even for A = 0. In this case, we define

X —
Wy (x; 1) = / ¢5 (y; Mdy = O(1)els Px, (2.14)
—0oQ0
Proceeding similarly for ¢, (x; 1), which fails to decay for A = 0, we define

Wi (x5 0) = vV / ) ¢y (v; Mdy = i / C e WY1+ 0 *)dy

1 _
= Vh——e"s W¥ 1 /20 M),
M3 )

so that W ,
—c()p; " +b(x); —a(x)p; = VAW (x; 4,
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with
N

+ O 2 ey,
2%} )

WY (x5 ) = el's D

Finally, for ¢§' (x; 1) in the case x < 0, we must expand in terms of the linearly inde-
pendent solutions ¢, and ¥,

¢35 (x; 1) = ANy (x; A) + B3 (M (x5 1) + C3 (MY (x5 2) + D3 (MY, (x, 4).

In this case, we integrate (2.13) for y € [x, +00) to obtain
+00
g3 (x5 ) =b)5 v M rag i = [ 630y =t VI i),
X
where we divide this final integration up as
+00 -M +00
/ ¢35 (y; Mdy = / ¢3 (y; Mdy +/ o3 (v; Mdy,
X X -M

where M > 0 is chosen sufficiently large so that the estimates of Lemma 2.1 hold for
x < —M. For the integration over y > —M, we have

+00 0 +00
/ 63 (i Mydy = / O(l)dy + / eH50Y (1 1+ (e ) dy = 0(13 2.
-M -M 0

On the other hand, for integration over y < —M, we have

—M —M —M
/ 5 (v: My = AS(0) / 67 (v Mdy + BY () / 65 (v: M)y

-M -M
+CI0) / (v Wdy + D) / ¥ (3, Wdy.

Combining these last observations, we conclude

-M -M
WiGxia) =0+ VA 4300 [ o7 iidy+ B5G) [ g5 (vsiady

M M -
+Ci0) [ ur sy D3G) [ ur 0undy] = 0T,
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Omitting coefficient dependence on y for brevity of notation, we have

6 & B
det ¢ l_/// ¢2—/// ¢ )
o7 b 3

o1 23 o3
= det on by 5’
4 - — —
Loy’ — 2oy — LWy Loy — 2py — Wy bey — a3 — Lwg
1 00 ¢f/ o ¢z
—det| | 0 1170 b b, ¢
\=e et =8y by -
or 4 #
=det| ¢, ¢ A (2.15)
— LW —EWy

We proceed by expanding this last determinant along its bottom row, giving

\(/_)Wl (x; )\)W(¢2 ¢2)+ c(x )W2 (x; A)W((ﬁl 7¢2)+ \(/—)

For the first expression in (2.16), we observe

Wi (s W (7. 7).
(2.16)

Wiy, #3) = AZ(MW (g, 01) +Co (MWW (g, ¥ )+ D3 (MW, , ¥5)
— O(l)e(“' iy )y — o),

while similarly
W@y . #3) = O(Delti 57,

In this way, the terms in (2.16) give respectively
0(|)L1/2|)e(/‘1_+#3_+/‘;)y + O(|A|)g(“f+“§+ﬂl)y + O(|)Ll/2|)e(“1_+“3_+“;)y.

We now recall the relationship p5 + 1, = 0, and note that according to spectral crite-
rion (D), there holds D(1) = c1A + O(|A3/2)). Upon division, then, by c(y)W, (y) =
c(0)D()), we conclude the claimed estimate.

The remaining estimates of Lemma 2.3 follow similarly. O

Lemma 2.4. Under the assumptions of Theorem 1.1, and for C}f (1) and Dj; ()) as defined
in (2.10), there holds

CY(M)D3 (1) — C3(M)DT (L) = O(JA]).

Proof. We first observe that by augmenting (2.10) with y-derivatives up to third order,
we obtain the matrix equations
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R R AW ot

7 " "52_// wl %_ B | = ‘b’:,/, 2.17

S S T I K 8| 2.17)
1 117 Dk ¢1-{{—

1
s "
¢y b Y Uy
Proceeding by Cramer’s rule, we have, for example,

! Wy by vy . ¥3)

where the W notation is defined immediately following (1.19). By linear independence
the denominator of this last expression is non-zero, while for the numerator, we compute

similarly as in (2.15),

W(er. by ¢1.97)

o 6 9 Vs
I B v
= det ¢1 ¢2_ w T wz

AW W W 3" = s v
_m b ’ _ o
= (v _68‘”2 sz;%) @1 ¢y, 91) + 02D,

where ¥, is treated in a distinguished manner because it cannot be integrated to an
asymptotic limit. Proceeding similarly, we also have

W(p, . dy .01 ¥y )C3(A) = W(p . ¢y . ¢5.%5)
. s b(x) roa(x)
N (1/’2 c(x) w2 b(x)wz )

x Wy, ¢y, d3) + O3],

W(¢] ) ¢)2 ¢] ’ 1//-2 )D ()") W(¢r7 ¢£’ Wf, ¢-1F)
_m bx) a(x)
= )

x W(gy . ¢y, 87) +O(IAD),
= W(g. ¢, ¥ . ¢3)

_m bkx) a(x)
(1//1 B c(x) 1//1 b(x) ol )

x W@y, 67,99 +0 (117]).

W@, ¢y, 01, v,)D3 (M)
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Combining these observations, we compute
Wi 9561 v3) (CHODIG) - CEDT ()
" b —/ — — +
=[5 = 22+ Ay Y wigr 501 + O]

c(x) b(x)
<[ (v *”’—i’ﬁiﬁiw ) WOT 95650+ 001 )
(05 - s+ v weer o709+ 00 )
<[ (=S R weeren e o)
_m  bx) a(x)

_ 12
= (12" = L v ) W67 4DO )

m b Y
(Wl_ — (x) 1//1 a(x) O )W(¢] . $; L DO(IA])

RGN
_m  bx) a(x) - =+
(1 =S g V) W 5. 4900
_m b(x) a(x) _ _ _ + 12
(0 = S V)W 85 61002 )
+0(12*2)).

Recalling that ¢, (x; 0) = u,(x) = d)fr(x, 0), we have that determinants involving both
of these functions must vanish as A — 0, necessarily at rate |1!/2| or better by analyticity
in p. We conclude the claimed estimate. O

We next state our main theorem on behavior of the Evans function for small values of
A, which we note is simply the extension to the current setting of Proposition 2.7 of [7].

