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Abstract. In this paper we prove the validity of formal asymptotic results on
perturbation theory for kink solutions of the sine-Gordon equation, originally
obtained by McLaughlin and Scott. We prove that for appropriate perturbations,
of size ¢ in an appropriate norm, slowly varying in time in the rest frame of the kink,

1
the shape of the kink is unaltered in the L® norm to O(e) for a time of O (E) The

kink parameters, which represent its velocity and centre, evolve slowly in time in
the way predicted by the asymptotics. The method of proof uses an orthogonal
decomposition of the solution into an oscillatory part and a one-dimensional
“zero-mode” term. The slow evolution of the kink parameters is chosen so as to
suppress secular evolution of the zero-mode.

Section 1. Introduction and Statement of Results

In this paper we prove the validity of formal asymptotic results due to McLaughlin
and Scott (1978) and Karpman and Solov’ev (1981) for appropriate nonlinear
perturbations of the sine-Gordon equation:

OTT_OXX +Sln9+8g=0 (1.1)

More precisely, we prove the existence, for long but finite times, of solutions to
this equation which approximate travelling waves of the unperturbed equation,
with parameters evolving slowly in time under the action of the perturbation eg.
The travelling waves of interest are uniformly moving kinks. Kinks are members of
a two parameter family of solutions of the unperturbed equation:

OTT - OXX + Sin0 = O (1.2)
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given by 0 = 91(( ) for ue(—1, 1), CeR. Here 0 is the C* function

2nm + 4arctan e? (1.3)
which solves 0% = sin 6 with boundary conditions
Ok —2nn, Z—> —o0;, O0x—->2n+ rn, Z-> + oo (1.4)

for ne Z. The energy and momentum in the field at time 7 are given by integration
of the corresponding densities:

E=[30%+36% + (1 —cosf) (energy), (1.5
P = |00y (momentum). (1.6)

Evaluating these for the kink solutions we find for m=38, E =%,
—u

pP= —ImL so that the kink obeys the energy momentum relationship for
—u
a relativistic particle E? = P? + m? We therefore refer to m as the mass of the kink,
which is to be thought of as a particle-like object in a background radiation field.
We remark that the solutions of interest are not square integrable themselves
due to the boundary conditions at spatial infinity. The natural space for solutions is
fe HL (R), 67€ L*(R). However it is part of a general philosophy expounded in
Parenti et al. (1977) that more can be said, namely that the boundary conditions are
preserved in an L? sense. To be precise we have the following local existence
theorem:

Theorem. Consider initial data 0(0, X)e Hi.(R)07(0, X)e L*(R) for (1.1) with the
property that

(6(0, X) — O(X))e L*(R)

assume further that g is a smooth function of T, X, 6. Then there exists a unique local
solution 6(T, X) such that

(0(T, X) — 0x(X))e L*(R)
and such that T — (07, 0x)e L*(R) @ L*(R) is a strongly continuous map.
Proof. See Parenti et al. (1977) or Martin (1976).

A method which is useful for the understanding of nonlinear waves is to
decompose the solution into solitary (spatially localised) and radiative compon-
ents, and then study the interaction between them. For the case of the sine-Gordon
equation, the method of inverse scattering yields, at a formal asymptotic level, very
detailed information on this decomposition. This is useful for understanding the
asymptotic behaviour of solutions at large times (see e.g. Novikov et al. (1984) or
Eckhaus (1980)), and perturbation problems (Maclaughlin and Scott (1978)). One
of the reasons for interest in kinks is that (together with breathers) they dominate
the large time behaviour of solutions to the initial value problem, due to the
dispersive character of the radiation component. To be more precise the radiation
component decays like ~ 7 ~'/2, ie. as the Klein Gordon equation, whereas the
kink (solitary component) does not decay at all (see also Stuart (1991)). These
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analyses suggest questions which can be asked about solitary waves in general
(non-integrable) wave equations. The case of the non-linear Schrédinger equation
has been discussed in Weinstein (1985) and Soffer and Weinstein (1990). In particu-
lar, in the latter paper dispersive properties of the linear equation are used to
prove stability and scattering results for solitary waves and radiation on an infinite
time interval. The case of the kink is in some ways simpler, although being
one dimensional the effects of dispersion are weaker, and not sufficient to give
results globally in time. There are two interesting stability questions for kinks
which can be given mathematically rigorous answers without using inverse scatter-
ing information: stability of kinks with respect to perturbation of the initial
data (see Henry et al. (1982)), and stability with respect to perturbation of the
equation, which is the problem addressed in this paper. Before stating the theorem
and giving the proof we give a discussion of the general features of these two
problems:

Stability with Respect to Initial Data. Here one considers the initial value problem
for the sine Gordon equation with near kink initial data:

Orr — Oxx +sin0 =0 000, X) = 0,(X) 0700, X)=00r(X). (17

The crucial point (Benjamin (1972)) is that the appropriate kind of stability is form
stability, i.e. stability modulo translation. To express this mathematically, consider
the distance function for € HL (R):

d(y) = min [ — 70 g1 ,

ceR

where 7, is the translation operator: ¥ (x) = ¥ (x + ¢). Form stability is rigorously
expressed in the following theorem which states that this distance function is
non-increasing;

Theorem (Henry et al. 1982). There exists a number r such that if 0y, 0o ¢ satisfy
Bo€ Hi (R), Oy x€ L*(R), 0y, r € L*(R) having finite energy (as defined in (1.5)) and,
most importantly, d(6o) < r, then there exists a unique global weak solution 6 such
that (0,07)eHL . ® L? T— (0x,0r)eL>® L* is strongly continuous and
do(T, -))<rVT.

Remark. One can picture the motion as being particle motion in an infinite
dimensional potential valley, motion along the valley corresponding to translation
of the kink and motion up the hills corresponding to the oscillatory radiation. This
is expressed mathematically by the following properties of the linearised equation.
The sine-Gordon equation linearised about a kink is

§TT + Lé: 0 )
where L = — 0% + cos 0x(X) has spectrum consisting of:

— zero as the unique eigenvalue, with eigenfunction 6%. This so-called zero
mode arises due to translation invariance, and its presence is the infinitesimal
version of the fact that the appropriate distance function for the stability statement
involves minimising over the centre of the kink. Notice that, from monotonicity of
the kink, 0% > 0 so it is a simple lowest eigenvalue.



436 D.M.A. Stuart

— continuous spectrum [1, co). This gives motion in the subspace orthogonal to
the zero mode. This motion is oscillatory in time, not exponentially decaying (as for
corresponding parabolic problems), making the nonlinear treatment somewhat
subtle. It is important that the continuous spectrum does not reach zero — it starts
at 1 because of the fact that cosfx — 1 as | X| — oo. This part of the spectrum
corresponds to radiation.

This has the consequence that for
yeH!, [ybx=0=[yLy 2|y’ (1.8)
which is important for this paper.

Remark. The process of minimising over the centre of the kink can be regarded at
an infinitesimal level, as forcing the motion into the oscillatory subspace by
appropriate choice of the modulation of the parameters.

Remark. The proof in Henry et al. (1982) does not depend on complete integrabil-
ity, and the theorem is stated for a more general class of nonlinearity. The result of
this paper goes immediately over to this class of nonlinearities.

Stability with Respect to Perturbation of Equation. It is the aim of this paper to
prove the modulational stability in an appropriate norm of kink solutions under
the action of an appropriate class of perturbations eg over an appropriate time
interval. Thus we consider an initial value problem for (1.1) with initial data close to
a kink, and ask for how long, and in what norm, does the solution look like a kink,
possibly with velocity and centre changing in time. Modulational stability means
the kink parameters are expected to evolve in time — see (1.20), (1.21). The
precise meaning to be attached to the word appropriate is part of the problem — see
the statement of the main theorem and the comments at the end of this section,
as well as the following discussion. The proof does not depend on complete
integrability and could easily be written out for the class of nonlinearities of the
equation considered in Henry et al. (1982). Before launching into the proof we
discuss why such a statement is expected to be true. As for stability with respect to
initial data, the basic point is the spectrum of the linearised operator L. In the
argument of Henry et al. one can heuristically think of stability as being due to the
possibility of choosing the centre of the kink (as a function of time) in such a way as
to push the linearised motion onto the oscillatory subspace, i.e. orthogonal to the
zero mode. We would like to do a similar thing, but there are two immediate
difficulties:

Question (a). The kink will presumably accelerate under the influence of the
perturbation, so as well as choosing the variation of the centre it will be necessary
to choose the variation of the velocity, presumably in such a way as to force the
linearised motion onto the oscillatory subspace. What are the equations for the
modulation of u, C?

