ANNALES DE L’I. H. P., SECTION C

MOSHE MARCUS

ALEXANDER J. ZASLAVSKI

The structure of extremals of a class of second
order variational problems

Annales de I’'l. H. P, section C, tome 16, n°5 (1999), p. 593-629
<http://www.numdam.org/item?id=AIHPC_1999__16_5 593_0>

© Gauthier-Villars, 1999, tous droits réservés.

L’acces aux archives de la revue « Annales de 1'l. H. P, section C »
(http://www.elsevier.com/locate/anihpc) implique 1’accord avec les condi-
tions générales d’utilisation (http://www.numdam.org/conditions). Toute uti-
lisation commerciale ou impression systématique est constitutive d’une
infraction pénale. Toute copie ou impression de ce fichier doit conte-
nir la présente mention de copyright.

NuMmbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=AIHPC_1999__16_5_593_0
http://www.elsevier.com/locate/anihpc
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

Ann. Inst. Henri Poincaré,

Vol. 16, n° 5, 1999, p. 593-629 Analyse non linéaire

The structure of extremals of a class
of second order variational problems

by

Moshe MARCUS and Alexander J. ZASLAVSKI

Department of Mathematics,
Technion-Israel Institute of Technology, Haifa, 32000, Israel

ABSTRACT. — We study the structure of extremals of a class of second
order variational problems without convexity, on intervals in R;. The
problems are related to a model in thermodynamics introduced in [7]. We
are interested in properties of the extremals which are independent of the
length of the interval, for all sufficiently large intervals. As in [12, 13] the
study of these properties is based on the relation between the variational
problem on bounded, large intervals and a limiting problem on R,. Our
investigation. employs techniques developed in [10, 12, 13] along with
turnpike techniques developed in [16, 17]. © Elsevier, Paris
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RESUME. — On étudie la structure des extrémales d’une classe de
problémes variationnels non convexes du deuxieme ordre, sur des intervalles
de R.. Ces problemes sont reli€s & un modele thérmodynamique introduit
dans [7]. Nous nous intéressons aux propriétés des extrémales qui ne
dependent pas de la longeur des intervalles, pourvu que ceux-ci soient
assez grands. Comme dans [12,13] I’etude de ces propriétés s’appuie sur la,
relation éntre le probléme variationnel sur de grands intervalles bornés et un
probleme limite sur R, . Notre travail emploie des techniques développées
dans [10,12,13] ainsi que dans [16,17]. © Elsevier, Paris
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594 M. MARCUS AND A. J. ZASLAVSKI
1. INTRODUCTION

In this paper we investigate the structure of optimal solutions of
variational problems associated with the functional

JH(Dyw) = IDI_l/ flw(t),w'(t),w"(t))dt, Yw e W>'(D),
D
where D is a bounded interval on the real line and f € C(R3?) belongs to

a space of functions to be described below. Specifically we shall consider
the problems,

(Pp) inf{J/(D;w) : we W' (D)}
and, for D = (Ty,T),
(PpY)

inf{J/ (Dyw) : w e WD), (w,0)(T3) = o, (w,w)(Ts) = y}.

In connection with these we shall also study the following problem on
the half line:

(Px) inf{J (w) : we W2 (0,00)},

loc

where
JH(w) = lim inf JI((0,T); w).

This can be seen as a limiting problem for (Pp) as |D| — oco. Variational
problems of this type were considered by Leizarowitz and Mizel [10].
Similar constrained problems (involving a mass constraint), were studied
by Coleman, Marcus and Mizel [7] and by Marcus [12,13]. The constrained
problems were conceived as models for determining the thermodynamical
equilibrium states of unidimensional bodies involving ‘second order’
materials (see [7]).

Let G = G(p,r) be a function in C*(R?) such that
*G/or*(p,r) > 0,
G(p,’f‘) > |TI’Y - b1|plﬁ - b07 V(p,’l") € R2?

where by, by are positive constants, 1 < 8 < v and v > 1. In addition
assume that,

(1.1)

(1.2) max{|G(p, )|, |0G/0r(p, )], 10G/0p(p,7)|} < M(|p|)(1 + |r[7),

where M : [0,00) — [0,00) is a continuous function. A typical example
is G(p,r) = r? — bp?.
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STRUCTURE OF EXTREMALS 595
Let a, by, bz be positive numbers, with o > 3, and let
(1.3) £ = L(a,by,b3) ={¢ € Cz(Rl) : P(t) > bslt|* —by, VEE Rl}‘

The space £ will be equipped with the standard topology of C?. Finally
denote,

(1.4) L£a= SG(Oz,bz,bg) = {F¢ P E 2(0&,1)2,()3)},
where,
(15) F¢,('U),p,7‘) = ¢(w) + G(p, ’l"), V(’w,p, T) € R3'

The relation between the minimizers of (Pp) (for large |D|) and those
of (P) plays a crucial role in our study of their structure. This relation
was first investigated by Marcus [12, 13] where it was used in order to
derive structural properties of minimizers of problem (Pp) and of related
constrained problems, in the case f = r? — bp? + ¢(w). In the present
paper we pursue this investigation combining techniques of [12, 13] with
turnpike techniques as in Zaslavski [16, 17].

One of our main results is the uniqueness of periodic minimizers of (P )
which is generically valid in a very precise sense.

For every potential ¢ € £(a, by, bs) there exists a family of arbitrarily
small perturbations {¢, = ¢ + s0 : 0 < s < 1}, such that problem (Py)
with f = Fy, possesses a unique (up to translation) periodic minimizer.

The function 6 can be explicitly constructed in terms of the extremal
values of periodic minimizers of (P,) with f = F,. Combining this
result with a recent result of Zaslavski [18], we show that for each
potential ¢, in this family, the corresponding integrand Fj possesses
an asymptotic turnpike property, which involves the behaviour of the limit
set of minimizers of (P.,). Finally, we show that this asymptotic property .
can be used in order to derive detailed information on the structure of
minimizers of problem (Pp) for all sufficiently large intervals D. In this
last part the results are valid not only in the generic sense, but apply to
every f € L£¢.

A brief comparison of the present results with those of [13]: In the
present work, as in [13], the structure of minimizers of (Pp) is described
by observing their behaviour in a window’ of fixed length (independent of
| D]) which can be placed anywhere in D. The results of [13] apply to every
integrand of the form f = r2 —bp? + ¢(w), for a class of potentials ¢ which
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596 M. MARCUS AND A. J. ZASLAVSKI

includes the standard two—well potentials. The behaviour of minimizers of
(Pp) in a "window’ is described by integral estimates, involving ’mass’
and ’energy’. The present results are in part generic, but they deal with
a very large class of integrands and the behaviour of minimizers in a
"window’ is described by pointwise estimates which provide considerably
more detailed information.

For a precise statement of the results mentioned above we need some
additional notation and definitions.

Let p(f) denote the infimum in (P.) with f € £s. Leizarowitz
and Mizel [10] proved that, if u(f) < inf(y s)er> f(w,0,s), then (P.)
possesses a periodic minimizer. Zaslavski [15] showed that the result
remains valid for all f € £¢.

For w € W;2'(0,00) put,

(1.6) 0! (T, w) = (J7((0,T);w) — u(f)T, T € (0,00).

Then, either supycrcoo [0/ (T, w)| < 0o or limp_onf (T,w) = +oo.
Furthermore, if 7f(-,w) is bounded then w and w’ are bounded [15,
Prop. 3.1].

Let w be an (f)-minimizer of (P, ). We shall say that w is (f)-good
if nf(-,w) is bounded. Equivalently, w is (f)-good if and only if there
exists a constant ¢(w) such that,

(1.7) |77 (Dsw) = u(f)| < e(w)/|D]

for every bounded interval D.

We shall say that w is optimal on compacts, or briefly c-optimal, if
w € W[icl (0,00) N W1>°(0,00) and, for every bounded interval D, the
restriction w|p is a minimizer of (PfY), where z, y are the values of (w, w')
at the end points of the interval. By a result of Marcus [13, Th. 4.2(vi)],
if the integrand f is of the form f(w,p,r) = r? — bp? + ¢(w), then every
c-optimal minimizer of (Pw,) is (f)-good. In fact the result remains valid
for the more general class of integrands studied here, (see Proposition 2.3
below).

For w € W21 (0,00) N Wh(0,00) let Q(w) denote the set of limiting
points of (w,w’) as t — oo.

DEeFINITION 1.1. — Let f € £5. We say that f has the asymptotic turnpike
property, or briefly (ATP), if there exists a compact set H(f) C R? such
that Q(w) = H(f) for every (f)-good minimizer w.

Clearly, if f has (ATP) and v is a periodic (f)-minimizer of (P.,) then,
H(f) = {(v,v)(#) : 0 <t < o0}

Annales de UInstitut Henri Poincaré - Analyse non linéaire



STRUCTURE OF EXTREMALS 597

The asymptotic turnpike property for optimal control problems was
studied in [4, 5]. The more standard turnpike property (for problems on
finite intervals) is well known in mathematical economics and several
variants of it have been studied (see, e.g. [11] and [6, Ch.4 and 6]). Here
we shall consider, besides (ATP), the strong turnpike property, or briefly

(STP), which is defined as follows.

DErINITION 1.2. — Let f € £¢ and let w be a periodic (f)-minimizer of
(Poo) with period T, > 0. We say that f has the strong turnpike property
if, for every € > 0 and every bounded set K C R?, there exists L > 0
such that every minimizer v of (P(’g’%w)), with z,y € K and T > T,, + 2L,
satisfies the following:

For every a € [L,T — L — T,,] there exists a € [0,7,,) such that,

1.8)  |(0,0)a+1t) — (w,w)@+t)| <e, Vtel0,T.

