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ABsTRACT. We consider the minimal action problem min fR %lj/lz + W(y) dt among curves lying in a non-locally-
compact metric space and connecting two given zeros of W > 0. For this problem, the optimal curves are usually
called heteroclinic connections. We reduce it, following a standard method, to a geodesic problem of the form

min fol K(y)|yldt with K = \V2W. We then prove existence of curves minimizing this new action under some
suitable compactness assumptions on K, which are minimal. The method allows to solve some PDE problems
in unbounded domains, in particular in two variables x, y, when y = ¢ and when the metric space is an L? space
in the first variable x, and the potential W includes a Dirichlet energy in the same variable. We then apply this
technique to the problem of connecting, in a functional space, two different heteroclinic connections between
two points of the Euclidean space, as it was previously studied by Alama-Bronsard-Gui and by Schatzman more
than fifteen years ago. With a very different technique, we are able to recover the same results, and to weaken
some assumptions.
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1. INTRODUCTION

The minimal action problem, directly coming from Newtonian mechanics, is, in its most classical form, a
variational problem where an energy of the form

1
(1.1) OJaW%wmw:£GWm+mw»w

is minimized among curves connecting two given points. In a smooth setting the corresponding Euler-
Lagrange equation is y” = VW(y), which is one of the simplest and most studied second-order differential
equation. When the time interval / is the whole line R and W > 0, solutions of this equation (or of the
minimization problem) connecting at +co two points a* where W = 0 (which is a necessary condition for the
action to be finite) are called heteroclinic connections.

The existence of a heteroclinic connection is a very delicate problem, because of the lack of compactness
of the set H'(R) and of the invariance by translations of the action to be minimized. We cite [25, 5, 9, 24, 6]
among the many papers dealing with this and related questions. In a previous paper [20] we analyzed the
same question via a purely metric method.

The idea behind the method was classical: reduce the problem to a geodesic problem for a weighted (or
conformal) metric with a cost given by K(x) := v2W(x), i.e., instead of minimizing (1.1), solving

1
min %m:ﬁmeﬂwm

The connection between the two problems comes from the Young inequality, which gives

1
5|«/|2 +W(y) > \2Wy) Y|, with equality if and only if \2W(y) = |y/|.
1
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The weighted length £k is invariant under parametrization, which is why one can reduce the problem to the
interval [0, 1]. Then, if one is able to find a minimizer for L, it is enough to choose a suitable reparametriza-
tion of it on R which satisfies 4/2W(y) = |y/|, and this will be a minimizer for €y .

If in this way we get rid of the difficulty given by the non-compactness of R, we face now a new difficulty,
the fact that obtaining Sobolev bounds for a minimizing sequence requires lower bounds on K, while K =
V2W exactly vanishes at the two wells a*.

However, in [20], we managed to overcome this difficulty in the case where the curves v lie in the Euclidean
space R" and the weight K > 0 is continuous. To do so, we studied the space (R",dk), i.e. the same
Euclidean space endowed with the geodesic distance induced by K. This distance is the one defined by
dg(x,y) := min Lg(y), the minimum being taken among curves connecting x to y. We proved that such
a space is a proper space, i.e. bounded sets are pre-compact, which guarantees the existence of geodesic
curves.

The main point which motivated [20], besides recovering classical results on the heteroclinic problem
in R”, was the fact that all the study was done in a more general metric space (with |y’| which is defined
as the metric derivative, see [8]), which allowed for many generalizations. The most interesting one is the
following. Consider a higher-dimensional problem, as for instance

(1.2) minf (lqulz(x)+W(u(x)) dx,
RxQ 2

where x = (x1, x’), and boundary data are fixed as x; — +oo. This can be interpreted in our framework using
x1 as £ and X to be L2(Q), with an effective potential of the form v € L*(Q) — W(v) := fQ $IVevl(x)? +
W((x"))dx’. This obviously raises extra difficulties due to the lack of compactness in infinite dimensions;
the key point to overcome it will be the fact that the sublevels of ‘W have extra compactness properties.

The goal of the present paper is exactly to develop this project: studying heteroclinc connections in func-
tional spaces as a particular case of a metric setting, and finding sharp conditions for the existence of weighted
geodesics. The title of the paper underlines the fact that we mainly deal with metric spaces which are infinite-
dimensional (actually, the main feature is that they are no more locally compact, differently from the frame-
work of [20]).