Question (b). Even if the motion is confined to the oscillatory subspace, does the
perturbation produce a large response over long times? The answer to this leads to
the important heuristic requirement that the perturbation be slowly varying in the
Lorentz rest frame of the kink (see the end of this section for the most general types
of perturbation allowed). '



Perturbation Theory for Kinks 437

To answer these questions we first describe the basic strategy of the proof. We
make an ansatz for the solution
T
X—fu—-C()

0T, X) = 0x(Z) + (T, X), Z= , (1.9)

1—u

C(T) = Co(eT) + ¢C,

u(T) = uo(eT) + eu(T) <=p = (1.10)

\/—1——”—_—112 = poleT) + sﬁ(T)> .

~_ ~ 1
The aim is to bound 6, 4, C for times of O <E> by appropriate choice of the time
variation of u, C. So we calculate the equation for 6 by substitution into (1.1) as:
Orr — Oxx + cos0x(2)0 = f© + ef @ =f(T,2,0,C, C,p, b, 5),  (1.11)

where the function f is written out explicitly in appendix zero. As noted above the
crucial point is the behaviour of the linearised equation — in particular the fact that,
orthogonal to the zero mode, the motion is oscillatory. This suggests the following
zero-mode/oscillatory mode orthogonal decomposition:

(T, X) = a(T)0x(Z) + 6%(T, X) [ 0x(2)0%(T, X)dX =0.  (1.12)

The strategy for the proof is now given by the following answers to the questions
above:

du dC
1T T allows the

supression of the dominant growth in ¢, i.e. in the zero mode. This can be seen by
projecting Eq. (1.11) in the two direction corresponding to the action of the
infinitesimal symmetries on the kink: 8%, Z0% corresponding to translation and
Lorentz invariance. This leads to identities in appendix two which are used to
estimate a in the proof of the central Lemma 2.3. This calculation is a rigorous
version of a formal asymptotic argument for the modulation equations due to
McLaughlin and Scott which is outlined below, after the statement of the main
theorem.

Answer to question (a). It turns out that an appropriate choice of

Answer to question (b). To see how to estimate the oscillatory part, we notice the
fact that once the zero mode is excluded we can think of (1.11) as an infinite
dimensional version of the perturbed 1-D oscillator:

* X+ X =f(ET) + eg(X)

1
which remains bounded for times of O (E) A proof of this which nicely general-

ises to our case is as follows—if we calculate the rate of change of energy
E = X? + X? and then integrate again, integrating by parts the f term, we find the
inequality

Hok |E(T)| < E(O) + EV2O) fO)] + | fEDIIEV*(T)|

T
+effET)X —g(X)X|dT’
0
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from which long time boundedness of X can be deduced from Gronwall’s inequal-
ity, for suitable f; g. To find an “energy” for our case, which allows a generalisation
of this proof, recall that if we consider the linearised equation about a static kink:

077 — Oxx + cos 0x(X)0 =0
then the energy given by
+§°° 02 + 62 —|2- cos O 5> ix

—

is preserved. Next consider linearisation about a uniformly moving kink at speed
u — the relativistic version of this result is the conservation of the following
linearised energy:

+oo§2 9“2 Zé‘z
E(T) = f T+ x+;:os(9,<()

—

+ ufp0,dZ . (1.13)

1
It turns out (see Lemma 2.1) that for times of order EE is bounded if « is bounded,

just as in *x*, as long as the perturbation is slowly varying in time in the rest frame of
the kink — this means it should be a function of Z, ¢T as described at the end of this
section in detail. This gives the answer to question (b). We emphasize that the
nonlinearity couples the zero-modes and oscillatory modes, so estimations of E, o
must be done in tandem. The significance of the quantity E stems from the
following proposition:

Proposition 1.1. There exists a number c such that:

10T < cly(T) I EYVAD) | + (D)), (1.14)
where
10(T) | = max {|§(T"), + 16(T")u1} (1.15)
T'e[0,T]

where |0(T) 3 = [10(T, X)1>dZ and |0(T)|}: = |0(T) 3 + 10x(T)|3 and for functions
of time f:

IA(T)] = max [f(T")]. (1.16)

T’'e[0,T]

Proof. See Appendix 1. N

Thus we see that to estimate § in H* (and hence pointwise by Sobolev’s lemma)
we only need to estimate E and o. The estimation of E similar to ** is carried out in
Lemma 2.1, while in Lemma 2.3 we find equations for uy, C which ensure o grows
slowly. These are the crucial steps which lead to the following:

Main Theorem. Let the perturbation g = g(0) be a smooth function such that

1
9o(2) = g(0x(Z)) e L*(dZ). Then for sufficiently small ¢ there exists T, = 0<;> such
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that for T < T, there is a unique solution to the initial value problem:

Orr — Oxx +sinf +eg=0, (1.17)
0(0, X) = 0(Z(0)) + £(0, X),
0,0, %) = ——"Q 0 20)) + 6,0, X) | (1.18)

J1 — u(0)?
where (6(0, X), 07(0, X))e H' @ L2, of the form:
X — fu —C(T)
O(T, X)=0x(Z) + 0T, X) Z= — (1.19a)
—Uu
where G C([0, T,]], H'), 87 C([0, T, ], L?) and
C(T) = Co(eT) + ¢C
w(T) = uo(eT) + ei(T) < =p= ﬁ = po(eT) + aﬁ(T)) (1.19b)

~ di dC

with p, 1, C, I AT |0~ |n1 gy bounded independent of ¢, and uq, Co the solutions of
the zeroth order modulation equations:
dcC, P ,
m— = euo(1 —ud) | 9(0x(2))Z0x(Z2)dZ Co(0) = C(0), (1.20)

m(uo(l — ug)™ %) =mpo,r = ¢ T 9(0x(2)0x(Z2)dZ  uo(0) = u(0) , (1.21)

where py = __114_0_2 is the momentum per unit mass and m = 8 is the mass of the kink
defined in (1.5), (1.6). A

Proof. This is carried out in Sect. 2. Derivation of certain identities and local
existence theory is in the appendices.

Remark. Tt will appear in the proof that one bounds not only ||d]| but also the

momentum p = —% on the time interval [0, 7, ]. From this it follows that the
—u

velocity is bounded away from one, i.e. the kink velocity cannot approach the speed
of light. The perturbation theory is not expected to be valid at the speed of light.
The perturbation theory is however valid near u = 0 which is not a preferred point
from the relativistic viewpoint. This is in spite of the fact that the asymptotic
derivation of the modulation equations due to McLaughlin and Scott (1978), which
is given below, degenerates at u = 0.

Remark. If the further condition is added that the initial data satisfies
0xx(0, X), 07x(0, X)e L* @ L?
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then strong differentiability in time of the solution can be deduced. Indeed one can
produce a smooth classical soolution for smooth initial data — see (Stuart (1990))
for full details. The basic point is that by Sobolev’s lemma the solution is bounded
pointwise, so the growth in higher order Sobolev norms can be controlled.

Remark. The proof works for much more general types of perturbation, as de-
scribed at the end of this section. We also emphasize again that the proof works for
more general nonlinearities than sin, e.g. the class used in (Henry et al. 1982).