Note that (STP) implies uniqueness up to translation for periodic
minimizers of (P, ). Furthermore, if f has (STP), the structural information
contained in (1.8) extends to arbitrary minimizers of the unconstrained
problem (P 1y). More precisely we have,

PrOPOSITION 1.1. — Suppose that f € £ possesses (STP). Let w be the
(unique) periodic minimizer of (P..) whose period will be denoted by T,,.
Then, given € > 0, there exists L > 0 such that every minimizer v of (P, 1))
with T > T, + 2L satisfies (1.8) for every a € [L,T — L — T, and some
a € [0,T,) depending on v and a.

This is a consequence of the fact that the set of minimizers of (P 1)) is
bounded in C[0,T] by a constant A independent of T', (see [12, Lemma
2.2]).

Our main results are the following.
THEOREM 1.1. — For f € £¢, (STP) holds if and only if (ATP) holds.

THEOREM 1.2. — For every ¢ € £ there exists a non-negative function
6 € C°(R') with (™) € L*(R'), m = 0,1,..., such that for every
s € (0,1), problem (Ps) with f = Fy,s possesses a unique (up to
translation) periodic minimizer.

THEOREM 1.3. — (i) For every ¢ € L there exists a function 6 as in
Theorem 1.2 such that,

F, 150 possesses (ATP), Vs € (0,1).

Vol. 16, n® 5-1999.



598 M. MARCUS AND A. J. ZASLAVSKI

(ii) (ATP) holds generically in L£g, in the following sense as well: there

exists a countable intersection of open everywhere dense sets in £, say §g,
such that

¢ € §¢ = F, possesses (ATP).

A result related to the second part of Theorem 1.3 was obtained by
Zaslavski [16], who established the generic validity of (ATP) in a larger
space, in a weaker sense.

The proofs of these theorems, in a slightly more general form, are
presented in sections 2 (Theorem 1.1) and 3 (Theorems 1.2, 1.3). In addition,
in section 3, we establish a number of properties of periodic minimizers of
(Ps) which apply to every f € £5 and may be of independent interest.

2. EQUIVALENCE OF (ATP) AND (STP)

In this section we shall establish Theorem 1.1 for problems involving a
larger family of integrands f. Put,

A={f e C(R®): |f(x1,2,23)] — 00 as |z3| — o0,
uniformly with respect to (z1,z2) in compact sets}.
2A will be equiped with the uniformity determined by the base,
E(N,e)={(f,g) e AxA:
If(z) —g(z)| <€, (z=(21,22,23) € R3’
(2.1) lzi| < N, i =1,2,3),
L—e<(If @)+ 1)/(lg(x)[+1) <1 +e
(z € R, |1, w2 < N)}

where IV and e are positive numbers. It is easy to verify that the uniform
space 2 is metrizable and complete [8].

Let a = (a1,az,a3,a4) € R*,a; > 0,45 = 1,2,3,4 and let a, 3,7 be
real numbers such that 1 < 8 < «a, 8 < v and v > 1. Denote by
M = M(a, B,7,a) the family of functions {f} such that

(i) feANCR?), af oz, € C*(R?), Of |0xs € CP(RY),
(i) 8*f/0x3 > 0,

(ii1) f(2) > ar]a1|* — aglaa|” + aglas|” — as,

(i) (IfI+1VID(=) < Mg(Jz] + |2)(1 + |23]?), Yz € R?,

(2.2)
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STRUCTURE OF EXTREMALS 599

where My : [0,00) — [0,00) is a continuous function depending on f.
Finally, let 9 denote the closure of 9 in 2. The notations and definitions
presented in the introduction with respect to f € £ apply equally well
to f € 9M and the various statements quoted there remain valid in this
context. Put,

T,
(23) If(ThT??w) = f(TU(t), w/(t)7w”(t))dt

Ty
where —oo < T} < Ty < 400, w € W2Y(Ty,Ty) and f € M.

For T > 0, z,y € R%, f € 9, put

Ul(z,y) := inf{I/ (0, T,w) : we W2>(0,T),
(w, w')(0) = 2, (w,w')(T) = y}.

Let v € W*Y(D) where D = (T1,T») is a bounded interval. Given
0 > 0, we shall say that v is an (f, §)-approximate minimizer in D if,

(2.3a)

(2.3b) (T3, Ty, v) < UL (Xo(Th), Xo(T2)) +6,

X,(t) = (v(t),'(t)), teD.

Forz € R", B C R" put d(z, B) := inf{|z — y| : y € B} (where | -| is
the Euclidean norm) and denote by dist(A, B) the distance in the Hausdorff
metric between two subsets A, B of R™.

We claim that:

LEMMA 2.1. — Suppose that f € M and that v is an (f)-good function.
Then, given 6 > 0 there exists Ts > 0 such that, for every bounded interval
(T,T") with T > T,

(2.4) (T, T, v) < UL (Xo(T), Xo(T")) + 6,

ie. v is an (f,6)-approximate minimizer in (T, T").

Proof. — If the claim is not valid there exists a sequence of disjoint
intervals D,, = (T,,7)), n = 1,2,... with T,, — oo such that,

(2.5) (T, T}, v) = Ufs o (s yn) 26, n=1,2,...,

where z, = X,(T,) and y,, = X,(T). Let h,, denote a minimizer of
problem (Pp™¥") and let ¢ be the function on [0, o) defined as follows,

5(t) = v(t), t € [0,00) \UpDn, 9(t) = hn(t), t € Dy, n=1,2, ...

Vol. 16, n® 5-1999.



600 M. MARCUS AND A. J. ZASLAVSKI

Then & € W21

1o (0,00) and
nf(Tv 6) = (If(O,T,’E) - If(O,T,’U)) + Uf(T’U)-

Since nf (-,v) is bounded, say by M, it follows that,
0/ (T, 5) < M — Z (T, T, v) U;i, (@, Yk)).

This inequality and (2.5) imply that n/ (T",, %) — —oco as n — co. However
this is impossible because 7nf(-,w) is bounded from below for every
€ W20, 00). O

loc
For the next lemma we need the following interpolation inequality (see
e.g. Adams [1]):

Assume that p > 1 and € > 0. Then there exists a constant C,(p) such
that, for every T' > 1,

T T T
(2.6) l/ mvdtge/ hﬂﬁdm{g@)/ P dt, Vue W2(0,T).
0 0 0

LeEMMA 2.2. —(i) For every T > 0 there exist positive constants by, b1, by
(depending on T) such that, for every T > T,
(2.7)

T
1
(0,7, 0) > / 5 (@slo"[" + aafol")dt — boT > b ollonory — baT,
0
for every v € W21(0,T) and every f € M. In particular, for every M > 0

and T > T there exists a constant b, (_M ,T) > 0 (depending continuously
on M, T) such that, for every f € M

(2.8) ve W2Y0,T), I/(0,T,v) <M
— v E WZ”Y(O’T)’ ||Ul|W2'7(0»T) < bT(M7 T)

(ii) For every f € M: if v € W21 (0,00) is an (f)-good function then,

loc

T+1
(2.9) sup/ ([0 + |v|*)dt < oo.
>0 J1

Consequently, v and v' are uniformly continuous on [0, c0).

Proof. — (i) In the proof we shall assume that 7 = 1. For arbitrary 7 > 0
the result can be obtained by rescaling. By (2.2), every f € 90 satisfies,

(2.10) f(x) > arlz1|* — azlza|® + as|zs|” — aa

Annales de I'Institut Henri Poincaré - Analyse non linéaire



STRUCTURE OF EXTREMALS 601

Clearly this remains valid for every f € 90t. Note that if 3 = 1 then
7' = min(a,y) > 1 and therefore, if 3’ € (1,7’) we have,

F(@) > ar)z1] — azlw2]” + aslzs|” — (a2 + ay).
Therefore, without loss of generality, we may assume that 3 > 1. Hence,

by (2.6) with p = 8 and € = -29;3;, we find that, for f € M and T > 1

T
(2.11) If(O,T,v)Z/ %(a3|v”|7+a1|1J|°’)dt—b0T, Vv € W2(0,7)
0

where

(2.12) bo = I?ggt(azce(ﬂ)tﬂ —a1t*/2) + a4 + a3/2.

(In fact, v € C'0,T]. Therefore, by (2.2), I/(0,T;v) is finite if
v"” € L7(0,T) and +oo otherwise.) This proves the first inequality in
(2.7). In order to obtain the second inequality in (2.7) observe that,

s+1 s+1 , ,
[ ez [ ol -
E] B

>co sup ((t)]+ ' (5))" -1,

s<t<s+1
for every s € [0,T — 1], where ¢ is a constant which depends only on
v" = min(ea, ). Combining this with the first inequality in (2.7) we obtain,
T
7(0,T,) > e / (W[ + [o]*)dt — boT
0
> c1(co sup (Jv(t)| + [v'()]) = 1) = boT
0<t<T
> ci(collvllcro,ry = 2) — boT,

where c; is a constant which depends only on a1, a3. This completes the
proof of (2.7). Finally (2.8) follows from (2.7):

T

T
/ (" [7dt < 2(M + Tbo)/as, / o[ dt < T((M + bs) /by)",
0 0

for every v as in (2.8).
(ii) Since v is (f)-good, (v,v’) is bounded in [0, 00). Clearly, Ulf(x,y)
is bounded for (z,y) in a compact set. Therefore Lemma 2.1 implies that

Vol. 16, n® 5-1999.



602 M. MARCUS AND A. J. ZASLAVSKI

I7(T,T + 1,v) is bounded by a bound independent of 7' > 0. Hence (2.9)
follows from (2.7). 0

Using these lemmas it is easy to verify that,
LEMMA 2.3. —For f € M, (STP) implies (ATP).