The content of the paper is the following. After recalling in Section 2 the main notions concerning curves
and geodesics in metric spaces, in Section 3 we consider the abstract problem of minimizing a weighted
length in a metric space, with a lower-semicontinuous weight K which can possibly vanish. Of course, it
is necessary that it does not vanish too much, and we require the vanishing set ¥ = {K = 0} to be finite;
some conditions on the behavior of K “at infinity” are also typically required. While many authors require a
lower bound of the form liminf(5)— K(x) > 0, in [20] we required a non-integrability condition K(x) >
k(d(x,X)) with fooo k(s)ds = +oo. This allowed to reduce the problem to bounded balls but, in the case of a
non-proper space X, this is in general not enough, and we require a more general (and abstract) condition.
However, in the Appendix A we discuss this lower bound assumption by means of a counter-example. In
Section 3, several equivalent definitionscrucial of the weighted length Lk are introduced, as we need to prove
its semicontinuity; this is one of the main difficulties, together with the proof of a suitable equicontinuity of
minimizing sequences.

After a careful analysis of the literature, it seems that these results on the existence of weighted geodesics
in general metric spaces are new. Analysis and geometry in metric spaces are nowadays a very wide matter
of study (see, for instance [13] for a textbook in metric geometry), but the direction of the research on these
objects goes rather towards the study of smooth notions (first and second-order differentiability properties of
functions, curvature, solutions of PDEs) in a non-smooth setting (typically, a metric measure space, see for
instance [19]). In such a context, geodesics are a crucial tool whereas weighted geodesics are not, or much
less so; at most they appear in the easy (exercise) case of a continuous weight K on a space with enough
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compactness. The case of K which is only l.s.c. and vanishes somewhere in a space which is not locally
compact is not part of the literature, nor of the folklore. Hence, we do believe that the results of Section 3
can be of interest in itself, and could possibly be re-used in other settings.

In Section 4 we use the existence results of Section 3 (which deal with weighted geodesics, i.e. minimizers
of L) to provide existence of heteroclinic connections (minimizers of €y) by detailing the reparametrization
procedure (which is delicate because K is not supposed to be continuous). We also present a first easy
application of these results to problems of the form (1.2), in the case of bounded .

Then come sections 5, 6 and 7, which take most of the paper. These sections are devoted to a very natural
and very interesting problem: given a double-well potential W on R”, consider the heteroclinic connection
problem between its two wells, and suppose that it admits two distinct solutions. These two solutions are
curves, belonging to a functional space included in L? (R,R"); in this space we want to connect these two

loc
curves. Essentially this amounts to finding a solution of

—Au+VW(u) =0 over R? (or we can require u to be a local minimizer of f %qul2 + W(w));
u(xy, x2) > a” when x; — —oo, uniformly w.r.t. xy;
(1.3) u(xy, x) = at when x; — +oo, uniformly w.r.t. x;;
u(xi, x2) = z (x1) when x, — —co, uniformly w.r.t. x;;

u(xy, xp) = z"(x;) when x; — +oo, uniformly w.r.t. xi;

where z* are the two curves that we need to connect and a* = z*(+o0) are the two wells of W ; the existence
of a solution has been established with various assumptions in [1, 2] for symmetric solutions and in [23] (see
also the recent paper [15] for an alternate proof) in the non-symmetric case. The preceding system arises, for
instance, in the study of the local behavior of solutions to the reaction-diffusion system,

du(t, x) — E2Au(t, x) + VW(u(t,x)) =0, xeQcR% >0,

in the asymptotic regime € — 0. As & tends to 0, solutions converge almost everywhere to minima of W,
thus revealing sharp interfaces separating distinct phases. As it holds for the scalar Allen-Cahn equation,
one might expect that, near a point of the interface between the two phases a~, a* and in a first order
approximation, solutions only depend on the orthogonal (to the interface) variable, and that the dependance
on this variable corresponds to a stationary wave (or heteroclinic connection), i.e. a 1D solution of the
first three equations of (1.3). However, for vector-valued equations, several distinct heteroclinic connections
between a~ and a* might exist and a solution to the full system (1.3) (with two distinct heteroclinic solutions
7z~ and z*) is in particular not 1D. This makes a significative difference with the scalar framework, since
the De Giorgi conjecture [14] (see [17, 7, 18, 22] for the proofs in dimensions d = 2, d = 3,d = 4,5 and
d = 6,7, 8 respectively) claims that the equation —Au+ VW(u) = 0 has a unique (up to translation) non-trivial
solution u : R¢ — R, monotone in x;-direction, and it thus corresponds to the unique stationary wave, i.e. u
only depends on x;. This brings to light a more complex local behavior of vector-valued reaction-diffusion
systems near a point of the interface, where solutions can depend on the tangential variable (corresponding
to x; in the rescaled system (1.3)), in such a way that it connects two distinct stationary waves.