Lemma 2.5. Under the assumptions of Theorem 1.1, and for D (L) as defined in (1.20),

we have
D) =y (us — u_)a+O(1>3)),

with

y=———det| ¢ (0;1) @ (0) ¢F(0;n)

¢y 0:0) i1 (0)  @3(0; k))
O\ 0:0) aex @) $2(0; 1)

Proof. Observing that the solutions ¢ki (x; A) are analytic in the variable p := VA, we

set
Dqa(p) := D).

‘We have, then,
8,ODLl(O) = W(aqu;’ ¢;7 d)-l'—? (b;) + W(d);? 8p¢£’ ¢-1+-3 ¢;)
+ W(d);’ ¢£9 ap(pf—’ ¢3-) + W(d);’ 4’;: ¢I—’ aqu;)
=Wy, 0,(¢, —¢7),ix(0), ¢3),
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where the terms for which neither ¢ nor ¢, are differentiated are 0 due to the choice
of scaling (2.11). We observe here that the fast-decaying solutions ¢, and ¢} have been
derived analytically in A = p2, and thus

9p9, (x:0) =0,

. (2.18)
3,67 (x;0) = 0.

In this way, we see immediately that 3, D, (0) = 0.
Proceeding similarly for 0,, D, (), we find

d0pDa(0) = 2W (3,81 (0; 0), d,(¢, — ¢7)(0; 0), it (0), 7 (0; 0))
+2W (¢ (0:0), 35(¢; — ¢7)(0: 0), 2, (0), 3p5 (0; 0))
+2W (¢ (03 0), 359, (03 0), 3,97 (0; 0), $3(0; 0))

+ W(g; (0:0), 5p(¢; — $1)(0; 0), i (0), ¢35 (0; 0)).

Upon substitution of (2.18), all terms with only single partials are eliminated, and we
have

dpp Da(0) = W (e, (0; 0), 3pp(p5 — ¢1)(0; 0), it (0), $3 (0; 0)).
In order to understand p derivatives of ¢, and ¢}, we proceed similarly as in (2.13),
setting
"
—(c@¢) + b)) — (@)ep) = PP, (2.19)

where prime here denotes differentiation with respect to x. Keeping in mind that ¢,
and ¢} both decay at exponential rate even for A = 0, we have, upon integration on
(_OO» X ]7

—c0)p; "+ b))y — ax)p; = pPWy,

where W, is as in (2.14), and similarly for ¢}. Upon differentiation with respect to p,
we find

—c(0)(0,07)" +b(x)(0,07) — a(x)(Bppy) = 20W5 + p*(B,V5),

with again a similar relationship for ¢7. We next take a second p derivative of (2.19) to
obtain, upon integration and evaluation at p = 0,

—c(X)(Bpp®3) " + () (Dp7) — a(x)@pppy ) = 2W5 (x; 0).
Recalling that
W, (x; p) = /; &, (v; p)dy,
we have
Wy (x: 0) =/OO iy ()dy = i(x) —u_,

and similarly
X

Wit = [ i (dy = i)

—0Q
‘We conclude

"

—c(x)Bpp(@y — ¢1N" + b Dpp(py — D1 — a(X) Dy (p7 — 1)) = 20y —u).



788 P. Howard

Finally, we have

G000 dpp(@y —dDO0;0) i (0)  $3(0;0)
07 (050) 3pp(dy — &) (050) it (0) ¢3'(0;0)
&7 (050) 8pp(By — 1) (0;0) ixac(0) $3"(0;0)
o7 (0:0) 8pp (3 — D) (05 0) dhxrx (0) 3 (0; 0)
¢7(0;0) Bpp(y — d1)(0;0) i1 (0) $3(0;0)
O1 (0:0) Bpp(y — ¢ (0:0) iixx(0) ¢5'(0:0)

= det) 6705 0) 89y — 1) (03 0) it (0) 63705 0) |
0 —%0)% —u_) 0 0

9,pDa(0) = det

from which the claimed relationship is immediate. 0O

We now state for completeness a lemma asserting that (D) is known to hold in the
case (1.1)—(1.3) with wave (1.4).

Lemma 2.6. For the case (1.1)—(1.3), and for the standing front (1.4), spectral condition
(D) holds.

Proof. In order to verify the first assertion of (D)—that the only zero that D(A) has
with non-negative real part is A = O—we first note that the integrated variable w(x) =
ff oo P (¥; M)dy satisfies the integrated eigenvalue problem

Lw = w; Lw:= 0y [(—8” +1+ V(x))wx],

where V (x) = —(3/2) cosh™2(x/2), and L is clearly a self-adjoint operator. Away from
essential spectrum, the eigenvalues of £ correspond with those of L, and so aside from
the point A = 0 (which is an eigenvalue of L but not of £), our study reduces to that of
L, which has been considered in [5, 36, 38] (see additionally the alternative analysis of
[10]). For completeness, we briefly review the observations of [5, 36, 38]. As pointed
out in [36, 38], the middle operator

Mw = —wy + (1 + V(x)w

has been shown in [43] to have two isolated eigenvalues at 0 and %, and essential spec-
trum on the line [1, 0o). It is an immediate consequence of the Spectral Theorem (see
e.g. [37], p. 360) that M is a (non-strictly) positive operator. In the event that A is an
eigenvalue of £ (necessarily real), we have that for some eigenfunction w associated
with A that (Mw,), = Aw. Upon multiplication by w and integration over R, we have

+00 )
—/ wyMwydx = Awl],.

—00

We can conclude by the positivity of M that A < 0.

According to Lemma 2.5, the second assertion in stability criterion (D) is verified if
y # 0. This can be checked by a careful study of solutions to the eigenvalue problem
(1.17). In the case of (1.1)—(1.3), and profile (1.4), (1.17) becomes

—@xxxx + (b(X)P)xx = Ao, (2.20)



Transition Fronts for Cahn-Hilliard Equations 789

with
b() = 2007 — : x) = tanh’
=— - = = tanh—.
X 2u X X u(x a >
In the case of ¢, (x; A), (2.20) can be integrated on x € (—0o0, x], and we obtain

—@1 o+ By = VAW (x5 4),

where as in the proof of Lemma 2.3,

Wl_(x; A) = etts O)x i +O(|k1/2|efa\x| .
M3 (A)
Setting A= O, we have
—¢; (x:0), + (b)) (x50))y = 0. 2.21)

Proceeding similarly, we see that ¢3 (x; 0) solves precisely the same equation. We can
solve (2.21) exactly by integrating once, and solving the equation

—Pxx +b(x)p = c1.