Proof. — Assume that f has (STP) and let v be an (f)-good function.
Pick £ € Q(v) and let {tx} be a sequence tending to +oo such that
(v,v")(t) — & Put v (t) = v(t + tx), t > —t,. By Lemma 2.2, for every
bounded interval D,

sup/ (lvi]” + |ve|®)dt < oo.
k D

Therefore there exists a subsequence v, which converges weakly, say to
u, in W27 (RY). In particular {(vy, , v}, )} converges uniformly on compact
sets. Applying inequality (2.4) to v, and taking the limit, we find that
(for every bounded interval D = (0,7")) u|p is a minimizer of problem
(Pp?), where x,y are the values of (u,u’) at the endpoints of D. This is
a consequence of the continuity of UY’:(~, -} in R? and of the weak lower
semicontinuity of the functional I/(0, T, ) in W%7(D), (see [3]). Since f
has (STP) it follows that, for every ¢ > 0, (1.8) holds with v replaced by
an arbitrary translate of u, i.e. u(- + 7), 7 € R'. Consequently, if w is a
periodic minimizer of (P,,) then, E := {(u,uw')(t) : t € R'} = Q(w).
In particular, £ = (u,u’)(0) € Q(w) and we conclude that Q(v) C Q(w).
On the other hand E C Q(v), so that Q(v) = Q(w). Thus f possesses
(ATP). O

The fact that (ATP) implies (STP) requires a more delicate argument.
Actually we shall prove a more comprehensive result, which will also be
used in the proof of Theorem 1.3. Roughly this result states that if f € 9
has (ATP) then, for every € > 0 there exists 6 > 0 such that, if v is an
(f, 6)—approximate minimizer in (0,7") and T is sufficiently large, then v
satisfies (1.8), which is the condition required for (STP). Furthermore this

property persists in a neighborhood of f in 9. The precise formulation
follows.

THEOREM 2.1. — Assume that g € I satisfies (ATP). Let w be a periodic
minimizer of (P ) with integrand g and let T,, > 0 be a period of w.
Given €, M > 0 there exists a neighbourhood of g in M, say Ug, and
positive numbers 6, £ such that the following statement holds :
Let f € U, and let T > T, + 2L. If v € W0, T) satisfies,
2.13
( IXj(O)I <M, [X,(T)| < M, I(0,T,v) < UL(X,(0), X,(T)) +6,

Annales de I’Institut Henri Poincaré - Analyse non linéaire



STRUCTURE OF EXTREMALS 603
then, for each s € [{,T — T, — ] there exists £ € [0,T,,] such that,
(2.14) |Xo(s4+1) — Xp(E+1)| <€, VEe[0,T,)

Remark. — The conclusion of the theorem can be slightly strengthened
as follows:
There exist 7y € [0,4] and 7 € [T — {£,T| such that, for every
s € [r1, 7o =T, there exists £ € [0, T, such that (2.14) holds. Furthermore,
if
d(X,(0), Q(w)) < 6, (respectively d(X,(T),d(w)) < 6),
the statement holds with 1 = 0, (respectively 7o = T).

The proof of the theorem will be based on several lemmas. One of the
key ingredients in this proof is provided by the following result due to
Leizarowitz and Mizel [10, Sec. 4]. (See also Leizarowitz [9] for a similar
result in the context of a discrete model.)

PROPOSITION 2.1. — Let f € 9. Then there exist a continuous function
7f . R? — R! given by,
o (z) = inf{lim inf[{1/(0, T, w)=Tu(f)] : w € W, (0,00), Xu(0) =z},
T € R?

and a continuous nonnegative function (T, z,y) — 01{1(21},:1/) defined for
T > 0 and xz,y € R? such that,

U(z,y) = Tu(f) + ' (z) — 7/ (y) + 64(z,y)

for all x,y, T as above. Furthermore, for every T > 0 and every z € R?
there is y € R? such that Hg(x,y) =0.
Let f € M. For D = (T, T») and v € W>1(D) put,
(2.15)
07 (D;v) = 05, 1 (Xo(T1), Xo(T2)),

I1(D;v) = F(Ty, Ty,v) — (To = T)p(f) + 7/ (Xo(T2)) — ©f (X, (T1)).
From (2.15) and Proposition 2.1 it follows that
(2.15a) I'(D;v) > ©/(D;v) > 0.

Clearly, if v is a minimizer of (P5Y), z = X,(T1),y = X,(T>) then
I'Y(D;v) = ©f(D;v). However I'/(D;v) may be positive even in this
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604 M. MARCUS AND A. J. ZASLAVSKI

case. Note that, in the present notation, a function v € W2!(D) is an
(f, 6)-approximate minimizer in D (see (2.3b)), iff

I'Y(D;v) — ©f(D;v) < 6.

In this context we introduce the following additional terminology: Let v be
a minimizer of (P.,). We shall say that v is (f)-perfect if

(2.15b) I'Y(D,u) = 0 for every bounded interval D.

If v € Wi (R) N WH(R) and v satisfies (2.15b), then v is a minimizer
of (P.) and hence it is (f)-perfect. This is an immediate consequence of
the definition of I'Y and the fact that 7/ is continuous.

Obviously every (f)-perfect minimizer is c-optimal. Using this fact, it can
be shown that every ( f)-perfect minimizer is ( f)-good (see Proposition 2.3
below). Clearly the converse does not hold, but a partial converse is
provided by the following result.

LEMMA 2.4. —Let f € M and suppose that v is (f)-good. Then, for every
6 > 0 there exists T(6) such that, for D = (T1,T3),

(2.16) IY(D;v) <6, VTy > T(6).

In particular every periodic minimizer of (Ps) is (f)-perfect.

Proof. — Since wf is continuous, if v is an (f)-good function then
I'/(D;v) is bounded. Furthermore, since D — T'¥(D;v) is an additive,
non-negative set function, it follows that for every 6 > 0 there exists
T(6) > 0 such that (2.16) holds. The last statement of the lemma is a
consequence of this inequality. O

The next result shows that every (f)-good function generates a family
of perfect minimizers.

LemMA 2.5. —Let f € M and let v € W20, 00) be an ( f)-good function.

loc

Then, given & € Q(v), there exists u € W (RY) such that

loc
(%) {(u,w)(t) : t € R'} C Q(v) and (u,w')(0) = &,
and u is an (f)-perfect minimizer.

Proof. — Let u be constructed as in Lemma 2.3. Then, u satisfies (*)
and, in the notation of that lemma,

T/ (D,u) < Iign inf 0/ (D + t,, ,v).
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This follows from the growth conditions on f (see (2.2)), and the
fact that v,, — u weakly in W?27(D). However, by Lemma 2.4,
I/ (D+7,v) — 0as T — oo. Therefore u satisfies (2.15b) and consequently,
since u € WH>°(R), it follows that it is ( f)—perfect. - . a

Another useful ingredient in our proof is the following result for which
we refer the reader to [10] (proof of Proposition 4.4) and [16].

PROPOSITION 2.2. — Let f € M. For every My, Ms,c > O there exists
a positive number A = Ay(My, M3, c) such that the following statement
holds for every T > c. If

veW2H0,T), |X,(0)] <M, |X,(T)|< M,
and if v is an ( f, My)—approximate minimizer in (0,T) (see (2.3b)) then,
X, (1) < A, Vte[0,T].

Furthermore, for every g € M there is a neighbourhood Uy in M such that
Aj(My, My, c) can be chosen uniformly with respect to f in i,

We also need the following lemma.

LEMMA 2.6. —Let f € M. Then, for every compact set E there exists a
constant M = M(E) > 0 such that, for every T > 1,

(2.17) Ul(z,y) < Tu(f) + M, Vz,y€ E.

Proof. — Let w be a periodic minimizer of (P,,) with period T}, > 0.
Clearly, for every A > 0,

sup{U%(x,y) s r,y€ B, 1<T < A} <oo.

Therefore, it is sufficient to show that there exists M such that (2.17) holds
for T > 4T,. Put D = (0,T). Let 7 be the largest integer which does
not exceed T'/T,, and put | = 27T — (r — 1)T,,). Let D' = (I,T - 1)
so that |[D'| = (7 — 1)T,.

Given z,y € E let v; (resp. v2) be a minimizer of problem (P,”*) with
z = (w,w')(l) (resp. (P*Y) with ¢ = (w,w)(T —1)). Let v € W27(D)
be the function given by,

v1(t), t € (0,1)
v(t) = { w(t), te D
vt —T+1), te(T—1T)
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Since w and w' are bounded and 7,,/2 < [ < T, it follows that there exists
a constant M, (independent of z,y,T) such that,

Ulf((l,',Z) = If(oalv’ul) S Ml and Ulf(<7 y) = If(0717v2) S Ml-
Since I7(1,T — l,w) = (T — 2)u(f) it follows that,
Up(z.y) < I7(0,T,0) < (T = 2)u(f) + 2M,,

which implies (2.17). O
Using these results we can establish the following relation between
approximate minimizers and (f)-good functions.

PROPOSITION 2.3. — Let f € M and M > 0. Denote by A(f, M) the family
of minimizers v of (P) such that v is an (f, M )-approximate minimizer in
every bounded interval D C Ry such that |D| > 1. Then

v € A(f, M) = v is (f)-good.
In particular, every c-optimal function is (f)-good. Furthermore, the

family of periodic minimizers is uniformly bounded in the norm ||v||) =
supg, | Xl

Proof. — Let v be a minimizer of (P.,). Then, for every T > 0,
limgr oo 7= 15 (T, T',v) = u(f). Hence there exists Ty > T such that

Ty, To+1,v) < M := p(f) + 1.

Consequently there exists a monotone sequence {7,,} tending to +co such
that,

T, T, +1,0) <M, n=12,....