A main difficulty in the study of the system (1.3) is the fact that minimizers of €y on / = R are always
defined up to translations, so that they are not really finite in number. In [1] a particular case is considered:
the case where W has some symmetries and we look for symmetric connections z*. This rules out the trans-
lation invariance and allows to study a case where it is reasonable to assume that the number of heteroclinic
connections between a~ and a* is two. By using a metric space X of symmetric curves defined on R endowed
with the L? distance, we recover via our metric approach, in Section 6, the existence result of [1]. To prepare
for this result, in Section 2, we present some preliminaries, including an original and very useful Lemma 19
which claims that the energy €y of a curve z decreases if we project z onto the set of curves satisfying an
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inequality of the form |z(x;) — a*| < E(|x1|) for £x; > M, the shape of the profile # — E(¢) being chosen in
a suitable way according to the degeneracy of the potential W around a*; we call these profiles, which can
decrease algebraically or exponentially to 0 as t — oo, funnels because of their shape. Then, in Section 7, we
consider a much more difficult case, the case where the symmetry condition is removed, and the heteroclinic
connections between a~ and a* are considered up to translations. In this case X is a quotient of a linear
space, and the difficulty is to provide a solution # which admits a true limit (and not only up to translations)
as x; — =oo. This case was succesfully studied in [23], and we recover the very same result with our tech-
nique. In both cases (that of [1] and that of [23]), the uniform convergence as x; — +oo is obtained by using
the funnel lemma, while the uniform convergence as x, — oo requires an extra argument, as our technique
only provides L? convergence. This improvement of the convergence (and also an improvement of the regu-
larity of the solutions, which will finally belong to C>?, or to better spaces according to the regularity of the
potential W) is obtained by means of a general fact, presented in Appendix B, about minimal action curves
for A-convex functionals in Hilbert spaces. The result presented in the appendix allows indeed to obtain a
bound on “W(u(x1, -)) independent of x;, which provides H' N L bounds. This allows both to transform the
L? convergence into L™ and to bound the right-hand side of the elliptic PDE Au = VW (u).

It is interesting to compare the assumptions on the potential W which are used in [1, 23] and in other
papers on heteroclinic connections to those that we use in the present paper. We already pointed out that
assumptions of the form liminf|y. W(x) > 0 can be easily replaced with W(x) > k*(|x)), fooo k = +oo,
which we do. Another typical assumption in the literature is VW(x) - x > O for |x| > R (or, more generally,
the fact that W(x) > W(Rx/|x|) for |x| = R): this guarantees that projecting onto a ball containing the wells a*
decreases the energy, and allows to obtain boundedness of the competitors. Yet, this simplifying assumption
is not compatible with a potential W tending to O at infinity, and we preferred not to use it. Our L™ bounds
are obtained a posteriori using the above lower bound W(x) > K2(|x)), together with a A-convexity argument
presented in Appendix B. In order to apply this argument, and also to apply a regularization procedure in
another part of the proof, we need a global property on the Hessian V>W, that we suppose bounded from
below (i.e. W is supposed to be A-convex for some negative A).

We can summarize the paper by saying that its main contributions are the following:

e a general and abstract existence result for geodesics in weighted metric spaces, under suitable com-
pactness conditions (Theorem 3) which is original and interesting in itself;

o the application of the above result to the existence of heteroclinic connections in general metric
spaces (Theorem 9);

o the application of these techniques to the existence result originally presented in [1], under slightly
weaker assumptions (Theorem 23, where more degenerate potentials W, compared to [1], are admit-
ted);

o the application of the same techniques to the existence result originally presented in [23], essentially
under the same assumptions (Theorem 28).

Acknowledgments. The authors warmly acknowledge Nick Alikakos for pointing out to them the problems
studied by Alama-Bronsard-Gui and Schatzmann, for his constant interest into this project, and for the warm
hospitality in Greece.

2. MINIMAL LENGTH PROBLEM IN METRIC SPACES

Let (X, d) be a metric space: Xisasetandd : XXX — [0, +o0] is a metric, i.e. d is symmetric, subadditive
and vanishes on the diagonal, and only on the diagonal, of X X X. Note that in our definition of a distance,
we do not assume d to be finite. This is more convenient for our purpose as we will consider a distance dg
which needs not be finite everywhere. In the sequel, we will use the notation B4(x, r) (resp. By(x, r)) for the
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open (resp. closed) ball centered at x of radius r > 0:
By(x,r)={yeX : diy,x) <r} and By(x,r) = {veX : diy,x) <r}.