Formal Calculation of the Modulation Equations. We now present a formal calcu-
lation of the modulation equations from MacLaughlin and Scott (1978). The idea is
to use the basis of solutions to the linearised equation obtained from the inverse
scattering method (by differentiation with respect to the scattering data.) This basis
divides into “discrete” and “continuous” modes, the discrete modes being given by
differentiation with respect to the parameters u, C. The philosophy is that it is
important not to excite the discrete modes if the response is to be small, but the
continuous modes do not matter as they are oscillatory in time. Thus the modula-
tion equations are chosen to make sure that the error term f does not excite the
discrete modes. The discrete modes are given by differentiation with respect to the
kink parameters u, C which form the discrete part of the scattering data. This gives
two orthogonality relations for the error term f which give, to highest order in e,
the modulation equations (1.20), (1.21). The calculation is most simply done by
writing Eq. (1.1) in first order from:

d(@)_ o1 (0)
a7\ 0; —<6xx—sin(-) 0>+ eg)

We now substitute in an ansatz corresponding to (1.9), which leads to the following
linearised equation:

e A 0 AW Ox.cC + O i

dT\0r )\ — 0xx + cosfx(Z) 0 g+ 0k 1cC + Og ot )
Here we are considering Z, defined in (1.9), as a function of u, C, T with jOT u
thought of as a function of T only. We have two elements of the null space of this
linearised equation provided by differentiation with respect to u, C. We will apply

the Fredholm alternative; however the linear operator is not self-adjoint so we take
the null space of the adjoint operator instead. This leads to the following two

vectors:
9KTu> <0KTC> l(exrr>
ng = ’ n, = ’ ~ = ’ + 0(e) .
! <—0K,u 2 —9K,c u _OK,T ©

We now require that the inhomogeneous term in *** be orthogonal to these
elements. This gives the modulation equations (1.20), (1.21). We remark that the
method is like a time-dependent Fredholm alternative; however the interesting
point is that the inverse scattering approach gives an enormous number of solu-
tions to the linearised equations, but only the two corresponding to n,, n, are used
for the orthogonality conditions. This is because the other solutions are oscillatory,
and therefore supposed to be less excitable. This is only the case if the perturbation
is slowly varying in time. The result of the paper can be thought of as a rigorous
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justification for this time-dependent Fredholm alternative. Lemma 2.3 provides
a rigorous version of the above calculation, while the fact that the radiation
is not excited by slowly varying perturbations is expressed rigorously by
Lemma 2.1.

Summary of the Rest of the Paper. The heart of the paper is Lemma 2.3, which
gives an a priori estimate for the growth of the zero mode, o (defined by the
decomposition (1.12)), subject to the modulation equations (1.20), (1.21). Together
with the a priori estimate of the linearised energy E in Lemma 2.1, this gives, via
Proposition 1.1, an a priori estimate for 6 for times of order 1/e. These estimates
depend on identities which are proved in appendix two. There is a difficulty
however in that this a priori estimate is for the coupled ODE-PDE system formed
by the equation for 6, (1.11), and the modulation equations. These are coupled
because the full modulation equations for u, C, as opposed to u,, Co, contain O(e)
terms depending on 6. Thus to complete the argument it is necessary to prove the
local existence of solutions to this system in an appropriate norm for a continua-
tion based on an a priori estimate. It is also necessary to check that these solutions
satisfy the a priori estimate. This is done in appendix three.

Notation. Throughout this paper we use the following notation:

— The fast time variable is T, while ¢t = ¢T is the slow variable; these are not
treated here as independent variables, as in the multiscale method, but as alternat-
ives to simplify notation. A function of ¢ with derivative bounded independent of
¢ will be referred to as slowly varying. The same applies for spatial functions with

x =¢eX.
. . af df .
— For functions of time, f, we use a dot to denote ——f = —f =/
edT dt

— We shall frequently use the change of variables

X = [uer)dT - (1) =)

J1—u(T)? 1 —u(T)

S=T s=eS=t=¢T
(1.22)

7 =

in which S is used to distinguish what is being kept constant on differentiation, i.e.
0 0
as ~ oT|,

— As usual we call y = (1 — u?)~ /2, u represents the speed of the kink, and has
magnitude less than one; it is related to the momentum (per unit mass) by p = yu
b
1+ p?
index 0 will be used for the O(1) terms in the expansions (1.19).

— The mass and moment of inertia of the kink are defined by:

and u = in terms of which y = ./1 + p2 The same notation with sub-

m= T 0%(2)dz(=8), I= TO Z202(Z)dZ . (1.23)
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— We will use the norms for 0:

10(T) | = max {|8:(T")|, + 10(T") s}, (1.24)

T'e[0,T]

where |6(T)|3 = [|6(T, X)I>dZ and |6(T)|% = 6(T)|3 + |0x(T)}3, and for fun-
ctions of time f:

I/(T) = max [f(T")], (1.25)
T'e[0,T]

so in particular |||g|,(T)|| = max,r;|gl,. Notice that dZ = ydX is used in the
definition of the L2 norm. For uniformly bounded momentum this is equivalent to
L*(dX).

— The perturbation term evaluated at the kink is denoted:

go = g(6k(2)) . (1.26)

To denote maxima over time we shall use the || notation as above.
— Finally we will work within the following finite energy subspace:

SX(T) = {(0, bz, Oy, p, C)e C([0, T], L*(R))?
® CX([0, T1)*: 1 6(D)1l, I p(T)l < K} . (1.27)

It will be clear from the method of proof that the main theorem is valid under
the following conditions which are weaker than those in the statement above.

More General Conditions on the Perturbation. We can take far more general
perturbations than those given in the statement of the main theorem. For example
we may take g to be of one of the following forms:

Jfirst type g =g(T, eX,0)=g(t, x,0) .

second type g=9T,Z,0)=94t, Z,0),
where g is a differentiable function
g:R"xRxR->R. (1.28)
We define in the first case
go(t, x, Z) = g(t, x, 0k(2))
and in the second case

gO(ta Z) = g(t, Z, GK(Z)) .

. . . t .
We assume further that there exists a time interval [0, T, ] = I:O, = ] , Where £ is
€
independent of ¢, on which g, go:

9o

<A, 1.
7 =4, (129

g0 + £0) — go
’ £

”|90|2(T+)||,} 2(T+) 2(T+)
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where A'is a number independent of ¢, and for (0, p)e S¥(T, ),
g(0x + £0) — go ’(9(91( + &) — go)
€ €

= C(K) (T+)

2

< C(K).

(T:)
2

S

(1.30)

These are easily seen to be satisfied for g as described in the statement of the main
theorem. Here p is the momentum defined in the previous notation sub-section. We
will carry through the proof for the second type of perturbation, as this is the most
extreme.

Remark (slowly varying perturbation). The interpretation of these conditions is that
the perturbation is allowed to be a nonlinear function of 6, and also to have
appropriate slow variation in time, and fast variation in space. This must be
interpreted with care. Any fast variation in space must be in the local Lorentz rest
Sframe, otherwise relative to the kink the time variation will appear to be fast. In the
notation we have been using, this means g takes either of the forms above or
a combination thereof. The second form, with g depending on Z, may seem strange
from the standpoint of perturbation theory — how can the perturbation know
where the kink is, and what its speed is? The answer is that asymptotic theories due
to Neu (1987), also discussed in Stuart (1991) give rise to perturbations of this
form. W

Section 2

In this section we will prove the main theorem stated in the introduction. We recall
that we have made a “zero-mode/oscillatory-mode” decomposition of the error 6 in
(1.12). We also recall from Proposition 1.1 that 6 is estimated in H' by E, a. The
estimation of E is contained in Lemma 2.1, and that of o in Lemma 2.3, where the
modulation equations first appear. These lemmas rely on identities derived in
appendix two. Lemma 2.3 leads to a coupled ODE-PDE system for u, C, 6. Local
existence for this system is proved in appendix three together with the fact that the

growth of the momentum p = % = yu is determined by A to O(e) — see
—u

Theorem 2.5. As remarked in the introduction, boundedness of the momentum is
needed for validity of the asymptotics. Combination of this local existence with the
basic estimates finally proves the theorem. We remark that although the results in
Lemmas 2.1, 2.3 are stated as a priori estimates for smooth solutions, they are valid
far more generally — in particular for the weak solutions to the ODE-PDE system
constructed in appendix three: see Theorem 2.5.