By Lemma 2.2 there exists a constant M; (independent of v) such that,
(%) sup{|X,(¢)|: T, <t <T,+1} < M;, n=1,2,....

Now suppose that, v € A(f, M). Then inequality (*) and Proposition 2.2
imply that there exists a constant M, (independent of v) such that,

(k) sup{| X, (t)| : Ty <t} < My, n=1,2,....

Thus |X,| € L>°(R;). (Note that in general T} depends on v so that
supg, |X,| may not be uniformly bounded relative to v € A(f, M).)
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Further, inequality (2.3b), the boundedness of X, and Lemma 2.6 imply
that,

I(0,T,v) < UL(X,(0), Xo(T)) + M < Tu(f) + M+ M', VT >1,

where M’ = M(FE) is as in (2.17) with E = cl{X,(t) : t € R;+}. Thus
n’(-,v) is bounded on (1,00) and hence on R, i.e. v is (f)-good.

If v is a c-optimal function then, by definition, X, is bounded and
therefore, by the previous part of the proof, v is (f)-good.

Finally, if v is a periodic minimizer then inequality (**) implies that
supp, |Xu| < Ma, which proves the last assertion of the proposition.  [J

The next lemma will be needed in order to establish the stability of (ATP).

LemMA 2.7. —Let g € M and let D = (0,T). For M > 0 put,
T
(D) = {0 e WD) [ (o[ + ol dt < M),
0
Then for every e, M > O there exists a neighbourhood N, of g in M such
that, for every f € N,
(2.18) |[I7(0,T,v) — I9(0, T,v)| <€, Vv € By (D),
and
(2.19) z,y € R? |z, |yl < M = |U}(z,y) — Ud(z,y)| < e

The neighborhood N, can be chosen independently of T' for T in compact
sets of (0,00).

Proof. — Put My(T') = sup{||v||ctjo,r) : v € Vp(D)}. By Lemma 2.2,
if T € (11,T2), with 0 < T} < T» < oo, then M; = supTE[Tl,TQ]
My(T) < co. For every N,6 > 0 let B4(N,8) = {f € M : (f,9) €

E(N,6)} (see (2.1)). Now, given § > 0 choose N > 2M; sufficiently large
so that, for every f € By(N,$),

(2.20) =z € R®, |z1|,|w2| < My, |z3| > N = g(z) > 0,
1-26< f(z)/g(x) < 1+ 26.

Assume that f € B,(N,6) and v € Yy (D). Then,
(221)  |IF(0,T,0) - I9(0,T,0)| < / I(f = 9)(v, v, o)\t

E(v,N)

N TN TR
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where E(v,N) = {t € D: |v"(t)] < N} and E'(v, N) = D\ E(v, N).
The first term on the right is bounded by 7§ and the second by

26 [ 1g(v,v',v")|. The last integral is uniformly bounded for v € (D)
This follows from the inequality,

[fl(@) < My(lza| + |22))(1 + |23]?), Vo € R,

which, by (2.2), holds for f € 9 and remains valid also for f e m.
Therefore, choosing ¢ sufficiently small so that the right hand side of (2.21)
is smaller than € and then choosing NN sufficiently large as indicated before,
we obtain (2.18).

Finally, (2.19) is a consequence of (2.18) and the fact that (by
Proposition 2.2) the family of minimizers of (P3Y), |z|,|ly| < M is
bounded by a bound independent of f for f in a neighbourhood of g. O

The next lemma plays an important role in the proof of Theorem 2.1
and the results following it.

LEMMA 2.8. —Let f € MM and let D.= (Ty,Ty) be a bounded interval.
Suppose that wi,w, € W»Y(D) and that TY(D,w,) = T/(D,w,) = 0.
If there exists T € (T1,Tz) such that (wi,w))(T) = (wq,w}))(7) then
wy = wy everywhere in D.

Proof. — Put
u(t) = wi(t), t € [Ty, 7], u(t) =wy(t), t € (r, T).

Evidently v € W*!(D) and I'¥(D,u) = 0. Since u, w;, w, satisfy the
Euler-Lagrange equation we conclude that v = wy, ws everywhere in D. [J

To complete the proof of Theorem 2.1 we need two more auxilliary
results, stated below as Lemmas A and B. The proofs of these lemmas,
which are more technical than the previous ones, will be given in
Appendixes A and B respectively. In both of these lemmas we consider
an integrand f possessing (ATP) and study the relation between a fixed
periodic minimizer of (P.), say w, and approximate minimizers of
(Po,ry).- In Lemma A it is shown that (given ¢, M > 0) there exists
¢ > T, = (period of w) such that every (f, M)-approximate minimizer in
(0,T), T > ¢, whose endvalues are bounded by M, is intermittently close
to w in the following sense. Every interval D C (0,T), |D| = £ contains a
subinterval D* of length T, such that supp. | X, — Xw~| < € where w* is
a translate of w. In Lemma B it is shown that if in addition to the above,
the endvalues of v are sufficiently close to Q(w) (=the limit set of w),
and if M is sufficiently small, then the relation described above holds in
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every subinterval D* of length T;,. (In general the translate w* will depend
on D*.) Finally, these properties persist in a neighborhood of the given
integrand. The precise formulation follows.

LEMMA A. —Suppose that g € I possesses (ATP). Let w be a periodic
minimizer of ( Py ) with integrand g and let T,, > 0 be a period of w. Given
My, My, e > O there exists an integer q; > 1 and a neighbourhood 4 of g
in O such that the following statement holds.

Let f € Land T > q\T,,. If v € W21(0,T) satisfies
(2.24)

X, (D) < Mo for t=0,T,  I7(0,T,0) < UH(X,(0), X,(T)) + My,

then, for every T € [0,T — 1T, there exist £ € [0,T,) and s €
[r,7 + (1 — 1)T%] such that

(2.25) 1X,(s+1) = Xu,(E+1)| <€, te(0,T]

LemMA B. -Let g, w, T, be as in Lemma A. Given ¢ > 0 there exist
6 € (0,1) and Qo > T, such that for every Q > Qo there exists a
neighbourhood g of g in M such that the following statement holds.

Let f € g and T € [Qo, Q). If v € W2L(0,7) satisfies,
(2.26)
d(Xo(t), Uw)) <6 fort =0,7,  I/(0,7,v) < U (X,(0), Xo(1)) +6,
then, for every s € [0, 7 —T,,) there exists £ € [0,T,,) such that (2.25) holds.

Proof of Theorem 2.1. — It is sufficient to prove the theorem for all
sufficiently large M. Therefore we may assume that

M > 2| Xyl (r) + 8.

By Proposition 2.2 there exist a neighborhood of g in 9M, say N(M),
and a number S > M + 1 such that for each f € 91(M) and each
T > inf{1,T,}:

(2.27) ve W2H0,T), |X,(0)],]|X,(T)|

<M +1, IM(0,T,v) < UL(X,(0), X,(T)) + 4
implies that,
(2.28) | X, ()] < S, telo,T).

Given € as in the theorem, there exist § € (0,1) and Qg > T, such that
the statement of Lemma B holds.
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By Lemma A there exist a positive integer ¢1 and a neighborhood of g¢

in 9, say (S, 6), such that for each f in this neighborhood and each
T > q1Tw:

(2.29) v e WAH0,T), |X,(t)| <S+1fort=0,T,

(0, T,v) < UL(X,(0), X, (T))+4

implies that for every 7 € [0,T — q1T,] there exist & € [0,T,) and
s € [1,7 + (¢1 — 1)T,) such that

(2.30) |Xo(s+1) = Xu(E+ )| <6, tel0,T,)
Choose
(2.31) Q1> 8(Qo + i Ty).

By Lemma B there exists a neighborhood of g in 90, say . such that for
each f € M. and each 7 € [Qo, Q1]:

If v € W21(0,7) satisfies (2.26) then for every s € [0,7 — T,,] there
is £ € [0,T,,) such that,

(2.32) [Xo(s+1) — X,(E4+1)| <€, te [0, 7).

We claim that the statement of the theorem holds with U, =N(M) N
N(S,8) N N, with § as above and ¢ = 21Ty, + 4(Q1 + 4).

Assume that f € U,, T > 20+ T,, and v satisfies (2.13). Then v satisfies
(2.28) and consequently (2.29). Therefore, for each = € 0,7 — :T,)
there exist £ € [0,T,) and s € [r,7 + (¢ — 1)T,,] such that (2.30)
holds. Let m be the largest integer such that (m + V)T < T.
Put 7, = kqiT,, kK = 0,---,m + 1. Then, for k = 0,---,m, 73
is in [0,7 — ¢;T,)] and consequently there exists & € [0,T,) and
Sk € [T,k + (1 — 1)To] C [Tk, Tk+1) such that,

(233) | Xu(sk+1t) = Xo(&+ )| <6, t€[0,T,), k=0,---,m.
This implies,
(2.34) d(Xy(s8), Aw)) <6, k=0,---,m.

Let vy be the smallest integer such that v > Qo/(1T,) and let v, be
the largest integer such that v; < Q, /(@1Ty). Since Q1 — Qo > 8¢, T, we
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have v1 — vy > 6. an interval Put D;, := [s;,si] where 0 < j <k <m
and observe that if vy +1 < k — j < vy — 1 then,
Qo S voquTy < T, — Tjg1 < |Djk| < o1 — 75 < viqi Ty, < Q-

Further observe that the last inequality in (2.13) implies that,
(2.35) I (s, 88,0) < UL(Xo(55), Xo(sk)) + 6.
Indeed this holds for every subinterval of [0,7] because,

I'(a,b,v) is additive and U/__(X,(a), X, (b)) is subadditive
on finite partitions of (0,7") consisting of subintervals and because

(a,b,v) > UL (X,(a), X,(b)).