Curves in (X, d). A curve is a continuous map y : I — X, where I C R is a non-empty interval. The set of
all curves y : I — X, denoted by C(/, X), is endowed with the topology of uniform convergence on compact
subsets of 1. We denote the set of Lipschitz maps (resp. locally Lipschitz maps) from 7 to X by Lip(Z, X)
(resp. Lip,,.({, X)). We also need to introduce the set of piecewise locally Lipschitz maps:

Lip e (1, X) := lyeCU,X) : Iy=infl <t) <--- <t, =supl, Vi, y € Lip,,.((t, ti+1), X)}.

We will also need to consider less regular maps, namely absolutely continuous curves. We denote the set
of absolutely continuous maps (resp. locally absolutely continuous maps) from / to X by AC(/, X) (resp.
ACpc(1,X)). We remind that y € AC(/, X) if and only if for all € > 0, there exists 6 > 0 such that for all
sequences fy < t; < --- < t, in I, one has

n—1 n—1
Dl —tl<s = Y dy(tia),y1) <.
i=0 i=0

As before, we also need to introduce the set of piecewise locally absolutely continuous maps:
ACpioe(I,X) :={yeC(U,X) : g=infl <t; <---<t, =supl, Vi, y € ACjc((t;, ti+1), X)}.

Length of a curve. For every map y : I — X, we define the length of y by the usual formula

N-1
La(y) = sup ) d(y(t), ¥(tiv1)) € [0, +o0],
i=0
where the supremum is taken over all N > 1 and all sequences fp < --- < #y in I. A map v is said to be

rectifiable if it is a curve (i.e. y is continuous) and L(y) < co.

Length of absolutely continuous curves. For piecewise locally absolutely continuous maps we have the
following representation formula for the length:

Proposition 1. Giveny € AC (1, X), the following quantity,

d(y(1),y(s))
lt—s

is well defined for a.e. t € I and |y|(+), called metric derivative of y, is measurable. Moreover, one has

L) = fl 9100 d.

[¥1(7) = lim
st

We refer for instance to [8] for the notion of metric derivative and for many other notions on the analysis
of metric spaces.

Parametrization. If y : I — X is any map, and ¢ : I’ — [ is a non-decreasing surjective (and thus con-
tinuous) mapping, called parametrization, then the curve o = yo ¢ : I’ — X satisfies Ly(0) = Ly(y).
The map v is said to have constant speed if there exists A € R, such that for all #,# € [ such that ¢t < ¢,
Lq(yyery) = Alt = ¢'|. Then A is said to be the speed of the curve y. Note that y has constant speed A if and
only if vy is Lipschitz and |y(#)| = A a.e. The curve v is said to be parametrized by arc length if A = 1.

Assume that a curve vy satisfies Ly(y,7) < oo for all compact subset J C . Then there exists a paramatriza-
tion of y by arc length, obtained as follows. Let us fix #o € I and ¢(f) := +Lg(y|4,,) fort € I's.t. +(t—19) > 0.
Then ¢ is continuous, non-decreasing and the curve

ogieh) =X, o(e®) =)
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is well defined, continuous and parametrized by arc length. Indeed, for ¢, € I such that r < ¢, we have

@(t') — (1) = La(¥|1r) = La(Ty(g(00.07))-
Up to renormalization, it is always possible to consider curves defined on I = [0, 1].

Minimal length problem. We define the intrinsic pseudo-metric geod (called geodesic distance) by mini-
mizing the length of all curves y connecting two points x* € X:

2.1 geod(x™,x7) == inf{Ly(y) : y:x > x"} €0, +00],

where the notation y : x~ +— x* means that y is a path from x~ to x*: there exists an interval I C R s.t.
vy € C(,X) with y(a*) = x*, where a~ = inf I and a* = supl. Here, if a* or a~ does not belong to I, the
notation y(a®) = x* means lim;c; 4+ y(f) = x=.

When (X, d) is a normed vector space, geod = d and the infimum value in (2.1) is achieved by the segment
[x~, x"]. In general, a metric space such that geod = d is called a length space.

The minimal length problem consists in finding a curve y : x~ + x* s.t. Ly(y) = geod(x~, x*). When X is
proper, the existence of such a curve, called minimizing geodesic, is given by the classical theorem (see [8],
for instance):

Theorem 2. Assume that (X, d) is proper, i.e. every bounded closed subset of (X, d) is compact. Then, for
any two points x* s.t. geod(x*, x™) < +oo, there exists a minimizing geodesic joining x~ and x*.

3. MINIMAL LENGTH PROBLEM IN WEIGHTED METRIC SPACES

Let (X, d) be a metric space and K : X — [0, +co] be a nonnegative measurable function, called weight
function. Our aim is to investigate the existence of a curve y minimizing the K-length, defined by

Lk (y) = fIK()’(t)) i de, y € ACpioc(, X).