Taking c; = 1, we find the three linearly independent solutions

PY (%) = iy (x),

¢0(x) = il (x)| 2 sinh al cosh? X + 3 sinh ad cosh ad + E)c
CR 2 2 2 2 27

qﬁg(x) = cosh? %

It follows that ¢, (x; 0) and ¢; (x; 0) must both be linear combinations of ¢(2) and d)g,
where without loss of generality we can choose to remove a constant multiple of the
exponentially decaying function i, without affecting the estimates of Lemma 2.1. More
precisely, we obtain a scaling that agrees with that of Lemma 2.1 by choosing

¢y (x; 0) = —(¢I(x) + P (x)),
¢3(x; 0) = ¢9(x) — @I (x).

Computing directly, we find y = 2.
This concludes the proof of Lemma 2.6. O

We conclude this section by combining the estimates of Lemmas 2.1-2.3 to obtain
estimates on G (x, y) for values of |A| sufficiently small. We have the following lemma.

Lemma 2.7. Under the assumptions of Theorem 1.1, and for G, (x,y) as defined in
(1.18), we have the following estimates. For

Gi(x,y) = Gy(x,y) + Ex(x, y),

and |A| < r, for some suitably small constant r, there holds
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(i) Fory <x <0«
G}L ()C, y) = C])\._l/2(eﬂ2_()n)x _ eﬂ;()»)X)e—ll«z_()u)y + 0(|)\._1/2|)e'u3_()‘)(x+y)
+O(1)els D),

8y(~;x(x, y) =cp #/gk)(elt;(k)x _ eu;(k)x)e—uz’(k)y + O(l)eﬂg(k)(ﬁy)
A

+O(A2])et2 WE=2) L (a2 ey g2 WY 4 Qe Y,

8.Giy (x. ) = O(1)(e2 D% 4 ght5 13y g=13 (Y 4 (|3, ~1/2]e=x1)p= 13 )y
+O(e M,

8y G (x, ) = O(AV2])(el2 ¥ 4 g3 (%) =13 1) 4 @Ky g=h ()Y
+O(e T,
(i1) Forx <y <0:
G (x, ) = o)~V 2eBa WF (z (Y _ o3 ¥y 4 O(|3,7 /2]y es (Ir+y)

+ O(l)eﬂg_()\)(x—y),

8,G(x, y) = O()e "2 (2 My 4 o5 My L QA= 12e=11l ) m12 1)
+O(e T h,

~ —u-(n B o B B
0:Gr(x,y) =2 l;l;/g)e_’h W (e2 My _ o3 ()\),V) +O(1)ets (M) (x+y)

+O(|)\l/2|)eu§(k)(xfy)+O(Mfl/zefnlxll)efu;(x)y+O(ef,7\x7y\)’
3y G (x, y) = O(R2])e 12 (% (o2 WY 4 o5 () 1 Q|12 eIy =12 O
+O(e T,

(iii) Fory <0 < x:

G(x,y) = O(IA~ 2 ]ets Mx—my Wy,
3,Gy.(x, y) = O(1)e!2 =1 Wy 4 (el era Wy
3.Gy(x,y) = O(l)e“f(’\)x—ﬂz_(k)y +O(A~ V2 nxlyemny )y
Bxyé;\(x, y) = O(MI/zDeuE(/\)x—u{(k)y + O(e_'”)")e_“z_()\)y,
and in all cases

E(x,y) = CTEL?X (x)e H2 Ay (1 + O M),

—15 ()L)L_t (2.22)

dyEx(x,y) = ck L()e 2 WY (1 1 0.

Remark 2.1. We note that the difference terms

A~ 12 (eu{(x)x _ eu;(x)x) ’
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which clearly vanish at x = 0, arise naturally from our choice of ¥, (x; 1) and moreover
are expected since the mass accumulating near x = 0 is recorded in the excited terms.
However, since we additionally have a term

O(l)»_l/zl)e“;()“)(ﬁy),

there is no real advantage to be taken from the cancellation. In this way, our estimates do
not seem quite as sharp as those of [38], obtained for a multidimensional generalization
of (1.1)—(1.3). We would also mention that we will point out in the proof of Lemma
2.7 precisely why it is that y-derivatives of Ej(x, y) do not have a term that would
correspond with differentiation of e,

Proof. We observe at the outset the relations,

WW(p ¢y, v D) IyW(d, .9, ¥, (i M)

WNy (vid) = =C3(1)

D3 (%)

bl

c(MWrL() c(MWrL()
WG e DG WS, ¢y ¥ (i 2
OyNy O3 d) = () c(IWs(y) +hi c(IWs(y) (2'23)

Since proofs of the four estimates in each case are similar, we provide details only
for the estimates on y-derivatives. The case of y-derivatives is chosen because there is
a subtle point in this case in which the estimates of Lemma 2.2 do not quite suffice, and
we must use (2.23) and the estimates of Lemma 2.3.

Case (1): y <x <0.Fory < x <0, we have
3yGr(x, y) = o7 (x; W)AyN; (v; A) + 3 (x; M)y Ny (v5 1)
= [(A;Cf — ATCHPT (x) + (BFCT — Bf CHgy (x)

HWW(p, .0y, ¥ ()

c(M)Wir(y)
+[(A§Dl+ — ATDD)$T (x) + (BIDf — Bf D))oy (x)
HWW(d, .oy, ¥y )(y)

cNWi(y) '

We group these into three sets of terms, beginning with the leading order G, expression

WW@ . ¢y ¥
c(MWi(y)
= (1272 + O(1)) (e W¥ — i3 Wx

+O(A e B0 (5 () + O(e )

+(DICT — ch;)w;(x)]

+HD{C3 — D3C)Yy (x)] (2.24)

(D5CT — DICYHY, (x)

—uT(n _ _ _ _
— /;12/2 ) (M50 _ gy 0y =115 () 1 (|31/2 )z WG—)

+ O 2 ekl gmra My Qe nIXIFIYDYy,

We note in particular that we have made critical use here of Lemma 2.4; otherwise, we
have employed the estimates of Lemma 2.2 in straightfoward fashion.
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Next, we consider contributions to the excited term dy Ej (x, y). In this case, we take

HWW(p, .0y, ¥ )i A)
c(Y)Wi(y)

+DI() WP . ¢, ¥, k)}

B0 0 [Cm) WA ()
= B{ ()95 (x: Dy N} (i )

= (C])\-_l/2 + 0(1)) (L_[x(x) + O(|)\1/2|e—7IIX\))e—M2_(A)y(1 + O(e—r;|y|))
= A 2, (0)e M2 MY (1 + O™y + O(e Mg WX

It is of particular importance to note that the undifferentiated excited term is precisely
the same thing with y-derivatives omitted. In this way, we see that y-differentiation
improves the singularity of E; (x, y) as A — 0.