Therefore we may apply Lemma B to the function v restricted to D;  where
vo+1 < k—j < v —1, and conclude that for every s € [s;, s, —T,,] there
exists £ € [0,T,) such that (2.32) holds. Finally this implies that for every
5 € [s0,8, — Ty there exists £ € [0,T,,) such that (2.32) holds. Since
so <11y and T — s,,, > 2¢q1T,,, we find that the theorem holds with £ as
above. : O

The following result is an immediate consequence of Theorem 2.1,
Proposition 2.2 and Lemma 2.1. Roughly it states that if f has (ATP)
and w is a periodic minimizer of (Poo) then every (f)-good function is
eventually ’close’ to w. .

THEOREM 2.2. — Assume that g € M has (ATP) and w € W2 (RY) is a

loc

periodic (g)-minimizer with a period Ty > 0. Then, for every ¢ > 0, there
exists a neighborhood U of g in M such that for each f € U:
If v is an (f)-good function, there exists t. (depending on €, v) such that,
for every s > t., there exists £ € [0,T,,) such that,
| Xo(s+1t) — Xu(E+1)| <€ tel0,T,]
CoROLLARY 2.1. —If f € 9N has (ATP) then problem (P,,) possesses a
unique (up to translation) periodic minimizer.

Finally we observe that Theorem 1.1 can be easily deduced from
Theorem 2.1. Suppose that G satisfies (1.1) and (1.2) and let £(a, by, b3)
and £ (a, by, bs) be defined as in (1.3),(1.4). Clearly, for G and £ as in
(1.1)—(1.4) and an appropriate choice of a,

Lc(a, bz, b3) C M(a, 8,7, a),
and the operator
¢ — Fy € M, B,7,0a), ¢ € L(a,bs,b3)
is continuous. Therefore Theorem 2.1 implies Theorem 1.1.
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3. PROOF OF THEOREMS 1.2, 1.3

First we establish a more general version of Theorem 1.2:

THEOREM 3.1. — Let f € 9. Then there exists a nonnegative function
¢ € C®(R") such that $(t) > 0 for all large |t|, ¢\"™ is bounded for every
m > 0, and the following statement holds.

Denote

(31) fﬂ($17x2’$3) =f(xlax27x3)+p¢($l)a (p7x17$27x3) €R4~

Then for each p € (0,1), f, € M, u(f,) = u(f) and problem (Pw.) with
f = f, possesses a unique (up to translation) periodic minimizer.

We start with a brief description of the strategy of the proof, which
will be presented through several lemmas. Given f € 9, denote by €(f)
the set of all periodic (f)-minimizers of (Pw). If w € €(f) is not a
constant, we denote by 7(w) the minimal period of w. In the first lemma
we show that every non-constant periodic minimizer w has precisely two
extremal points in each interval [a,a + 7(w)) and is strictly monotone
between two consecutive extremal points. Using this fact we show that
if p(f) < inf{f(¢,0,0) : t € R'}, then the set {r(w) : w € €(f)} is
bounded. Next we show that there exists w* € €(f) whose range D,,-is
minimal in the sense that it is either disjoint from or stricty contained
inthe range of any other element w € &(f), unless w is a translate of w*.
Finally we observe that if there exists ¢ € C°°(R) which vanishes on D,,-
and is positive everywhere else, then the assertion of Theorem 3.1 holds.
Since D, is a closed bounded interval, such a function is easily constructed.

LEMMA 3.1. —Assume that w € €(f) and w is not constant. Applying an
appropriate translation we may assume that w(0) = ming: w. Then there
exists T € (0,7(w)) such that w is strictly increasing in [0,7) and strictly
decreasing in [T,7(w)].

Remark. — In the special case f(v,v',v") = [v"|> — ¢|v'|* — (v — 1)?,
this lemma was independently established by Mizel, Peletier, Troy [14].
Their proof uses the special symmetries of the integrand.

Proof. - Let E = {7 € [0,00) : w'(7) = 0}. We claim that EN [0, 7(w)]
is a finite set. Otherwise there exists a sequence of positive numbers {¢,,}
converging to a point ¢t* € [0,7(w)], such that w'(t,) =0, n =1,2,....
By the mean value theorem, this implies that for m = 1, - - -, 4, there exists
a sequence {t ,}o2, converging to t*, such that w(™(t,, ) = 0 for
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all n. Therefore w(™) (t*) = 0, m = 1,---,4. Since w satisfies the Euler—
Lagrange equation corresponding to our variational problem this implies
that w is a constant, contrary to our assumption. (Note that, for f € 9 the
Euler-Lagrange equation is a regular, fourth order equation.)

Put,

o =sup{T € EN [O,T(w)] cw'(t) >0, Vt € [0,7]}.

Clearly 7y € (0,7(w)) and w is strictly increasing in (0,7;). Similarly
we define

Ty = sup{r € EN(r,7(w)]: w'(t) <0, Vt € [ry, 7]}

Proceeding in this manner we obtain a strictly increasing sequence
{rj:3=0,---,k} such that 7o = 0, 7, = T(w), w'(1;) =0, j =0,---,k
and w’ does not change sign in each of the intervals D; = [r;,7j11], j =
0,---,k — 1. More precisely, w is strictly increasing in D;, if j is even,
and strictly decreasing in Dj, if j is odd. Obviously & is even.

Let D} denote the interval [w(7;),w(Tj41)] (resp. [w(7j41),w(7;)])
when j is even (resp. odd).

Evidently, for each integer j, 0 < j < k the function ¢t — w(t) t € D;
is invertible. Composing the inverse function thus obtained with the
function ¢ — w'(t), ¢t € D;, we obtain a function h; € C(D;) such
that w'(t) = h;(w(t)) for every t € Dj.

Now we claim that for 7 < j, w(7;) # w(7;), unless ¢ = 0 and j = k.
Suppose that there exists (i,5) # (0,k) such that 0 < 7 < j < k
and w(7;) = w(r;). Then let u be the periodic function, with period
T; — T, such that u(t) = w(t), t € [r,7;]. Recall that w'(7,,) = 0
for m = 0,---,k . Hence u € Wlicl(Rl) Furthermore, by Lemma 2.4,
I (D;u) = T¥(D;w) = 0 in every bounded interval D. (Recall that the
function D — T/(D;v) is additive.) Therefore by Lemma 2.8, u = w,
which contradicts the assumption that the period of w is strictly smaller
than 7(w).

Next, we claim that, if k > 2 then D} C D}_, for j = 1,---, k. We
verify this claim by induction. For j = 1, we have w(0) < w(m) < w(m).
(Recall that w(0) is the minimum of w.) Furthermore, since k > 2, the
previous argument yields w(0) < w(72) < w(7;). Now suppose that the
claim holds for j = 1,---,m — 1. To fix ideas assume that m is even. Then
we know that w is strictly increasing in D,, so that w(7,t1) > w(Tom).
We must show that w(7m41) < w(75—1). Suppose the contrary. Since, by
assumption, D}, _, C D} _, it follows that,

W(Tm—2) < W(Tm) < W(Tm-1) < W(Trmg1)-
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Therefore the functions h,,,_, and h,,, defined in Dy, _, and D}, respectively
must intersect somewhere in [w(7,,,), w(7,,—1)]. (Recall that both functions
are non-negative in their intervals of definition and vanish at the end
points of these intervals.) This means that there exist s1 € D,,_» and
$2 € Dy, such that (w,w’)(s1) = (w,w’)(s2). However, applying once
again Lemma 2.8, the argument used before shows that this is impossible
and proves our claim.

Combining the last two claims we conclude that, if k£ > 2, the inclusion
Dy c Dy, j = 1,---,k is strict. But this is impossible because
w(r) = w(ry). O

CoroLLARY 3.1. — Suppose that f € M and that f(x1,2q,73) =
(@1, —x9,x3), for every x € R>. Let w and T be as in the statement
of the lemma. Then w' > 0 in (0,7) and w' < 0 in (7, 7(w)). Furthermore,
7 = 7(w)/2 and w is even.

Proof. — Since f is even in the second argument, it follows that the
function @ given by w(t) = w(—t) is also a periodic minimizer. Recall
that we assume that w(0) = mingw so that w'(0) = 0. Consequently,
X,(0) = X5(0). Hence, by Lemma 2.8, w = @ i.e. w is even. Further
this implies that w(t) = w(7(w) — t) for every real . Now suppose that
s € (0,7(w)) and w'(s) = 0. Then X, (s) = X, (7(w) — s). Using again
Lemma 2.8 we deduce that w(t) = w(t + 2s — 7(w)), for every t € R'.
Thus 2s — 7(w) is a period of w and therefore it must be equal to k7 (w)
for some integer k. Since s € (0.7(w)) it follows that k = 0. This proves
our assertion. O

LEMMA 3.2. —Assume that [ € M satisfies the condition,

(3.2) p(f) <inf{f(¢,0,0):t € R'}.
Then no element of €(f) is constant and
(3.3) sup{7(w): w € €(f)} < .

Remark. — This result was established by Marcus [13] in the special case
(o0 0") = 0" > = p|v'|? 4+ (v), for a large class of potentials ).
Proof. Step 1 — Suppose that {T;}5° is a sequence of positive numbers
tending to infinity, and that {w; : w, € W?*(0,T;)} is a sequence of
functions such that,
(3.4
(7’) If(()a Tiv U),j) = Ttlj'(f) + ﬂ-f(X’wl(O)) - 7Tf()(wi (,1—'1))7 7 = Oa 17 Yty
(i4) {1X0, (0)[}22y and {|X, (T3)[}Z, are bounded,
(i) wi(t) >0, te(0,Ty),i=0,1,2,....
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We claim that,

(3.5) u(f) = inf{f(2,0,0) : 2 € R'}.