Notation. We define

Wy = eI 1B

L+ EVAD) L+ |EVX(T)|
Notice that ||[EY?|| <1+ Y.

2.1)

I

Lemma 2.1 (Spectral Estimate). Let 6 be a smooth solution to Eq. (1.11) compactly
supported in space, with u, C smooth functions of time having |u| < 1. Fix ¢ > O then
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dc¢q, ¢; > 0, independent of e, such that for ¢ < &;:
E(T) £ E) + c1 1 6(T) [ {I11golo(T) | + 17131 + ]l + 1 CID}

(0 + €0) — -
g\Ug 8) Jo +”9“3

T
+ecy | 1101 “7”4{|go,t|2+ (T+)
0 2

+ @2+ 1CI2 + I CI + Nl }

Proof. This follows from the spectral identity, Lemma A2.1, by estimating all but
one of the integrals in a direct way using the formulae for f in (A0.1-3):

|f M(@7 + ubx)dZ | < const. | 6] 714 + 1CI1% + Nal)® + 1 E | + Nall),

O + €0) —
g0k 8) do (T.)

|| N@r + ufiy)dZ | < const. | 0| <1|§||2 + |03 +
2

| [ 62(cos 0x(Z) (Xs — u))x dZ | < econst. | 0|12 [|y12(1 + &) + [ C),
[ (0% + 0%)(u + Xs)xdZ | < econst. [ 02|y |12 |14l ,
| 070y (et — (uXs)x)dZ | < econst. | 0]y |2 [14] ,

where X is defined in (A2.1). The only term which is treated dlﬂerently is the term
it (OT + uHX) Since we want to obtain longtime behaviour using a Gronwall type
estimate a finite term in the integrand is unacceptable. However we can get rid of
this by integrating by parts as we did for the 1-D oscillator in the introduction, and
taking advantage of the fact that f! is slowly varying in time, when Z is held
constant. Some care is needed because 0 is expressed as a function of 7, X not Z, so
the relevant integration by parts formula is

T + o T
[ (£ + uby)dzdT = | f1dz
0 - 0

T ~a 1 . -
—ef[0=—+fYC —yu)0xdZdT ,
o 0s
which leads to the estimate:

Hf“’(BT +ully)dZ dT"| < const. | 0(T) Il {|1gol2(T) | + 17 1>(1 + 4]l + 1C11)}

+ gconst. f 16117 1% {1 + Igo,sl2 + lli]?
0

+CI2+ 1€l + i) 4T,
which completes the proof. MW

Corollary 2.2. Under the conditions of the previous lemma 3¢5 > 0 and a polynomial
P; in 4 variables, independent of ¢, such that for ¢ < ¢,

Y(T) < Y(0) + es(l + W(T) {Igol2 + Il (]l + 1C1)}

T . e ~
+e [ (L+ W)y I* Pl 1CIL ], ICIDE + 101°)dT" .
0
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The coeﬁicients of the polynomial depend only on
g0k + 80)

Hgo. (T, g0l (T)1I, “l

while ¢3 is a fixed number. W

Proof. Follows by inserting (2.1) into the previous lemma, taking a maximum over
time, and then dividing by 1 + ||E 2, m

We now see what is requlred We want an estimate for « which can be
combined with this result to give an a priori estimate for the H' norm of § using
Lemma 2.1. We obtain this by choosing the time evolution of u, C in a particular
way, as given in the following lemma:

Lemma 2.3. Consider a smooth solution of the perturbed sine-Gordon equation
(1.11), compactly supported in space, for which the time evolution of u, C obey the
equations:

+ ©

mC =u(l —u®) | g(t, Z, 0x(2))0x(2)dZ , 2.2)
m(yu), = T g(t, Z, 0x(2))0%(Z)dZ — emy>unC

+ o0 + o
—¢ [ (GT0+GL0p)dZ —¢ | NOx(2)dZ 2.3)

where G1 , are given in (A2.13-14), and N in (A0.2). Fix &, > 0 then o, the coefficient
of the translation mode, defined in (1.12), satisfies the following inequality Ve < ¢;:

[o(T)| < |a(0)] + c, E(T)"?
+N1+VWD§WWPAMLWHCD<1+anmp
0

Ok + ¢0) —
_I_‘Q(K 2) Jo

>dT/ , (2.4

where c, is a fixed number and P, is a fixed polynomial whose coefficients do not
depend on e.
Corollary 2.4. Under the hypotheses of Lemma 2.3 there exist a fixed number c, and

0 0) —
a polynomial P5, whose coefficients depend only on 2(__K_‘_*‘_2_)___92 (T)“ such
2

that for ¢ < eq:
lo(T) 1| < [2(0)] + call + Y(T)) + &(1 + |17 uan)ir I I*PsCIC L Il )
x(1+ [8])dT",
W(T) < W(O) + ca + e(1 + 7] Ilt'tll)(jT)llvH“Ps(IICH, TN

x(1+ |G12(W + Y))dT' .
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Remark. The two important things about these estimates are, firstly, that an
¢ appears before the integrand, and secondly, the O(1) term is ~ E'/? which does
not depend on « as far as the method of estimation goes. Notice that (2.2), (2.3)
reduce to (1.20)—(1.21) ase—>0. W

Proof. The proofis divided into seven parts, of which the first three are devoted to
proving the following formula for « which does not depend on (2.2), (2.3):

T
B u [ Z0x(@r — ufy)dX + [ [ (puZOif + yuH)dX dT"’
0

T +o0 T +
+ey?ui | | BOKdX—ej j (4C — y2uiZ)00yd
0 —w
T +w
—sfmuuy a+ef [ (G50 + G30r)dxdT', (2.5)
0 —o0

where H is given by (2.7) below. To prove this we use the two symmetry mode
identities (A2.11), (A2.12), with a special choice of ¥, ¢. In Steps 4—7 we choose the
time evolution of u, C in such a way that this formula leads to the desired estimate.

Step One. Substitute for j67 %(Z) in the scaling mode identity from the translation
mode identity, leading to:

+ T
v | ZO’K(BT—uBX)dX] =H<l//ze',<f+ l//@’,é@—y%O’KGT+¢H>dT’dX
- T 0

T +0
+8f j (G50 + G507)dX dT’ (2.6)
0 —©
where
1 T +o - -
H=o | 5 $Oxf+ ¢G10 + G 07dX dT" . 2.7)
0 -

Step Two. Notice that from (1.12) we have o = z jfz 9~0’K(Z) dX which implies

~ m da
[(0x(2)0r — yubi(2)0)dX = _ﬁ +¢ j {(C — y*uiZ) 0% — y*uif 0} dK .
2.8
Step Three. Comparing the results of the two previous steps, we see that if we

d
choose ¢ = 1, Y = yu, then ﬁ appears in the integrand on the right-hand side of
(2.6). Integrating this by parts leads to the formula for o.

Step Four (choice of 1). The plan should be clear by now; to obtain a long time
Gronall type inequality, we need to choose the time evolution of u, C in such a way
that the O(1) terms in the integrand in the above expression vanish. Now write
f=f® + &M + &N, as in appendix zero, and integrate explicitly the terms involv-
ing £, M:

[ 0x(f D + eM)dZ = m(yu), — | OxgodZ + m(yC), . (2.9)

The only subtle point is that, as already discussed, in the formulae for u C we do
not want any second derivatives to occur. To take account of this it is necessary to
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integratel by parts the C term in H which arises from the M term, giving:

T +
yuH=mC+j'{ f (% dX+m(W)t

+ emy?uuC + ¢ [ (GT0 + G 0T+N0K)dX}dT’ (2.10)

Now to make o bounded, we must first choose u so that H is bounded. This leads to
the equation:

+
mu), = | go(t, Z2)0x(Z)dZ — emy*uiC

+ o + o
—¢ [ (GT0+ GL0r)dZ —¢ | NOy(2)dz , (2.11)

which Eq. (2.3) of the lemma statement. Notice that this choice implies yuH = mC.