For the remaining terms, we group according to (2.23) in order to obtain

AT(W)@; (x5 M)y Ny (v 1) + AT (x5 )ay N (v3 4)
+B3 ()$y (x; My Ny (v 4) + (D3 (W)CT (1)

Wy, ¢y, 9;5)

cMWr(y)

For the first three terms on the right hand side of (2.25), we have an estimate by

—Di(MC3 )N Yy (1 1) (2.25)

(Cl + 0(|)\1/2|))6M§(k)X—u£(k)y(1 + O(e—nIXI))

— 0(1)6#3_()»))6—#2_()»))’.

For the third term on the right hand side of (2.25), keeping in mind Lemma 2.4, we have

~ WW (P, by, V) o
(DF(W)CT W) — DY ()CFONY (x5 1) = = O(1)ett W=,
2 e ! cMWi(y)
(2.26)
Case (ii): x <y < 0. Forx <y <0, we have

ByGA(x, y) = ¢1_(x; A)ayN]*(y; A+ ¢2_(x; A)8yN;(y; A). 2.27)

Beginning again with the leading order G, estimate, we have
¢1 (63 WAy NT (5 2) = O()ets D), (2.28)

while for the excited and correction terms, we compute
by (x; 2)3y N3 (y; 1)
- (ﬁx(x) +0(|)¥1/2|e—'7lx))[(k])\—l/2
+ 0(1))6%—@» (1 + O(e—“‘y')) + 0(1)6—%?“”’]

— kl)»_l/zﬁx (x)e_“;()‘)y(l + O(e—ﬂtlyl)) + O(e—ﬂ\xl)e—ﬂz_()»)y + O(e—ﬂlx—yl)‘



Transition Fronts for Cahn-Hilliard Equations 793

For the excited term, we take
Ay Ex(x,y) = kia™ Vi (x)e 2 P (1 + 0(e™Py).
Case (iii): y <0 < x. For y <0 < x, we have
Iy Gy (x, y) = @7 (x; VAN (v3 A) + 3 (x; M)y Ny (¥5 4. (2.29)
For the leading order G 5 term, we take

¢F(x; M)y Ny (y; 2) = O(1)el2W¥ = By,

while for the excited and correction terms, we compute

BT (6 MOyNT (v ) = (it () + O e
x (A~ 1?2 +0(1))efu2’(x)y(1 +O(e’5“Y|)),
For the excited term, we take
Ay Es(x, y) = nyity ()2~ 2 H2 MY (1 4 O(e~Py).
The remaining cases can be established similarly. O

Lemma 2.8. Suppose the conditions of Theorem 1.1 hold, and G, (x, y) is as defined in
(1.18). Then for |A| > R, some R sufficiently large, and for ) to the right of the contour
['s defined in Remark 1.1, we have the following estimates. For some 8 > 0 and for
multi-index o in x and y,

3—k i
109G (x, )| < C77F e PRI g < 3,

Remark 2.2. Regarding the proof of Lemma 2.8, we note that large |A| behavior corre-
sponds with small ¢ behavior, for which the fourth order effects dominate. Consequently,
the proof of Lemma 2.8 is almost precisely the same as that of the corresponding Lemma
3.2 of [25], carried out in the case of multidimensional equations

d
ur + Zf](u)x] = - Z (bjklm(u)MijkXI)x .

j=1 jkim
‘We omit it here.

Lemma 2.9. Suppose the conditions of Theorem 1.1 hold, and G, (x, y) is as defined in
(1.18). Then for r < |A| < R, r as in Lemma 2.7 and R as in Lemma 2.8, and for X\ to
the right of the contour Ty defined in Remark 1.1, we have the following estimates. For
some constant C sufficiently large, and for multi-index o in x and y,

0%Gr(x, NI =€, a] 3.
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3. Proof of Theorem 1.1

In this section, we obtain estimates on the Green’s function G (¢, x; y) through the inverse
Laplace transform representation

1
G(t,x;y) = %/FeMG;L(x,y)d)», (3.1)

where I" denotes a contour that lies to the right of the point spectrum of L and loops
through the point at co. The validity of (3.1) can be established in a straightforward
manner from the estimates of Lemmas 2.7, 2.8, and 2.9. See, in particular, Corollary 7.4
of [52].

3.1. Small time estimates. In the case |[x — y| > Kt, for some K sufficiently large, and
also in the case of + < 1 (in fact, for any fixed finite bound) behavior of the Green’s
function is entirely dominated by fourth order effects. In this case, the analysis of [25],
carried out in the case of multidimensional equations

d
j jkim
ur + Z f] (M)xj = — Z (b] (M)Mx_,-xkxl)xm ,
j=1 Jjkim
extends immediately to the current setting and we can conclude, as there,

3
P = Tk

10%G(t,x;y)| < Ct™ 4 e il

where o denotes a standard multi-index in x and y with |«| < 3. The proof is carried
out through the estimates of Lemma 2.8 and representation (3.1).

3.2. Large time estimates. In the case |x — y| < Kt, K as in Sect. 3.1, we proceed
predominately through the estimates of Lemma 2.7, employing Lemmas 2.8 and 2.9
only for integration over |A| > r, which corresponds roughly with the non-critical cases
of small and medium range times. As the analyses of several of the terms in Lemma 2.7
are quite similar, we will proceed by giving full details only for the most critical cases
and pointing out the salient points for the remainder.