The same conclusion holds if in (3.4), the condition "w;(t) > 0” is replaced
by the condition "wi(t) < 0”.

Assumption (3.4)(i) implies that I7(0,T;,w;) = U}, (X, (0), Xu,(T5))
and consequently, Proposition 2.2 and assumption (3.4)(ii) imply that there
exists M > 0 such that,

(3.6) sup | X, (t)| <M, i=0,1,2,...,
te[0,T3]
and
(37) ||wi||W2,~,(T,T+1) <M, VT € (0, T — 1), 1=0,1,2,....

Therefore there exits a subsequence (which we shall continue to denote by
{w;}) and a function v € W7 (0, 00) such that, for every T > 1,

w; — v weakly in W7(0,T) as i — oo.
By the lower semicontinuity of integral functionals [3] and Proposition 2.1,
10,7, v) = Tu(f) + 7 (X,(0) — 7/ (X,(T)), VT >1.
By (3.7),
(38) ”'UHH'2~”'(T,T+1) < M, VT € (], OO)
and by (3.4)(iii), v > 0 in (0,00). Consequently v(t) possesses a finite
limit, say do, and v'(t) — 0 as ¢t — oo.

Letv;, j = 0,1,2,... be the function defined in [0, 1] by v;(t) = v(j+t).
By (3.8) the sequence {v;} is bounded in W?7(0,1) and therefore
a subsequence will converge weakly in this space to a function wu.
Clearly u is the constant function v = dy. Since I7(0,1,v;) = u(f) +
75 (X,(45)) — 7f(X,(j + 1)) and X,(j) converges, we conclude (by the
lower semicontinuity of integral functionals) that I/(0,1,u) = u(f). This

implies (3.5). It is obvious that the conclusion remains valid if the sign
in (3.4)(ii1) is inverted.

Step 2. — Assume that the assertion of the lemma is not valid. Then there
exists a sequence {w;}$2; in €(f) such that

(3.9) T(w;) — 00 as i — 00.
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Without loss of generality we may assume that w;(0) = ming w;,i =
1,2,....

By Lemma 3.1, for each integer + > 1 there exists a number
7; € (0,7(w;)) such that w; is strictly increasing in [0,7;] and strictly
decreasing in [7;, 7(w;)]. In view of (3.9) either 7; — oo or 7(w;) —T; — oo
or both. In the first case put 7; = 7; and v; = w1~|[07;l]; in the second case
put 7; = 7(w;) — 7; and define v; in [0,T;] by, v;(t) = w;(t + 7;) for
¢ = 1,2,---. Then the sequence {7;} tends to infinity and the sequence
{v;} satisfies conditions (i), (iii) of Step 1, possibly with a negative sign in
(iii). Furthermore, by Proposition 2.3 there exists a number .S > 0 such that

(3.10) sup{|X,(t)|: t € R*, v e €(f)} < S.

Thus the sequence {v;} satisfies also condition (ii).

" Consequently, the statement established in Step 1 implies that (3.5) holds,
which contradicts the assumptions of the lemma. O

LeEmMMA 3.3. —Let f € M. If wy,wy € E(f) then the sets
D;:={w;(t): te R}, i=1,2

are either disjoint or one of them is contained in the other. Furthermore
if, say, D1 C Dy then either w, is a translate of ws or D, is contained
in the interior of Ds.

Proof. — We may assume that w;(0) = ming w;, ¢ = 1,2. By Lemmas 2.8
and 2.4, if w; # wo, then for any two points s; € (0,7(w;)), i = 1,2 we
have (wy,w})(s1) # (we,wh)(s2). Therefore, if one of the two functions
(say wj) is a constant, then the value of this constant must be different
from both the minimum and the maximum of ws so that our claim holds.
Thus we assume that neither of the two functions is a constant. Hence,
by Lemma 3.1, there exists exactly one point 7; in (0,7(w;)) such that
w; is strictly increasing in [0,7;] and strictly decreasing in [7;, 7(w;)].
Consequently the function w;, ¢ = 1,2 is represented in the phase plane
(w,w") by a simple closed curve A; consisting of two branches stretching
between the points (w;(0),0) and (w;(7;),0) and A; N Ay = (. Since
D; = [w;(0), w;(7;)] this proves our claim. ‘ O

Define

(3.11) D={{wt):te RY}: we &f)}.

LEMMA 3.4. —Let f € M. The set D, ordered according to set inclusion,
possesses a minimal element D such that, for every D € D either Dy C D
or DonN' D = 0.
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Furthermore, if
(3.12) u(f) < inf{f(2,0,0): 2 € R'},

then ® possesses only finitely many minimal elements.

Proof. — If u(f) = inf{f(2,0,0) : z € R'} then there exists a periodic
minimizer which is a constant so that © contains an element Dy consisting
of one point. Obviously D is a minimal element of ©. Therefore we may
assume that (3.12) is valid. We claim that under this assumption,

(3.13) a:=inf{|D|: D €D} >0,

and that there exists v € €(f) such that maxv — minv = a.

Let {w,} be a sequence in &(f) such that o,, := maxw, —infw, — a.
We may assume that each function w, attains its minimum at zero. Put
b, := ming w,, ¢, := maxgw, and 7, := 7(w,). By Lemma 3.2 the
sequence of periods {7(w,)} is bounded and, by Proposition 2.3, the
set &(f) is uniformly bounded. Therefore, by taking a subsequence if
necessary, we may assume that {b,}, {c,} and {7,,} converge. We denote
their limits by b*, ¢*, 7* respectively. By Lemma 2.2, {w,} is bounded
in VV,iZ(R) and consequently there exists a subsequence {w,;} which
converges weakly in W27(0,T) and strongly in C'[0, T}, for any T > 0.
Its limit v satisfies b* = v(0) = ming, v and ¢* = maxg, v. By the weak
lower semicontinuity of the functionals, v is (f)-perfect (see (2.15b)). If
7 = 0 then b* = c*, i.e. v is a constant. However, by (3.12), this is
impossible. Thus 7* > 0 and v is a periodic minimizer with period 7*.
Hence D* = [b*,c*] € ® and ¢* — b* = «. Since v is not a constant & > 0.
Therefore (3.13) holds and our claim is proved. In view of Lemma 3.3 this
implies that D* is a minimal element.

In order to verify the last statement of the lemma, observe that if Dy, D,
are two distinct minimal elements of ® then, by Lemma 3.3, D; N Dy = (.
Therefore, the uniform boundedness of &(f) and (3.13) imply that the
number of minimal elements is finite. O

Proof of Theorem 3.1. — Let wg be a function in &(f) such that
[b,c] = {wo(t): te€ R}
is a minimal element of ®. Let ¢ be a function in C°°(R) such that,

¢(z) =0, Vz € [b,¢], ¢(z)>0,Vz € R\ [b,(],
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and (™ € L™(R), m = 0,1,2,... . In the present case such a function is
easily constructed. In a more general context the existence of such functions
was established in [2, Ch. 2, Sec.3].

With ¢ as above, let f, be defined as in the statement of the theorem. Then

(3.14) J(v) > JH(v), Vv e W2h(0,00).

loc

If v is a periodic function, equality holds in (3.14) if and only if
{v(t): t €]0,00)} C [b,¢].

Hence

(3.15) wlfp) 2 w(f) = T (wo) = T (wo) > ulf,).

Consequently, u(f) = p(f,) and wo is a minimizer of (P,) with

integrand f,. We claim that wy is the unique (up to translation) periodic

minimizer of this problem. Indeed, if w is another periodic minimizer of

this problem then, by (3.14), (3.15), w € €(f) and {w(t) : t € R} C [b,¢].

Since [b, c] is a minimal element of D it follows that {w(t) : t € R} = [b,c].

However, by Lemma 3.3, this implies that w is a translate of wy. O
Next we prove a slightly stronger formulation of Theorem 1.3 (i):

THEOREM 3.2. — Let f € M. If ¢ € C*°(R) and f, are as in Theorem 3.1
then, for each p € (0,1), f, possesses (ATP).

Proof. — First suppose that p(f) < infg f(-,0,0). In this case the
statement of the theorem is an immediate consequence of Theorem 3.1 and
the following result of Zaslavski [18]:

Assume that b € 91 and that u(h) < infg h(-,0,0). Then h has (ATP) if
and only if there exists a unique (up to translation) periodic (k)-minimizer.

Next suppose that u(f) = infg f(-,0,0). Then there exists & € R
such that f(&,0,0) = u(f) and ¢ is positive everywhere except at {y." By
Theorem 3.1, for every p € (0,1), problem (Ps,) with integrand f, has a
unique periodic minimizer, namely the constant function with value &. In
order to prove that (f,) possesses (ATP) we must prove that,

(3.16) v € Wy;:(0,00) and v is (f,)-good => lim (v,v')(t) = (§0,0).

Let v satisfy the assumptions of (3.16) for some p € (0,1). Then, in
view of (3.14), Jf(v) = u(f). Since

0 < 7f(T,0) — 1! (T,0) = / po(u(t)) dt,
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and n/¢(-,v) is bounded on (0, 00) it follows that n/(-,v) is bounded, i.e.
v is an (f)-good function, and limz_, fOT @(v(t))dt < oco. We claim that

(3.17) tl_lglo v(t) = &.

Indeed by Lemma 2.2 v and v’ are uniformly continuous on (0, 0c0).
Therefore, if there exists a sequence {t,} tending to infinity such that
v(t,) — & # &o then there exists a positive ¢ such that

lim inf dist (&, {v(t) : t, — 8 <t < t, +6}) > 0.
Since v is bounded and ¢ is positive except at &y this contradicts the
integrability of ¢(v(-)) on (0,00).