Step Five (choice of C). Next we calculate [(f + eM)Z0 using (A0.1-A0.3),
leading to the formula:

+ 0 + o0
[ Z0W(2) fiX = muyC — J gzo5ax
emC?y

t

Y4 3eputa?

SI - + o0
—;((uuy ))+¢e | NZOxdX ,

where I = [ Z*0%(Z)dZ as defined in the introduction. The idea now is to choose
C so that the formula for a(T') contains only finite terms evaluated at T, or terms of
the form 8}0 q(T"), so that the Gronwall inequality can be used. Thus we put
yuH = mC and the previous equation into the formula for « (2.5) leading to the
choice:

. C + o0
muyC + n;_u — | 90Z0xdX =0

which is the equation for C given in the lemma conditions (Eq. 2.2).

Step Six. Now returning to o we are left with the following formula:

yzu + - -
=" | Z0x(fr —uby)dX

—

T + o0
sy uuj j 60, dX———j [ @C —y*uiz)00%d
0 —oo moy "
umC? + &yl Iu . . ,
+8v5{y 3 ! ——((uuvz)t)}dT
o m
T + o
— gy j wiy?adT’ + & j [ (G0 + G50r)dx dT’
O —©
T +
+ 0] | yuzOxNaxdr'. (2.12)

mo
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There is now one last important point. In the estimate stated in the lemma the finite
first term is ~ E'/2, i.e. does not contain a, as is necessary to be a good estimate.
Thus we must decompose the first line in the above formula, and move over to the
right-hand side the part involving «. This is now done in the last step:

Step Seven. We now write:
[ 20487 — uly)dX = [ Z0x(Or + uby)dX + 2u [ (Z0x)x0dX . (2.13)

Now using the orthogonal decomposition § = afy + 6* we find

,yzu + - - »},Zu ~ ~
- | Z6x(Or — ubx)dX = — y*u*o — — | Z0x (0 + ubx)dX

2y2u2

[ (Z0x)x6*dX . (2.14)

Putting the « term on the right-hand side gives (1 + y%u?)a = y%a, so there is
a cancellation of 2. Finally the lemma is proved by use of Lemma Al.1a to bound
|07 + ubx|y, [0%],. W

Remark. The formula for C depends on u while that for 4 contains u, u, C though
only to Of(e).

Remark. We have now obtained a coupled system of equations, (2.15)—(2.17)
below, for which we need a local exsistence theorem. We will then be able to prove
the main theorem by combining with the estimates of Lemmas 2.1, 2.3 and their
corollaries. We quote the following theorem which is proved in appendix three:

Theorem 2.5 (Local Existence). Consider the ODE-PDE system:
Orr — Oxx + cos0x(2)0 = + ¢f @ = f(T, 2,0,C,C,p, p,p),  (2.15)
+ o0
mp =myu), = [ golt, Z)0x(Z2)dZ — emy*uuC
+ 00 +

—¢ [ (GT0+ GL0r)dZ —¢ | NOx(Z)dZ (2.16)

mC = u(l — u?) TO go(t, Z)Z0x(Z2)dZ (2.17)

with g as described in section one. Then for any initial data satisfying:
PO 1FO) s +18:0)la 5. @.18)
there exists &;(K, A) such that for ¢ < ¢, there is a weak solution (5, p, C)e SX(T3.)
consisting of p, Ce C?([0, Tioc 1), € C([0, Tioe 1, H'), 07 C([0, T;o. ], L?) with p, C

also satisfying (A3.15-16) such that for T < T, there exist numbers cs(A), cs(K, A)
such that:

1C(T)|| € ¢s(A) (2.19)
ICT), BT £ ¢5(A) + ecs(K, A) (2.20)
Ip(T) I, 1 p(T) | < (1p(0)] + (c5(A) + ece(K, A))(1 + 1)), (2.21)

1P(T)I = cs(K, A) . (2.22)
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Furthermore the solutions satisfy the identities in appendix two and hence Lemmas
2.1-2.3, and their corollaries. M

Proof. This follows from Theorem A3.1 in the third appendix and obvious esti-
mates of (A3.12-16). W

Remark. The important thing is that Tj,. = Tj,.(K, 4) only. A is determined by
g through (1.29), so basically the energy determines the continuation. An important
point is what exactly do we mean by energy? We mean both the energy of the kink,

determined by p or y = /1 + p?, and the linearised “field” energy, related to || ] II.
As noted in the introduction, the perturbation theory is not expected to be valid as
|u| = 1, which corresponds to y, |p| = co. Thus it is very natural that the ability to
continue local solutions depends on bounds obtained for the momentum as well as
|8]. These are provided by (2.21). To see where this comes from the reader must
refer to the reformulation of (2.15)—(2.17) in appendix three (Egs. (A3.12)—(A3.16)).

We now use this to prove the basic theorem by obtaining an a priori bound for
the solution, which shows that for initial data such that

1pO)] + 10(0) 1] + 107(0), < % , (2.23)

then for K large enough any solution obeys:

Ip(T) I, 16(T) I < (2.24)

0| X

. 1 . . . . .
for a time T, = O —>. It is then possible to continue the local existence up to this
€

time. The important thing is that K is independent of ¢, depending only on 4, k.
Recall that A4 is defined by (1.29-1.30). We wish to combine Corollaries 2.2-2.4 to
estimate || 8 using Eq. (2.3) and Proposition 1.1, together with appendix one. Thus
we introduce the quantity:

GTY=W+ Y+ |all + 7] (2.25)

and try to obtain a long-time Gronwall inequality for this.
Now using || y] = 1 we find from (2.2) that || EY/? || £ G, from which it follows by
Corollary A1.2 and (2.21) that

Ipll + 10(T) < {1 + c(1pO)]) + (c5(A4) + scs(K, A) (1 + )G} . (226)

Theorem 2.6 (Estimate for 2.15-2.17). Consider a solution to the system (2.15)-
(2.17) such that (p, 0)eS¥(T,). Fix & (K, A) as in Lemmas 2.1, 2.3, then for
T < T, ¢ < ¢ there exist numbers P(A), Q(K, A), R(K, A), independent of &, such
that

GT)-GO)=P+¢Q +8}RG(T’)dT’.
0

Remark. The important thing is that P = P(A) only. The Gronwall inequality then
gives the required property of the solution.

Proof. This is obtained by combining the estimates in Corollaries 2.2—2.4 with the
definitions (2.1), (2.2), (2.25) — all the integral terms are dealt with in the obvious
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way. The important thing is the finite term which depends only on 4, not K. Thus
we emphasise these terms, and write the integral terms as & |:

Y < Y(0) + c3{A4 + 2(|p(0)| + (cs(A) + ecs(K, A))(1 + 1))*
x(L+ WO +ca)} +¢,
WEWO0) +cs+ef,

ol < 1a)] + ca(l + c3(A+ ) +ef,

[yl <1+ [pll <1+ K+ ces(A)t+ef,
where ¢ < g;,t, = ¢T,. Addition of these gives the required property. H
Corollary 2.7. Fix A, k, then 3&5(K, A), K., (x, A) independent of ¢, such that for

K > K., ¢&<e¢.K,A) =min(e,,eé;)

1
there exists T, =0 " such that a solution to (2.15)—(2.17) with initial data
satisfying (2.23) obeys the estimate

Ip(TIN 16(T) I < K/2 .