Case (i), y < x < 0. For the case y < x < 0, we begin with the leading term

CIA T2 (eta X _ gts By g1ty ()Y

for which we first evaluate

C_l My () (x—y) "
2mi r A '

A
Hy () ==\ [o=+ O(R2)),

Recalling the expansion
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we have that for |A3/ 2 (x — y)| <€, € > 0 sufficiently small, there holds

oMy D a—y) — M \/>|x ”(1+0(|A3/2(x—y)l))

We focus first, then, on integrals

7 (x—y)
—d,
2mi / f

and treat the higher order terms later as small corrections. For |x — y| < €1f, €1 > 0
sufficiently small, we take the contour

Ao lx—yl

b_ — 2th_

+ik. (3.2)

Our approach will be to follow the contour (3.2) until we strike the contour I'y of Remark
1.1, and from that point to follow I' out to the point at co, employing the estimates of
Lemma 2.8 and 2.9. We denote the truncated contour taken prior to intersection with
I’y as '*, and let +k* denote the values of k at which I'* strikes I'y. We remark before
proceeding that in the case €] < [x — y| < Kt, we take the similar contour

Ao (x—y)

b_ Lt

+ik, (3.3)
where L is chosen sufficiently large, and we have

(x — y)? 2. .
Ak =b > oy Y Lt —b_k* dr=2i/b_Vx.

L2¢2

In this case, we lose the precise kernel scaling—as stated for the leading order G term
in Theorem 1.1—but with |[x — y| > €¢, we have exponential decay in ¢, and the term
can be subsumed into the higher order estimates.

Returning to our main contour (3.2), we observe the relationships

2 _
(k) = (zb ,yz) +ikt ; Y b k2 dh = 2i/b_/ndk. (3.4)
In this way,
At— b%lx—yl —(x +k* —(x—y)?
a [ dk:c vho G / e Rigp = L, (35
2mi Jrx \/X k* ATt

wherein we arrive at the sharp leading order estimate of Theorem 1.1. Along the con-
tour Iy, we clearly have exponential decay in ¢, which in the case |x — y| < Kt gives
an estimate which can be subsumed into the higher order terms (see the more detailed
remarks in the paragraph labeled higher order corrections). Proceeding similarly in the
case

dh,

o / M=ty (Dx—y )y
r

2 A
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and keeping in mind that p, (A) = —u5 (1), we determine as above an expression

(x+y)?
1 e_ 4b_t

Jt ’

plus higher order corrections.
Higher order corrections. We next consider in more detail the higher order corrections
left over from the estimates above. First, we have the O(|A3/?|) correction, arising from
integrals

N

/ 00— .

Proceeding with the contour (3.3), we have

a— |2 (x—y
‘/et b,(x »)

O(A*2(x — y>|>dx\

e [ bk |x | 2
< Ce™ 2L O(|——— I+ 1k7|lx — yDdk
7k*
lx — yP? lx — y| x =yl _a-n?
:(0( ,zy )+ 0(— )) "o y) el

Also, regarding the correction terms from the scattering estimates, we note that in the
case |[x — y| < Kt, we have

e I e e L B e |

- K T K Kt K2t
so that exponential decay in time, which is always the case along the contour [, gives
the broadened kernel decay.
Second and third summands in G (x, y). The second estimate on G.(x, y) in the case
y < x < 0 can be analyzed precisely as above. Though the third can also be analyzed
in a similar manner, we carry out a portion of the calculation in order to indicate one
important feature of most of the derivative estimates. We have

L./O(l)emm;(x)(x—y)d,\_
2mi r

)

Proceeding as above along the contour (3.2) (for |A| suitably small and to first order in
|k1/2|), we have

1 _a-n? [

o o1 —b_ kztz ['
2 L Oe 2b_

o, k]dk

For the first term in the square brackets, we immediately obtain the sought estimate by

=yl G

¢ 32 ’

subject to higher order corrections as discussed above. For the second term in the square
brackets, a normed estimate provides the slightly worse estimate by

—y?
Ct e ™
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The point we would like to make here is that the analyticity of our O(1) term in p = /A
allows us to take advantage of the cancellation

+k* N
/ e P-Flkak = 0.
— e

In this way, the final estimate on this term takes the form

x — v\ _k?
O(ZST e M: |

Case (ii1), y < 0 < x. In the case y < 0 < x, we have the leading term
0(|)\*1/2|)elt§r()~)xﬂt;()~)y’

which differs from the case x < y < 0 only in the different forms of ,u; (A) and 1y ().
Recalling the expansions

w3 (k) =

A
y ) == [ 7=+ 0222,
—\/;m(umn,

we write

+ - A A 3/2
Uz (A)x — g (AN)y = — b—x+ b—_y+0(|)» [(lx]+yD).

We focus on the primary contribution,
— [ (e [l
_/O(I/\ eI g o /O(IA Ve (ECVED)

which can be analyzed precisely as in the previous cases if (for |x — f—i y| < €t, some
€ suitably small) we take the contour

[x — /551
— + ik,
b 2b t

through which we obtain the estimate by

O(tfl/Z)e T

Similarly as in the previous cases, for |[x — é’—i y| > €t, we take the crude contour
b
P _bevel
—_— = +ik,
b_ Lt

for a suitably large choice of L.
We finally remark that estimates on the excited terms can be obtained similarly, as
can estimates on differentiated terms. 0O
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4. Proof of Theorem 1.2

In this section, we combine the estimates of Theorem 1.1 with the integral represen-
tations (1.14) and (1.15)—and corresponding integral representations for v, and §(t)
found by direct differentiation—to determine estimates on the perturbation v(¢, x) and
the local tracking function (). To this end, we state two lemmas corresponding with
estimates on the linear and nonlinear integrals in (1.14) and (1.15).