Next we claim that lim;_,, v'(¢) = 0. If not, assume for instance that
limsupv'(t) = ¢ > 0. Then, because of the uniform continuity of v’, it
follows that there exists a sequence {t,} tending to infinity and a positive §
such that inf{v'(¢) : ¢, —6 <t < t,+6} > (/2 for all sufficiently large n.
Therefore v(t, + 6) — v(t,) > 6¢/2 for all sufficiently large n, which
contradicts (3.17). Thus lim;—,o (v, v')(t) = (&, 0) and (3.16) is proved. O

Finally we turn to,

Proof of Theorem 1.3 (ii). — Denote by E the set of all functions
¢ € L(a,by,b3) such that Fy has (ATP). By Theorem 3.2 the set E
is everywhere dense in £(a,bs,b3). For each ¢ € E there exist
vy € W2H(RY), Ty > 0 such that
(3.18) vp(t + Tp) = vy(t), t € R, I7(0, Ty, v4) = p(Fy)T.

Let ¢ € E, n > 1 be an integer. By (3.18), the definition of the set F,
the continuity of the operator
¢HF¢5 ¢€£(a7b25b3)'

and Theorem 2.2 there exist an open neighborhood U(¢,n) of ¢ in
£(a, b2,b3) such that for each ¢ € U(¢,n) and each (F)-good function
w € W2(0,00)
(3.19) dist(Q(w), {Xo, (t) : t € R'}) < (2n)7!
Define

_ § =ML, U{U(¢,n): ¢ € E}.
Let h € §, w1, ws be (F},)-good functions. To complete the proof of the
theorem it is sufficient to show that Q(w;) = Q(w,). Let € € (0,1). There

exist an integer n > 8¢~ ! and ¢ € F such that h € U(¢,n). It follows
from the definition of U(¢,n) that

dist(Q(w;), {Xo, (t) : te R'}) < (2n)71i=1,2, dist(Q(w), Uws))<e
This completes the proof of the theorem. a
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APPENDIX A

This appendix is devoted to the proof of Lemma A, which will be based
on several additional lemmas.

LeEMMA A.1. —Let €, M > 0. Then there exist § > 0 and an integer ¢; > 1
such that for each v € W**(0,q,T,,) which satisfy

(A'l) |XU(8)| <M, s=0,1Tw,

Ig(())qlTwa’U) < qlTw/-l’(g) + ﬂ-g(XU(O)) - 7Tg(‘)(’U((h,l—'w)) +6
there exist £ € [0,T,,),7 € [0,(q1 — 1)Ty) such that

X, (T + 1) — Xo(E+1)| <6, te€[0,T).

Proof. — Let us assume the converse. Then for each integer p > 1 there
exists v, € W21(0,pT,,) such that

(A2) | X, ()| < M, s=0,pTy,

1900, pT, Up) < pTwp(g) + 71'g(va(O)) - 71'g(va(p,-FuJ)) +277
and for each ¢ € [0,T,,), each 7 € [0,(p — 1)T)
(A3) sup{| X, (7 +1) = Xu(§+ 1) 1t € [0, Tu]} > €

By (A.2) and Proposition 2.2 there exists M; > 0 such that for each
integer p > 1

(A4) | X, ()] < My, te€[0,pTy)

(A.2), (A.4) and (2.2) imply that for any integer n > 1 the sequence
{vy}s2,, is bounded in L7[0,nT,]. It is easy to verify that there are
v E Wl?;j(o, o0) and a strictly increasing subsequence of natural numbers
{pr}32, such that for every integer n > 1

(A.5) vp, — v as k — oo weakly in W27(0,nT,).

By (A.2) and the lower semicontinuity of integral functionals [3] for
each integer n > 1

(A.6) I9(0,nTy,v) = nTwu(g) + 7 (X,(0)) — (X, (nTy)).
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Clearly
(A7) X, ()] < My, t€[0,00).

It follows from (A.5) and the definition of {vp};’;l (see (A.2), (A.3))
that for each 7 € [0,00) and each & € [0,T),)

(A.8) sup{| X, (1 + 1) = X, (€ + )| : t € [0, ]} > 27 e
(A.6) and (A.7) imply that the function v is (g)-good. Then
(A9) Qv) = Qw).

There exists a sequence of numbers {¢;}%2; C (0,00) such that
(A.10)
tl Z 8Tw+8, t]'+1—t]' Z 8Tw, j = 1,2, ceny Xv(tj) — Xw(O) as ] — OQ.

For each integer j > 1 we define u; € W>1(-4T,,,4T,,) as follows
(A.11) wi(t) = v(t; + 1), tE€[—4Ty,4T.).

By (2.2), (A.11), (A.6) and (A.7) the sequence {u}32, is bounded in
L"[-4T,,,4T,). It is easy to verify that there are u € W?1(—4T,,4T,)
and a strictly increasing subsequence of natural numbers {j,}52, such that
(A.12) _

uj, (t) — u(t), u; (t) — u'(t) as p — oo uniformly in [~4T,,,4T,],

wj — u” as p — oo weakly in L7[~4T,,4T,].

By (A.6) and the lower semicontinuity of integral functionals [3]
(A.13) I9(—4T,,,4Tw,u) = 8Twu(g) + 79(Xu(—4Ty)) + 79(X W (4Ty)).
Clearly
(A.14) X.(0) = X, (0).

It follows from (A.11), (A.12) and (A.8) which holds for each 7 € [0, o)
and each ¢ € [0,T,), that

sup{|Xu(t) — Xu(t)| : t € [0, T,,]} > 47 e

On the other hand (A.13), (A.14) and Lemma 2.8 imply that u(t) = w(¢)
for all t € [-4T,,4T,]. The obtained contradiction proves the lemma. [J
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LeEmMMA A2, —Let My, My, € > 0. Then there exists an integer q > 1 such
that for each v € W*'(0,¢T,,) which satisfies
(A.15)

|Xv(3)| S 1M07 s = 0', qu‘/ 19(07(1]"1”7 /U) S Uquw(Xu(O)e Xu(qT'w» + Ml
there exist £ € [0,T,), 7 € [0,(q — 1)T,] such that
(A.16) | Xo(T+1t) - Xu(E+18)| <e, t€]0,T,]

Proof. — By Proposition 2.2 there is Sy > My + M, + 2 such that for
each T > 271 inf{T,, 1}, each v € W>1(0,7) which satisfies

'Xv(0>|v IX'U(T)l < Mo, I9(0.7,v) < UE(X'IJ(O)va(T)> + M +1
the following relation holds
(Al7) lel(f)I S S(), t e [OT]

By Lemma A.1 there exists an integer ¢; > 1 and a number 6 > 0 such
that for each v € W21(0,¢q,T,,) which satisfies

(AIS) IXU(IL)I < SO: t= 0» qlth

Iy(()', qlTlm IU) S QITUJ/J’(g> + WH(X’U(O)) - W!](X'”(qlT“’)) + o

there exist £ € [0,7,.), 7 € [0,(q1 — 1)T,,] such that (A.16) holds. By
Lemma 2.6 there exists K > 0 such that for each 7 > 4T, each z,y € R?
satisfying |z|, |y| < My + Sy + 1 the following relation holds

(A.19) Uf(x.y) < mulg) + 7(z) — 77(y) + Ko.
Here we use the fact that 79 is bounded on compact sets. Fix an integer
(A.20) q>[(My + Ko+ 167 +4]q:.

Assume that v € W21(0, ¢T,,) and (A.15) holds. It follows from (A.15)
and the definition of K, (see (A.19)) that

(A21) 19(0,gTo,v) < Uy (Xu(0), Xo(qTw)) + My

S qu/J‘(g) + Wg(Xu(O)) - Wg(X‘U(qu)) + Ml + KO-
By the definition of Sy (see (A.17)) and (A.15)

(A.22) IX,(t)] < So, t€[0,qTo).
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There exists a sequence {t;}i_, C [0,¢T,,] such that
(A23) to =0, tis1 = titq Ty if 0<i < s—1, t, € [qTw—q1Tw, qT)-
Clearly
(A.24) s> qqt —12>34+6( M+ Ko+1).
Together with (A.21) this implies that there is j € {0,...s — 1} for which
(A25) I9(tj,tj41,0) < (tjp1—t)p(g) +7(Xo(t;)) — 7 (Xo(tj41)) +6.

It follows from this relation, (A.22), (A.23) and the definition of 4, ¢;
(see (A.18)) that there exist & € [0,T,), T € [tj, ;41— Ti) such that (A.16)
holds. This completes the proof of the lemma. O

Proof of Lemma A. — By Proposition 2.2 there are a neighborhood 4, of
g in M and a number M, > My + M, such that for each f € i, each
T > inf{T,,1} and each v € W>1(0,T) satisfying (2.24) the following
relation holds

By Lemma A.2 there exists an integer ¢; > 1 such that for each
v € W2Y0,q,T,,) which satisfies

(A27) |XU(O)| |X’u(q1ﬂu)| S M2a

[g(o’ (1111w7 U) S UiTw(X'U(O)-, X'U(QlTur)) + 2M1 +38
there exist & € [0,T,,), s € [0,(q1 — 1)T,,] such that (2.25) holds.
There exists a number I'y > 0 for which

(A.28) sup{|U? ;. (z,y)| : z,y € R?, |a|,|y| < Mp} < T.

By Lemma 2.7 there exists a neighborhood iy of g in 9 such that
for each f € iy, each z,y € R? satisfying |z|,|y| < M, the relation
|U1£T., (z,y) — U(;JlTw (z,y)] < 27! holds.