Proof. Recall ¢, appeared in Theorem 2.5. We apply the Gronwall inequality to the
a priori estimate:

G(T) < (P + &Q + G(0))eRT,

so that as long as the logarithm is positive we can, by (2.26), choose:
T, = min <T+,

iln K >>
eR ™\ 2(1 + c(Ip(0)] + (cs(A) + ecs(K, A) (1 + ) (P +Q + G(0)) ) )

. _min<c5(1+t+)+rc P+G(O)>
3 ccl+ts) 0 ’

K. =8(1 + 2c(k + cs(1 + t4))) (P + G(0)) . 2.27)

Recall that T, is the time for which the assumptions hold, presumed to be of order
1
A so that ¢, is a fixed number independent of &. W

We now combine this with the local existence theorem to find that the

. . . . 1
perturbation theory is valid up to a time T, = O(E :

Theorem 2.8. Consider the perturbed sine-Gordon equation with the perturbation
satisfying the conditions in the statement of the main theorem, the more general ones
given at the end of section one, and with initial data of the form (1.18) subject to
(2.23). Then given any A,k >0 from (1.29), 3¢, (K, A4, k), K., (K, A, ) Such that
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1
Ve <, 3T, = 0(—) such that if uy, Cy are determined by (1.20, 21) there is a solu-

tion to the initial value problem (1.17-18) on [0, T, ] of the form in (1.19a, b) with
0, p)e S*(Ty.) and | B(T,) |, | C(T;)|| < const.(K, A) u

Proof. To prove this we now combine Theorem A.3 with the previous corollary.
This gives a solution to (2.15-2.17) with 8, pe S¥/3(T,). Recall that p = yu. This

then implies that over any time interval of order % the solutions to Egs. (2.16-2.17)
are within ¢ of the solutions of (1.20), (1.21), i.e.

13T, IC(T,) || < const.(K, A)
independent of ¢. M

Proof of Main Theorem. The existence part of the main theorem stated in the
introduction follows directly from this lemma. Uniqueness of the solution is
standard. It is proved in Martin (1976) or can be proved by energy estimates (with
a smoothing of the data as in appendix three). W

Appendix Zero
Here we display the explicit form of the error terms in (1.11):

T == golt, 2) — 2u(yC — wiy? )0k (2) + ((yu), + 7*u’)0x(Z) (AO.1)
and f® =M + N, where

= sin QK(Z) _M + cos GK(Z) et ——eiln Y _ {g(t’ Z, 9);— go(t, Z)}
(A0.2)
with
M = — (yC — uiky> Z)? 0%(2) — (Z (uiiy®),
— (C) — yuiiC + (wiy** Z) 0 . (A0.3)

Appendix One

In this appendix we prove Proposition 1.1 as a simple corollary of the following
lemmas:

Lemma Al.la.
+ o0 1 ~ ~ 1 o o~

~ ~ 1
2 |0T + uexl% +§|0*|% .

N —

Lemma Al.1b.

£> T (1 — |ul)(0% + 93) + cos 0x(Z)0?
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which are immediate consequences of (1.8). Thus we see that control over E and
o gives control over the H' norm of 0. In fact:

Corollary A1.2. There exists a number c such that
16(T)I < elly(MIUEYT)] + (D)) -
Proof.
2 mO(Z

|5|%=|0*|%+%°‘~§2E+7,

so since |cosOg| < 1 we find from Lemma 2.1b,

10713 +16x13 < (E+1613),

1 —ul

so all together we find

107, + 101 < (EV? + )

1 —ul

for some constant c. The result follows from y = (1 — v?)"*2. R

Appendix Two. Three Identities

In this appendix we prove three identities by which we can estimate the oscillatory
and secular time evolution of the appropriate “modes.” We recall that we have
made the basic “zero-mode/oscillatory-mode” decomposition in (1.12), and we
know from the proposition that 6 is estimated in terms of E, o. Thus we derive
identities for E, o here. The first identity relates to the evolution of E, while the
second two give the projection of Eq. (1.11) in the two directions 8%, Z8% spanned
by the infinitesimal variation of kink parameters. We remark that the identities in
this section, while derived as a priori estimates for smooth solutions are valid far
more generally. In particular they are valid for the class of weak solutions cons-
tructed in appendix three.

Now recall that for a uniformly moving kink (i.e. u, C constant) the energy E is
constant if 6 is a solution of 811 — Oxx + cos 0x(Z)0 = 0. The first identity consists
of the generalisation of this to the case where the kink parameters u, C vary slowly
in time due to the appearance of an inhomogeneous term f on the right-hand side.
This gives the following

Lemma A2.1 (Spectral Identity). Let 0 be a smooth solution of Eq.(1.11) and let E be
as in (1.13). Then for slowly varying u, C we have the following identity:

e oo () )- (5 7) ),

2

— %— <cos eK(Z)<a—X - u>) +f(0r + uéx)}dZdr,
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where f is as given in appendix zero and

X
%—S— =u + &(C — yuuZ) (A2.1)

form (2.2). W

Proof. Follows from a calculation of the time derivative of E, followed by integra-
tion by parts in space. Notice that the integral is defined with respect to Z so since
0 = 0(T, X), we use the formula

0 _0 X34
o0T oS = 0S 0X
to differentiate under the integral sign. (See (1.13).) W

We next give two identities which relate to the time evolution in the direction of
the symmetry modes 0y, Z8%. To do this it will be useful to write Eq. (1.11) in first
order form. Let

> , (A2.2)

then

ou 0 i 0
a—T=<a§—cos0K(Z) o)U+<f>’ (A23)

where f is as defined in appendix zero.
Lemma A2.2. Let U be a smooth solution of the first order Eq. (A2.3), compactly

V.
supported in space, and let V = < V1> be a pair of smooth functions, then:
2

o ovy oV
j (U1V1+U2V2)dX] —jj{ ! X2 COSGKVz}UldXdT

h{% Ly, } UsdXdT = [ [ VafdXdT.  (A24)
0 0

Proof. This is obtained by doing the calculation for the adjoint of the first order
differential operator in (A2.3), and leaving in nonzero boundary terms. H

We now apply this for two special V’s. The first V' is obtained by differentiation
with respect to C and corresponds to translation invariance

e (VY oo 7502
()0 (i) 42

where ¢ is a slowly varying function of time to be chosen later. For the other we
could differentiate with respect to the velocity parameter, but this gives rise to
undesirable time dependence, so instead we just take the part of this which is
independent of the translation mode. As noted above this is given by the action of
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the scaling vector field, so we take the second V to be:

(VA [(vubx(Z) + yuZ6y(Z)
VS‘<V§>"'”< 26x(2) ) (A26)

where ¥ is a slowly varying function of time to be chosen later.

Remark. In both of these the first component is, to order ¢, the negative of the time
derivative of the second component. Thus the factor multiplying U, in the integ-
rand in (A2.4) is O(e), and the factor multiplying U, reduces to

*v, 01,
———= 4+ == —cosO0x(2)V, ,

oT? ' 0x? K2V
i.e. the error to which ¥, is a solution to the linearised equation. For the translation
case this is O(g), while in the scaling case there is a finite error due to the
noncommutativity of the scaling vector field and the d’Alembertian. This is import-
ant for the equations of motion as we shall see later. The precise results are:

The translation mode.

oVt .
Vi + 57 = ep(PuiZ — vCYOUZ) + £d0(Z) , (A2.7)
vt 92Vt

Tt o SO Vs = s PuiZ — YOOl (2) + el u), + Frk(2)

(A2.8)
The scaling mode

ovs i .
Vi + 57 = ey (Y2 uiZ — yC)(0x(Z) + Z0%(Z)) + ey Z0x(Z),  (A2.9)
ars N o*V3
oT = 0X?

— cos O VS = 2Y0% + ey (2uiZ — yC)yudy + yuZoy)

+ o (u), + Yyu)(Z0% + 6) . (A2.10)
Using these formulae we now obtain the following

Lemma A2.3 (Symmetry Mode Identities). Let 0 be a smooth solution to Eq. (1.11),
compactly supported in space. Then we have the following two identities valid for
¢, W arbitrary slowly varying functions of time:

Translation mode identity.

+ o

[0) j (yub(Z)0 + OK(Z)GT)dX] } ¢ [ 0x(2)fdxdT
0

+& ”(GTO + G30;)dXdT .

(A2.11)
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Scaling mode identity.