Lemma 4.1. For G(t, x; y) as described in Theorem 1.1, and for vy(y) as described in
Theorem 1.2, there holds

+00
‘/ G(t, x; y)vo(y)dy| < CEo(1 + |x| + /1) /2,
—0

’ / G (. x: y)vo(y)dy

5CEof‘/“(1+t)*1/4[(1+|x|+ﬁ)*3/2 + (1+r)*‘/4e*'7'ﬂ],

+00 4
/ ley (£, MIIVoW)Idy < C(1+1)~ 14,

o0

+00
/ leye (t, MIVo(y)dy < C(1+1)"/4,

—00
Lemma 4.2. For G(t, x; y) as in Theorem 1.1, and
W(s,y) =s A +9)7 20+ |y +/5) 32 45741 4 5) 73 e

there holds
t +00 -
// |Gy (t — s, x5 Y)|W(s, y)dyds < C(1+ |x|+ /1)
0 J—-o0
t p+oo
/ / 1Gyx(t = 5, x5 Y)W (s, y)dyds < Ct= Y41+ )7 V40 + x| + V1) 732,
0 —00
t +00
// ley(t — 5, VW (s, y)dyds < C(1+1)7"2,
0 J—o0

t +00
/ / ley (t — 5, Y)W (s, y)dyds < C(1+1)"".
0 J—

We note that the expressions in W (s, y) follow from the linear estimates of Lemma
4.1 and the nonlinearites

O(lvve]),  O(vveax]), O(e 2], O((r)v]).

In addition to Lemma 4.1 and Lemma 4.2, we require the following lemma regarding
small time behavior of the perturbation v(¢, x). The salient points are that (1) for small
t, the behavior of v(¢, x) is dominated by fourth order effects, and (2) the behavior of
derivatives vy, Uyy, and vy, can be linked to the behavior of v.

Lemma 4.3. Under the assumptions of Theorem 1.1, and under the additional restric-
tion of Holder continuity on the initial perturbation vy € C, y > 0, the integral

equations (1.14) and (1.15) determine a unique local solution v € CcO+s ® N (x),
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v . . .
§ € C™i (1), extending so long as [v|co+y remains bounded. Moreover, on this time
interval

sup [v(t, x)|(1 + x| ++/1)*/?
xeR

remains continuous so long as both it and §(t + 1) are uniformly bounded, and for t > 0
sufficiently small and t > T,

sup [0%v(z, x)|(1 + x| + VD)2 < Ct =84 sup [u(t — 7, 0)|(1 + |x| + 1 — 1)/,
xeR xeR

fork =1,2,3, and

-1
sup [8K+1u(t, x)|[t—1/4(1 +0) A+ x VDT P+ A+ t)_3/4e_"|x|]
xeR

< Ct "4 sup o, v(r — 7, x)|[(t —) P+ —o)) TV A+ x|+ T =)
xeR

+ (4 — z))*3/4e*’7‘xl]_l,

fork=1,2.
We proceed now by defining the iteration variable

[ [v(s, y)I
(L+ |yl +/5)73/2
. [vy (s, ¥)I
sTUAL + )" VA(L + [y + /5) 32 + (1 +5) =3/ 41D
RO, 18(s)
(L+s5)"1V4  (Q+s5)75/4]

¢@) = sup
s€[0,t],yeR

4.1)
Claim 4.1. Suppose there exists a constant C so that
£(1) < C(Eg+¢(0)°), (4.2)
where Eq is as in Theorem 1.2. Then for Eq sufficiently small, there holds
¢(t) < 2CEy.

Proof of Claim 4.1. We first observe that we have control over ¢(0) directly from the
definition of ¢(¢). Recalling the relation

[v(0, y)| < Eo(1+|y])~>/2,

we see immediately that the first quotient in the definition of ¢ (0) is bounded by Ey. In
addition, according to Lemma 4.3 there holds

|Uy(svy)| —1/4 |Uy(s_77, )
sup <Crt sup )
yeR (L+[y|+/5)73/2 yeR (1 + |yl ++/s —1)73/2

for s > 7, T suitably small, so that

) [vy (s, y)I [v(0, y)|
sup lim < Csup ———== < CE).
yeR 50 sTV/AL +9) 7141+ [y| + /5) 732 yer (I+[yD=3/2
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Finally, we can choose §(¢) in a smooth fashion so that §(0) = 0 and S(O) = 0. In this
way, we have
¢(0) < CEp,

for a constant C. We proceed now by choosing E( sufficiently small so that C12E0 <1
and 4C2E0 < 1. First, this choice insures

£(0) < C(Eo +£(0)*) < C(Eo+ CIE}) < 2CEj.

Next, let 7' denote the first time (if it exists) for which we have equality ¢(7) = 2CE)y.
‘We have, then,

¢(T) < C(Eg +¢(T)?) = C(Eqg +4C*Ej) < 2CEy,

a contradiction. We observe that continuity of ¢ (z), critical for our argument, is clear
from the short time estimates of Lemma 4.3.
This concludes the proof of Claim4.1. O

We proceed now to verify the assumption of Claim 4.1 through a straightforward
calculation involving the integral representations (1.14) and (1.15), combined with the
small time estimates of Lemma 4.3. In particular, for the variable vy, which is not
carried through the iteration, we employ Lemma 4.3 to write

[y (s 01 = CsTV2 s+ 9T A+ ]+ V) 24 (1 +9) e 1 0),

Focusing on the case v(t, x), we have
+OO~
el =] [ Gex ol
—0o0
t +oo .
e [ ] 1605w ni[100 v, vyl + vy
—00
< CEy(1+ x| + /)72
t +oo
ccw? [ [ 160 —sxn [T R v
—0o0

+5734 0+ s)_3/4e_”|y‘]dyds

< C(Eg+ ¢ (1 + x|+ 1)/

In this way, we have

i) < Ci1Eop(1 2
(+|x|+/1)732 1Eo(1+¢(2)).

Taking a supremum norm over both sides of this last expression, and noting that ¢ (¢) is
a non-decreasing function, we conclude

su lu(t, x)| <GB e,
vef0.r].yeR (1 + [x| ++/1)=3/

Proceeding similarly for vy, §(¢), and S(I), we conclude

¢(t) < CEo(1+¢(1)%),

from which Theorem 1.2 follows from Claim 4.1. 0O
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5. Proof of Technical Lemmas

In this section, we prove Lemma 4.1 and Lemma 4.2. The proof of Lemma 4.3 is almost
identical to that of Lemma 3.4 of [26] and is omitted. At the outset, we recall the notation
G(t,x;y) = Gt, x; ) + E(t, x; ),

E(t, x;y) = ux(x)e(r, y).
Proof of Lemma 4.1. We divide the analysis up into Cases I and II from Theorem 1.1.