By Lemma 2.7 there exists a neighborhood U3 of ¢ in 90t such that for
each f € Uj, each v € W2(0,¢q,T,) satisfying

inf{I7(0, 1 T, v), 1900, 1 Ty, v)} < 2T + 2M,; + 4

the relation |I7(0,qT,v) — I9(0,q: T, v)| < 2% holds. Set U =
U Ny N s,
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Assume that f € U, T > ¢;T,, v € W?2L(0,T) satisfies (2.24) and
T €0, T~ q1T). By the definition of {; and M, relation (A.26) holds. It
follows from (2.24), (A.26), the definition of U5 and (A.28) that

(A29)  I(r,7+ qiTw,v) <UL 1 (X (7), Xo(r + i T0)) + M,

S UG, (Xo(7), Xo(T + 1 Tw)) + 271 + My <To+ 27" + M,
By this relation and the definition of {3

|If(TvT + QITw7U> - Ig(TvT + (Ilvav)I < 2—1,

(1,7 + 1T, v) < U2 (Xo(r), Xo(r + @1T0)) + 1 + M.

It follows from this relation, (A.26) and the definition of q1 (see (A.27))

that there exist § € [0,7,,), s € [r,7 + ¢ T, — T,,] such that (2.25) holds.
The lemma is proved. O

APPENDIX B

Here we establish Lemma B whose proof is based on several auxilliary
results.

The following lemma shows that given ¢ > 0 and a (9)-good function v,
for sufficiently large 7" the restriction of (v,v’) to [T, T + T,,] is within e
of a translation of (w,w’).

Lemma B.1. —Assume that v € W21 (0,00) is a (9)-good function and

loc

€ > 0. Then there exists T(¢) > 0 such that for each T > T(c) there is
¢ € [0,T,) such that

| Xo(T+1) — Xo(€+1t)| <€, te[0,T,).

Proof. — Since v is a (g)-good function for each § > 0 there exists
T(6) > 0 such that

B.1) 111, 72,0) < (m2 = 1)p(g) + 7(Xo(11)) — 79Xy (72)) + 6

for each 7y > T'(6) and each 75 > 7 (see Lemma 2.4).

Assume that the lemma is wrong. Then there exists a sequence of
numbers {¢;}3°, C (0,00) such that

(B.2) tE>T(27) 4242, i=1,2,...
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and for each integer + > 1 and each ¢ € [0,T),)
(B.3) sup{|X,(t; +t) — X (E+ 1) : t €[0,T,]} > €.

For each integer ¢ > 1 we define u; € W2 (—t;,00) as follows

loc
(B.4) wi(t) = v(t; +t), tE€[—t;00).

It follows from the definition of T'(6), 6 > 0 (see (B.1)), (B.2), (B.4)
and (2.2) that for any integer n > 1 the sequence {u;}{2, is bounded
in LY[—n,n].

It is easy to see that there exist u € VV,%Z (R') and a strictly increasing
subsequence of natural numbers {i, }52; such that for every integer n > 1

(B.5) u;, — u as p — oo weakly in W27 (—n,n).

By the definition of T'(§), § > 0 (see (B.1)), (B.2), (B.4), (B.5) and the
lower semicontinuity of integral functionals [3]

(B.6)  I(11,m2,u) = (2 = T)p(g) + 7% (Xu(m1)) — 7(Xu(72))

for each 1 € R, 7 > 7.
It is easy to see that for each ¢t € R!

X, (t) € Qv) = {Xu(s) : s € R'}.

Together with (B.6), Lemma 2.8 this implies that there exists & € [0, T,)
such that u(t) = w(t + &), t € R™. It follows from this relation and (B.5),
(B.4) that there exists an integer po > 1 such that for each integer p > po

|Xo(ti, +1) — Xu(bo+1)| <270, te[0,T,)

This is contradictory to the definition of {¢;}$2; (see (B.3)). The obtained
contradiction proves the lemma. O

LEMMA B.2. —Let € > 0. Then there exists 6 > 0 such that foreacht > T,
and each s € [0,7 — T,), if v is a function in W>*(0,7) such that '

(B.7) d(X,(s), {Xw(t):t€ R}) <6, s=0,T,

1900, 7,v) < Tu(g) + 7(X,(0)) — 9 (Xo(7)) + 6
then there is £ € (0,T,,) for which

(B.8) 1Xo(54+1) — Xu(E+8)| <€, te[0,Tu.
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Proof. — By Proposition 2.1 and the continuity of 79, Uz, for each integer
© > 1 there exists §; € (0,47%) such that for each z,y € R? satisfying
|z —y| < &, d(z, {X.u(t) : t € R'}) < 6; the following relation holds

(B.9) Uz, (@,y) < 79(x) — 79(y) + Twp(g) + 27"

Assume that the lemma is wrong. Then for each integer 7 > 1 there exist
7 2 Tw, v; € W21(0,7;) such that

(B.10) d(Xy, (), {Xu(t) s t € R*}) <&, s=0,7;,
190,73, v5) < Tipalg) + 79(X,,(0) = 79(X,, (7)) + 6;
and there exists s; € [0,7; — T,,] such that for each ¢ € [0,T,)
(B.11) sup{|Xo, (s +1) = Xu(€+ )| : £ € [0, T, ]} > e.
For each integer i > 1 there exist £},¢2 € [0,7,) such that
(B.12) 1 X0, (0) = X (6], X, (13) = Xu(€D)] < 6.

For each integer 7 > 1 there exists a function u; € W20, 7, + 2T,)
such that
(B.13)

Xu, (0) = X (&), wilt) = vi(t = Ty,), t € [T, T + 7, Xu, (i + 2T,)

= X (€2), (s, 84 Ty;v) = Uz, (Xu,(8), Xy, (s + Tw)), s =0,7,+T,.

It follows from (B.13), (B.12) and the definition of {6:}22, (see (B.9))
that for each integer 7 > 1

I9(sy8 + Tw, ui) < Typ(g) + 79(Xo,(s))

—m9( X, (s 4+ Tw)) + 27, s = 0,7 + T,

Together with (B.13), (B.10) this implies that for each integer ¢ > 1
(B.14)

190, 7i42T,, ui) < (1:+2T0) (9)+79 (X, (0)) =79 (X, (:42T0)) +3-271.
For each integer i > 1 there exists &} € [T,,,2T,,] such that

(B.15) T e 4 €3 — 1] is an integer.
We define sequences of numbers {b;}$°,, {Q‘}?L as follows

(B16) b1 :0, Ci:bi+Ti+2Tw7 bi+1 :Cl-i-f?, 1= 1,2,....
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It is easy to verify that there exists u € W} (0,00) such that for each
integer ¢ > 1
(B.17)

w(b; +t) = u;(t), t € [0,7; 4+ 2Tu), u(c; +t) = w(&l +1t), t € [0,£]].

For each integer ¢+ > 1 we set
) =b; + Ty + s;.

It follows from (B.16), (B.17), (B.13), (B.11) that for each integer ¢ > 1,
for each £ € [0,T,)

(B.18) sup{| Xu(s) +t) = Xp(E+1)| 1 t € [0, T} > €.

(B.17), (B.14), (B.16) imply that u is a (g)-good function. By Lemma B.1
there exists a number T}, > 0 such that for each T' > T there is £ € [0, T,)
such that

| X (T +1t) — Xp(E+1)] <27, te€[0,T,]

This is contradictory to (B.18) which holds for each integer + > 1 and
each £ € [0,T,,). The obtained contradiction proves the lemma.

Analogously to Lemma 3.7 in [17] we can establish the following result.

Lemma B3. ~Let f € M, w € W2 (RY), T > 0, w(t +T) = w(t),
t € RY, I7(0,T,w) = Tu(f), € > 0. Then there exists an integer q > 1
such that for any £ € [0,T) there is a function v € W>1(0,qT) such that
X,(0) = X, (0), Xo(qT) = Xo(8), 17(0, 4T, v) < qTu(f)+77(Xu(0)) -
7 (Xw(€)) + e

Lemma B.3 implies the following result.

LeEmMMA B.4. —Let € > 0. Then there exists a number q(€) > 0 such that
for each T > q(€), each &,,& € [0,T,) there exists v € W(0,7) which
satisfies X,(0) = X, (&), Xo(7) = Xu(&2),

19(0,7,v) < 7p(g) + 7(Xo(0) = (X (7)) + €.

Lemma B.4, Proposition 2.1 and the continuity of 79 and U4 imply the
following extension of Lemma B.3.

LeMMA B.5. —Let € > 0. Then there exist numbers 6,q(€) > 0 such that
for each v > q(¢), each x,y € R? satisfying

(B.19)  d(z,{X,(t): t € R'}) <6, d(y,{Xu(t): te R'}) <6
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there exists v € W>1(0,7) which satisfies
Xo(0) =z, Xo(r) =y, I?(0,7,v) < Tu(g) +7(X,(0)) = 79(X, (7)) +e.

CorOLLARY B.1. — Let € > 0 and let 6,q(¢) > 0 be as guaranteed in

Lemma B.5. Then for each T > q(€), each x,y € R? satisfying (B.19) the
following relation holds

UZ(2,y) < Tu(g) + (X0 (0)) — 79 (Xo(7)) + €.

Corollary B.1 and Lemma B.2 imply the following result.

LeMMA B.6. —Let € > 0. Then there exist § > 0,Q > T, such that for each
T > Q, each v € W*(0, 1) which satisfies d(X,(s), {Xw(t) : t € R'}) <
6, s =0,7, 1900, 7,v) < UI(X,(0),X,(r)) + 6 and each s € [0,7 — T,
there is £ € [0,T,,) for which

| Xo(s+1t)— Xp(E+1t)| <€ te][0,Ty]

Lemmas B.6 and 2.6 imply Lemma B.
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