W +§°° Z0%(Z2) Oy — uo})dx] [V [(Z0x(2) f + 20%(2)0)dX dT

T T
0 0

T
+ef[(GS0 + G30r)dXdT, (A2.12)
0

where
Gl = ¢p(y*uiZ — yC)yubi(Z) + (P (yu), + dyw)6x(2) , (A2.13)
G} = ¢ *uiZ — yC)0x(Z) + $0k(2) , (A2.14)
G} = Y(*uiZ — yC)2yubk(Z) + yuZ6y (Z))
+ W (u), + Yyu)(Z0%(2) + 0k(2)) , (A2.15)
G5 = Yy (y2uiZ — yC)(0x(Z) + ZOy(Z)) + ¥ Z0x(Z) . (A2.16)

Appendix Three. Local Existence

In this appendix the main result is Theorem 2.5 (here rewritten as Theorem
A3.1)—local existence for the system (A3.1)—(A3.3) in the appropriate spaces—H*

for 6. This is a consequence of the boundedness and Lipshitz properties of the
F; expressed in Lemmas A3.2—-A3.4. The method of proof is to produce a sequence
of iterates which are uniformly bounded and form a Cauchy sequence.

Discussion. We have now obtained the following set of equations:

Orr — Oxx + cos0x(2)0 =D + ¢f @ = f(T,Z,0,C, C,p, p, ), (A3.1)

+
mp=mlyu), = | golt, 2)0x(2)dZ — emy*uiC
+ o0 - - +
—¢ [ (GT+GL01)dZ —¢ | NOx(Z)dZ , (A32)

mC = u(l — u?) To golt, Z)Z0%)(Z)dZ . (A3.3)

There are two things that we want to do with these equations:

(1) Show that there exist local solutions to this system with [ p(7,,)|l and | §(T Wl
bounded and with a continuation theorem depending only on these norms.

(2) Show that these solutions satisfy the identities in appendix two necessary for
the proof of the estimates in Lemmas 2.1-2.4. This is done by considering the limits
of approximate identities for the smoothed iterates.

It will then be possible to prove the main theorem by continuation of the local
solutions by showing that the estimates of Lemmas 2.1, 2.3 and their corollaries

. ~ . . 1
imply that the norms || p(7")| and || 8(T')|| remain bounded for times of order P see

section two.
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The proof of the local existence theorem is not difficult once the equations are
rewritten in the right way. The important thing is that the modulation equations
can be solved for p, C as nice functions of 0, HT, p, C. Differentiation of these
expressions gives formulae for p, C which can be substituted into f, the right-hand
side of (A3.1), leaving the system in an appropriate form for existence theory. We
now write this out explicitly:

Calculation of First Derivatives. The formula for C is precisely that given by the

u
equation of motion; it is convenient to introduce the variable p = ——— = yuin
1 Pm e

place of u, in terms of which y = /1 + p? and
mC = py~> [ go(t, Z)20x(2)dZ . (A3.4)

The formula for p can be found from (A3.2) by using the formulae for GT, G¥ in
(A2.13-14) to bring all the terms involving p onto the left, leading to:

.U
b= (A3.5)
where
U = [ goxdZ — ¢ [ NOxdZ + ¢Cpy [ 0%0dZ + eyC [ 0%0,dZ ,  (A3.6)
and

D=m+¢[030dZ + ep*y~* [ goZ0xdZ
+ ey 2p [ 2603%0:dZ + ey~ 2p* | Z0x0dZ . (A3.7)

Calculation of Second Derivatives. The second derivative of C can be expressed in
terms of u via the formula

m"=ﬂ3 (] 9o Z0%dZ), + <f§> § goZ0xdZ , (A3.8)
t

and hence in terms of u, C, § via the previous paragraph.

The situation with p is more complicated because O appears on the right-
hand side on differentiation, which is unacceptable because we want to estimate
everything in terms of || 6 |l. Thus we substitute for 814 from Eq. (A3.1), and remove
the terms 1nvolv1ng p to the right-hand side. Thus we define the part of f not
involving p as f*:

f*= f+ ZO’ 2). (A3.9)

Now we diﬂerentiaté the above formula for p, and inspection shows that since Z0
is orthogonal to Z6%, p occurs only from Ur. This leads to:
U* U*
p=—"T=75, (A3.10)
empC D
D+
2y
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where

U* = p [ 0k0r + Xs0x)dZ + ey~ *p?), | 9o Z0xdZ
+&pp*y~* [ 9o, Z0kdZ — y~2pp [ (XsZ0%)x0rdZ
— ep(y~2p)  Z0x0rdZ — y™2pp [ (Z0%)xOxdZ
— 97 2pp [ Z0%(cos 0k — f*)dZ — [ go,,0xdZ + [ NsOxdZ
— &(Cpy), [ 0%64Z — Cpy [ 0%(0r + X50x)dZ
— e(yC), [ 0%07dZ + yC [ ((0%)xOx + cos0x00%)dZ
+9C [ Xs0%07dZ — yC [ O3 f*dZ , (A3.11)

where Xy is defined in (A2.1), rewritten as a function of p, C, 6, 9~T, Oy using
(A3.4)—(A3.5). The point of these formulae is not the details, but the fact that they
allow us to write the system (A3.1)—(A3.3) in more natural form with only lower
derivatives on the right-hand side. This leads us to consider the system:

d . ey

2= b = Fy(T, C(T), p(T), 8, 67, 0(T)) (A3.12)
Orr — Oxx + 0 = Fo(T, C(T), p(T), 8, Oz, 0x(T)) , (A3.13)

dC . -~~~

ﬁ =¢C = F3(T> C(T)9 p(T)a 9’ HT: HX(T)) B (A314)

where F, = f+ (1 — cos 6)0, rewritten as a function of the stated arguments using
(A3.4)-(A3.11). We shall also write:

d2

2 = 8% = Fy(T, O(T), p(T), 8,07, B(T)), (A3.15)
aC N
g7z = & € =Fs(T, C(T), p(T), 0, 07, 0x(T) , (A3.16)

in terms of which
F2 = (1 - COSGK(Z))§+f(]—; Z; 6,: Ca p78_1F3’ 8_2F5a8_1F158—2F4) .
(A3.17)

We will now prove the following local existence theorem which is equivalent to
Theorem 2.5 used in the proof of the main theorem.

Theorem A3.1. Let g be as described in the introduction, then for any initial data
satisfying:

~ ~ K
PO, 1002 +107(0)]2 = = (A3.18)

there exists a weak solution to (A3.12)—(A3.14) consisting of
p, Ce C*([0, Tioe1), 6 C([0, Tioe ], H'), 07 C([0, Tioe], L?)



458 D.M.A. Stuart

with p, C also satisfying (A3.15-16) such that for T < T,

~

Ip(D)I, 16(T)II = K. (A3.19a)

Furthermore the solutions satisfy the identities in appendix two and hence Lemmas
21-24. W

Remark. Notice the slightly surprising fact that p, C are C? even for such weak
solutions. This is because even though 6 is not strongly differentiable in time, the
formulae for derivatives of p, C involve inner products with very rapidly decreasing
functions like 0% so only differentiability with respect to some distributional
topology is needed.

Proof. We use the iteration scheme:

gurh _gury 4 gery _ i (A3.20)
pED = Fy(z, p?, €9, 0°,09,09) = Fi (A3.21)

+ o
mCO+D = F, = y®(1 — 40?) | 920x(2)dZ = F}, (A3.22)

with initial data:
pErD0) =p(0) CEVO)=C0) 90, X)=09X) 690, X) =0 1(X),
(A3.23)
where 53), 9~ng are C§ functions which satisfy:
10 — 0(0,)|: < const.2™" |0, — O7(0,+)]12 < const.2™ (A3.24)
and F§ are C§ approximations to F5 evaluated at the previous iterates:
|F§ — Fs(t, p®, €9, 0(), 0%, 09)], < const. x 27" . (A3.25)

This is possible as the previous iterates are C§ and the other terms in F3 are at least
L? using the asssumption in (1.29)—(1.30). We do this in order to prove the integral
identities of appendix two by approximation of those for the iterates, for which
integration by parts is justified.