Case I, |x —y| = Kt ort < 1. For |x — y| > Kt or for r < 1, and for the first
estimate of Lemma 4.1, we have integrals

+00 |x—y ‘
/ VA (1 )y,

—0oQ
where for simplicity we have extended the range of y over all of R. We first observe that
for |x — y| > Kt, the kernel decays at exponential rate in ¢, and we have

x4/3 _ le—y[4/3
e ! 1~V (14 |y) 7 ay.

—00

(For t < 1, we need not keep track of ¢ decay.) We now divide the integration over y
into the subintervals y € [—|x|/2, |x|/2], and its complement, for which we compute

x|

+3 1/4 —lelt2 32 1/4 =2 S 3/2
/ VAT 73 (1+|y)~ / dy+/ e /4 e™ 73 T+ |y~ / dy
y [-5.%]
a3
< Cit7 VA" mTEIB 1+ Cy(1 + |x|) 2, (5.1)

where the expressions on the final right-hand side are respective estimates, the first
obtained by integration of (1 + |y|)~>/? and the second obtained through integration of
the L! kernel. Finally, we note that for r > |x|, we have exponential decay in both ¢
and |x| from the term exp(—K4/3/(2M)t), while for |x| > ¢, the kernel decay in (5.1)
gives exponential decay in |x|. Combining these observations, we obtain a much better
estimate than the one claimed; in fact, the estimate here is already sufficient to give
the second estimate of Lemma 4.1 as well. (The analysis is clearly driven by the case
Ix —yl = K1)

Casell, |x —y| < Kt andt > 1. For the case |x — y| < Kt and ¢t > 1, we first observe
through integrating by parts and taking advantage of our zero-mass condition on v that
we have sufficient decay in ¢. In order to see this more precisely, we write

'/ G(t, x; y)vo(y)dy‘ = ‘/ Gy(t, x; ) Vo(y)dy|,

where

y
Vo(y) =/ vo(2)dz,

and consider the primary Gy contribution

[x — ¥\ _e=»? . _ap?
O(I?,T e” wi =0 e . (5.2)
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For this contribution, we estimate

T Ly uoa? 1/2
/ 1=t T (1+|y)~"2dy

—0o0

+/1 2 e’
=/ (e T (14 |y dy +/ (e (1 )y < oo,
—Ji VA

which gives the required decay in time. (The calculations for other contributions to G
are almost identical.)
In order to establish the appropriate decay in |x|, we divide the integration up as

+00 -
/ G(t, x; y)vo(y)dy
—0o0

Ixl

+| ~
z/m2 G(t,x;Y)UO(Y)dY+/ G(t, x; Y)vo(y)dy. (5.3)

X X .
(=545

2

For the first integral on the right-hand side of (5.3), we integrate by parts to obtain

|x| x|

N
Gt x5 ~)Vollx1/2D =G, x; —7>vo(—|x|/2)—/ L Gyt x )Vo(dy. (54)
-7

In all cases, the first two (boundary) expressions in (5.4) provide the estimate

XZ
Ct™ Ve T (1+|x))" V2,

for some constants C and L sufficiently large. We easily obtain the claimed decay in |x|
upon observing (for |x| > 1)

x2

X 2 2
t712e T = flﬂHe—% < Cylx| e, (5.5)
X

For the final expression in (5.4), we again specialize to the case (5.2), for which we have

12l

S 12 1 12— 4o
e—m/‘l e (1+ |y~ V2dy < Cr 71 + x)V2e 3w

)

2

which can be shown by an argument similar to (5.5) to give decay |x|~3/2. For the second
integral on the right-hand side of (5.3), we observe that in all cases integrability of G
immediately gives the spatial decay (1 + |x|) ~>/2. These two decay rates (1 +7)~>/4 and
(1 + |x|)~3/2 are sufficient to give the claimed estimate.

The analysis of the second integral in Lemma 4.1 is almost identical to that of the
first. We note here only that it is the expression

2
O(ﬁ%e_nlxl)e_%

that gives rise to the exponentially decaying estimate.
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Excited estimates. For the third estimate in Lemma 4.1, we integrate by parts and estimate
(specializing to the case y < 0)

2

0
C o
/ = e B (1+ 1y~ 2dy
oo /AB_

ﬁ C 2 0 C y2
= E_,~a 1+ 1y~ 1% +/ E_, "% 1+)yD~"2ay < c+~ /4.
o VA (I+1yD Y (I+1yD y

For the fourth estimate in Lemma 4.1, we explicitly compute the time derivative of
ey(t, ) as

_[_2Ceb 3, Cey  gh b
ey,(t,y)— I:—We ! +(4b_)T[5/2€ ! (1+O(€ )),

from which the primary contribution is

0 2
/ 1732 (14 |y~ 2y < ¢4

—00

By virtue of the alternative Case I estimate for # < 1, we can take S(t) boundedast — O.
This concludes the proof of Lemma 4.1. 0O

Proof of Lemma 4.2. For Lemma 4.2, we have two nonlinearities to consider, the sum-
mands of W(s, y). For each estimate on G (¢, x; y), we will carry out detailed estimates
only for the first of these summands, noting only that the analysis of the second is almost
identical. Proceeding as in the proof of Lemma 4.1, we first divide the analysis into
Cases I and II.

Casel, |x —y| > K(t —s)ort—s <1.For|x —y|> K({ —s)ort —s < 1, and for
the first estimate of Lemma 4.2, we have integrals

t [+00 lx—y[4/3
/ / (t —s) 126 Mu- Y>1/3‘-I-’(s y)dyds,
0 J—

where for simplicity we have extended the range of integration over all of R. For the
first nonlinearity in W (s, y), we have integrals

t oo x—y4/3
// — ) V2 M= g3+ 5) V2 + |y + 5) " Pdyds. (5.6)
0 J—o0

Proceeding similarly as in Case I of Lemma 4.1, we first observe that for |[x — y| >
K (t — s), the kernel decays at exponential rate in (# — s), and we have

43

t K4/3 +00 |x
/ e~ M (t— 9)/ ( S) 1/26 2M(1— r)I/3 _3/4(1+S) 1/2(1+|y|+f) 3/2dyds
0 —00
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IX\

We now divide the integration over y into the subintervals y € [— |X'] and its com-

plement, for which we compute

4/3 le—y[*/3
/ K s)/ . VU2 -9 s=3/4(1 4 )= V2(1 4 |y| + o/5)~3 dyds
t 4 le—y[*/3
+ e~ 79 = sy 2 2= 734 (1 sy V2 (14 |y +4/5) "3 P dyds
S
2°2
473

t 4/3 _ _
< Cl/ =S =9) (1 _ =14 T MG =341 4 = V/2(1 4 /5)~32ds
0
t K473
< cz/ e~ o =) — VAT 1 V21 4 |x) + ) 2ds. (5.7)
0

In both of the last two estimates of (5.7), we can integrate the exponential decay in
(t — s). We observe that for s € [0, /2], we have exponential decay in ¢, while for
s € [t/2,t], we have algebraic decay at rate (1 + t)_z. In the event that |x| > ¢, we
clearly have a sufficient estimate due to the |x| decay, while for |x| < ¢, we have a
sufficient estimate due to the ¢ decay. We proceed in almost identical fashion for the
remaining nonlinearity. Again, the analysis is driven by the case [x — y| < K(f — s).
Casell, |x —y| < K(t —s) and (t — s) > 1. For the case |x — y| < K(t — s), and for
(t —s) > 1, we proceed through the observation that in Cases (i) and (ii) of Theorem
1.1, we have the crude estimate (for r > 1)

G—p?

<CU+07 A+ |x —yhe™ mr,

‘ Gy(t, x;y)
with additionally

ey 2
Gy (x5 )] < C(1L 412~ ST 4 (1417321 + [yDe "1,

while for Case (iii) we have

~ (x—y 2
1Gy(t,x:y)| < C(L+D) 21+ |x — ye™ S O+ 1) 321 + |yl

with additionally

v 2
Gy (t, x; y)| < C(1+1)732e S () 32(1 4 |y|ye Ml e~

In Cases (i) and (ii), and for the first summand of W (s, y), we consider integrals

t r0 (x—y)2
/ / A+ —s)PA+|x — yDe M= 5341 +9) 72 (1 + |y +/5) 7 ?dyds.
0 J—o0
(5.8)
For t decay, we divide the integration over s into the subintervals s € [0, #/2] and
s € [t/2, t]. Observing the inequality

xX—y a=p? @—y)?
We T M(t—s) < Ce 2Mi—s) s) (59)
-
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we determine an estimate by
12 10
c1(1+z)—1/ / sTAA )72 + 1yl + s) T dyds
-2
+Cot A1+ 1) 5/4/ / A+t — )" e T dyds
1/2
§C3(1+t)_1/ sTAA+9) 720 + 57V 2ds
0

t 0
+C2t_3/4(1+t)_5/4/ / (1+(t —s)"ds
t/2 J—o0
<ca+n~L (5.10)
For |x| decay, we divide the integration into subintervals of y, y € (—o0, x/2] and

y € [x/2,0]. For y € (—o0, x/2], we observe (5.9) and integrate the heat kernel to
obtain an estimate by

t
c(+ |x|)*3/2/0 A+ @ —s)""234A+5)"Vds < 1 + x>

Alternatively, for y € [x/2, 0], we observe that we have kernel decay

and can otherwise proceed precisely as in (5.10) to obtain an estimate by

Cl+t) e @

This last estimate is sufficient by the argument of (5.5).
For the second (x-derivative) estimate of Lemma 4.2 in Cases (i) and (ii), we have
two Green’s kernels to consider, of which we begin with integrals

t 0 -y
/ / (14 (1 — )P M= 573/4 1+ )71V + |y + /5) 7 ?dyds.  (5.11)
0 J—

For ¢ decay, we divide the integration over s into subintervals s € [0, t/2]and s € [t/2, t]
and obtain an estimate by

t/2
Ci(1+ t)*3/2/ sTA+9) 720+ s) "V 2ds
0

t
+Cu A+ 21+ «/2)4/2/ (1+(—s) 'ds
t/2
<C(l+n732

For |x| decay, we divide the integration into subintervals of y, y € (—o0, x/2] and
y € [x/2,0]. For y € (—o0, x/2], we integrate the heat kernel to obtain an estimate by

t
C(l+ |x|)—3/2/ A+ —s) s A+ as <cQ+0)7 A+ x) 32
0
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Alternatively, for y € [x/2, 0], our z-decay argument leads to an estimate by

X2
C(l+1) e T,

which is sufficient by the argument of (5.5). For the second Green’s kernel, we have
integrals

t 0 2
/ / (14 (t =) 321+ |y)eM¥le™ =5 5734 (1 45) ™12 (1 + |y | ++/5) > 2dyds.
0 J—o0

(5.12)
In this case, we always have exponential decay in |x|, and so we focus entirely on tem-
poral decay. Dividing the integration over s into subintervals, we obtain an estimate
by

t 0 v2
Cre (1 +z)—3/2/ / (1+ |y~ 2e™ = 5734 (1 + 5)"2dyds
0 J—o0

t 0 2
+ Coe 341 4 721 +¢?)—3/2/ / (1+(t — )" Le” M dyds
0 J—oo

< C(1 +1)7 /el

much better than required.

The case y < 0 < x can be analyzed similarly as were the previous cases.
Excited estimates. We last consider the third and fourth estimates of Lemma 4.2. For the
third, and for the first summand in W (s, y), we estimate

t 0 2
Ck - s —3/4 —1)2 -3/
¢ T T g1 45) 721+ [y] + /5) T Pdyds
/O /—oo \/4b_(l —S)
t/2 t
< Clt_l/z/ s +5)TV2(1+ s) T Pds + Cor (1 +t)_5/4/ ds
0 1/2
<ct 2, (5.13)
where the seeming blow-up as ¢+ — 0 can be eliminated by proceeding alternatively for
t small.

For the fourth estimate in Lemma 4.2, and for the first summand of W(s, y), we
estimate

t—1 0 2
/ / (t — )32 W= s34 (1 + )7 V2(1 + |y| + /5) "> 2dyds
0 —00

)2 -1
< C1f3/2/ s A+9) 7+ o4 +t)*5/4/ (t —s)"lds
0 1/2

<cr 32,

where we can eliminate the seeming blow-up as t — 0 by proceeding alternatively for
t small, and where the integration over s € [t — 1, ¢] involves the small time estimates
on G(¢, x; y) and can be carried out as in Case I.

This concludes the proof of Lemma 4.2. O
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