To prove the local existence we find a time interval on which all the iterates are
uniformly bounded. We then show that they converge on this interval. We also
calculate the approximate identities corresponding to those in appendix two for
each iterate so their limit can be taken. The convergence of the iterates depends as
usual on the Lipshitz properties of the right-hand sides. These follow directly from
the following fact:

Lemma A3.2. Consider smooth functions 0, p, C such that (5, p)eSX(T,): then
Je,(K, A) such that Ve < ¢, Ac(A), (K, A) independent of ¢, such that for T< T, :

(T < c(A) + ec(K, A4), (A3.26)
Iy, 1CD)IL 1 ED)IL 151 < K, A). (A3.27)

Proof. Since ((5, p)eSX(T,) (1.21) we know from the hypotheses on g in
(1.29)—(1.30), that all the terms in the numerators in (A3.12)—(A3.15) are bounded
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by some number depending on K, A. Given this the lemma depends on the fact that
m = 8 is a fixed number while the denominators D, D* which occur in (A3.12-15)
are schematically of the form

m + B(K, A)e, m + B*(K, A)e , (A3.28)
so choosing
e2(K, A) < min 8 8 (A3.29)
e |B(K, A)|" [B*(K, A)| '

we can bound all the expressions for ¢ < ¢, using the formula

as+b_é+iad—bc ,
ce+d d V(cz+d?

Further inspection of (A3.12) gives (A3.26). Notice from (A3.11) that further

— . 1 . .
derivatives rise to O| — | terms so that in the phraseology introduced at the end of
€

section one, p and p are slowly varying but p is not since p,, =0{ - |. B
€

Lemma A3.3 (Boundedness of F;). With the conditions of Lemma A3.2 the functions
{F;}3 (A3.12)—(A3.14) are bounded in the following norms:

[Fi3(T)ll = Ky, [F22(TH) ] = Ky (A3.30)
where for ¢ < &,(K, A), K, is a number dependingon K, A, t ., wheret, =¢T,. M

Lemma A3.4 (Lipshitz Properties of F;). Under the conditions of Lemma A3.2 with
two triples of smooth functions 0;, C;, p; for which (0;, p;)e SX(T+) we have the
following local Lipshitz bounds for the F;:

|F1,3(T, Cy, p1, 51, 9~1,T, é~1,)() — F15(T, Cy, py, 51, 9~1,T, 51,X)| < Lip|Cy — Gy,
|F1,5(T, Cy, p1, 51, §I,T> 51,1() — F13(T, Cy, p2, 51, 9~1,T, 9~1,x)| < Lip|p; — pal,
|F1,3(T, Cy, p1, 51’ 51,T’ él,X) — Fy 5(T, Cy, pa,s 9~2, 9~2,T, §Z,X)|
< Lip(10; — O3lgs + 100,70 — 02, 712)
|F2(T, Cy, pys 9~1: é’l,T’ gl,X) = F (T, Cy, py, 9~1, gl,n 9~1,x)|2 < Lip|Cy — C3l,
|[F2(T, Cy, pss 51, 671,T> 51,x) — F5(T, C, pa, 51, §I,T9 9~1,x)|2 < Lip|p; — p2l,
|F>(T, Cy, pys §1> 9~1,T, gl,X) — F(T,C,p, 52, é~2,T, é~z,x)lz
< Lip(10, — O21m + |§1,T - 9~2,T|2)
for some number Lip(K, 4). W

We take the zeroth iterates to be constant in time at the initial values and then
generate further iterates from A3.20-22. The iterates are smooth and compactly
supported in space on account of the smoothings introduced in A3.24-25. The
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basic estimates for these iterates are:

T
| e(i)(T)“ < e(i)(o) | + j |F2(T/)|dT’ P
0

T
Ip(T)] < [pDO)] + [ [FP(T")|dT", (A3.31)
0
. . T .
|COT)| < |CYO) + [ |FQ(T")|dT" . (A3.32)
0

Uniform Boundedness in H'. The first step is to find a time interval on which all the
iterates of 6 are bounded in H ! and also the momentum by K. We see from these
estimates that if (0Y~ 1, p*~V)e*X(T') then from Lemma A3.3 and (A3.31-32) we
have:

16°(T)Il < K2 + [ Ky,
0

T
IP (Tl < K2+ [ Ky,
0

and since the zeroth iterate is bounded by K/2 we find by induction that for
. K
T < T = m1n<T+, Tx = 7K

all the iterates are bounded by K.
*

Convergence of the Iterates. We now show the convergence of the iterates obtained
in the H! norm. Convergence follows from the Lipshitz properties of F; expressed
in Lemma A3.4. Indeed if we take the difference between successive equations for
the iterates and apply (A3.31-32) we find

T
09D — g9 < const.(1 + T)27" + 3Lip | (|p® — p¥
0
+[CH — COV| 4 6O — gV dT"
T
[P0+ — p9) < 3Lip | (1 — p°)
0
+CO — U=V 4§ — G0V ) dT’
from which convergence in H! follows using the fact that if Y(0) is constant and
T
YO) <[ Y({i—1)+const27%,
0
then
) T! —iaT .
Y() = Y(O)—,T + const.27'e** -0 asi— 0. (A3.33)

Notice that convergence is uniform on [0, T, ].

Convergence to a Weak Solution. The fact that the solution solves the equation
weakly follows from the fact that 6 converges pointwise by Sobolev’s lemma and
g is continuous so Lebesgue’s theorem allows passage to the limit.
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Regularity. The strong continuity in time, i.e.:
GeC([0,T], H'(R)), (A3.34)
6reC([0, T], L>(R)) (A3.35)

follows from the uniform convergence of the iterates in the interval [0, Tj,.]. In
order to deduce strong differentiability in time, however, it is necessary to assume
an extra spatial derivative for the initial data. This can indeed be done, as far as the
initial data allows, producing smooth solutions if necessary, see ([Stuart 1990]).
More surprising is the fact that the limit functions p, C are twice differentiable
in time even though 0 is not (strongly) differentiable. The results for C follow from
those for p on account of (A3.4), so we concentrate on p- The differentiability of p is
easy since the limit of Eq. (A2.31) can be taken usmg uniform convergence of
p®, €9, §% giving uniform convergence of p? to p. The interesting thing is that
p(') - p in C([O, T,oc]) This is because the difficulty arises with the presence of
terms involving 6 - in the formula obtained for p@ by differentiation of (A3.21).
However such terms always occur in the form

]{ 00 dx

with Q a smooth rapidly decaying function (in space). Thus using Eq. (A3.20), and
integrating by parts, allows passage to the limit uniformly in time. This leads to the
conclusion that the formula (A3.10) for p is valid for the weak solution constructed
and p, C are twice differentiable.

Validity of Identities in Appendix Two. Finally we give a specimen calculation to
show that the identities of Lemmas A2.1-A2.3 are valid. We carry this out for
Lemma A2.1. For the (i + 1) iterate is in C& so all integration by parts is justified
leading to:

. T . . ' 0x \¢+1
EGHD(T) = (t+1)0(l+1) (it+1) _ (i+1) 7
(T) gj{(@T x (e u 3s
AG+1)\2 Fli+1)\2 G
B @y ) +0y ) (l+1)+6X +1)
2 oS

é’(i+1))2 1) F) ¢ (i+1)
—( 7 <cos€ z )6S u ;

+/O7" + u““’f?i:'“’)}dz"‘“’dfr

LG T (R )

+ cos Ox(ZEF D)+ D — cos 0 (ZD)0D)dZE+ Y T
from which it is clear that the convergence of 6 in the || norm is sufficient to ensure
the validity of the identity. A similar argument applies for Lemma A2.3, using the

fact that convergence of the coefficient of the zero_mode coefficient o = |
0 (Z?)0® follows from the strong L? convergence of 6.
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