There is an ambiguity in the definition when K(y(f)) = +oo and |y|(#) = 0. We will use the convention
+00 X 0 = +00. Minimizing Lg along curves y : x~ + x* allows to define the K-distance between given
points x~, x* € X:

3.1 di(x™, x%) = inf {2x(y) © ¥ € ACpine(L. X) sty 1 x> x*} € [0, +00].

In order to prove existence of a minimizing curve, we will need the following conditions, that are assumed to
be satisfied in the whole paper, unless otherwise specified. These assumptions concern the space (X, d), the
cost K, and the points x* to be connected:
(H1): (X,d) is complete and is a length space;
(H2): K : X — [0, +o0] is lower semicontinuous and X := {K = 0} is finite;
(H3): there exists a subset F' of X such that all the intersections F' N {K < ¢} for £ < +o0 are compact
sets, and

di(x™, x") = inf {2k () : ¥ € ACpie([0,11. X) s.t. y 1 ¥~ > x* and Im(y) C F}.
Assumption (H1) is satisfied in particular by any Banach space. Assumption (H3) is for instance satisfied
when the two following conditions are fulfilled:
(H3a): for all x € X, K(x) > k(d(x, X)) for some function k € C/(R*, R*) with fooo k(t)dt = +o0;
(H3b): forall R, ¢ € (0, +0) and xg € X, B(xg, R) N {K < £} is compact in (X, d).
Indeed, the first of these two facts implies [20, Proof of Proposition 2, Step 3] that curves with bounded
Lk-length stay in a bounded set, say a ball B(xg, R), and allows to use F = B(xp, R) in Assumption (H3).

Moreover, if X is a proper space, then condition (H3b) is automatically satisfied, since {K < £} is closed for
every ¢ (because K is l.s.c.) and closed balls in X are compact. This explains the importance of condition
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(H3a) when we face proper spaces. The case where (X, d) is proper and K : X — [0, +00) is continuous was
treated in [20]. In Appendix A we will see a counterexample when X is proper but condition (H3a) fails,
showing that this is a natural assumption.

On the contrary, the present paper will be mainly concerned with infinite dimensional settings, where X
is in general not proper. In some cases intersecting balls with sublevel sets {K < £} is enough to obtain
compactness. In particular, this is the case when X = L*(Q) with Q c R" open and bounded, and we define
K2 (u) = ||Vu||iz(9) + fg fO,u(x)dxifu € H'(Q) and +oo otherwise, where f: QxR — Ris acontinuous
and bounded function (see Section 4).

In other cases (which will be of interest in Sections 5, 6 and 7), intersecting balls with sublevel sets {K < £}
will not be enough to obtain compactness, which explains why we introduced the more general assumption

(H3).

We are going to prove that the K-distance dk is a metric on X (possibly infinite), and that 8x = Ly, (see
Proposition 4 below). The main result of this section is that (X, dx) is a geodesic space. More precisely, one
has the following theorem:

Theorem 3. Given x* € X with dg(x*, x™) < oo, there exists a curve y € Lip e (1, X) s.t. Lx(y) = drg(xt,x7)
andy : x* — x".

Before attacking the proof of Theorem 3, we need to prove a topological proposition which contains the
corner stone of the proof. We will use the set ' evoked by Assumption (H3).

Proposition 4. The quantity di defines a metric on X and every dx-bounded set contained in F is precompact
in (X,d),

Proof. Ttis clear that dg : X XX — [0, +00] is nonnegative and symmetric. Moreover dg satisfies the triangle
inequality since the K-length is additive (the K-length of a curve obtained by concatenation is the sum of the
K-lengths of each curve). Obviously, one has dg(x, x) = 0 whatever x € X since dg(x,x) < Lx(y) = 0 if
v : {0} — X is the constant map given by y(0) = x (note that a constant map y : [ — X on a non-trivial
interval I needs not satisfy Lx(y) = 0 since Lx(y) = +co if y = x, with our convention +c0 X 0 = +00). The
fact that dx(x,y) = 0 implies x = y follows from Assumption (H2). Indeed, let x # y be two distinct points
in X and let y : I — X be a piecewise absolutely continuous curve joining x to y. Then, by continuity of
t — d(x,y(1)), there exist | < tp s.t. d(y(t1),x) = &, d(y(t2),x) = 2e and € < d(y(¢),x) < 2efort; <t < 1.
This implies that £x(y) > € infc K, where C = y([t1,12]). Yet, for € small enough, C does not intersect the
set {K = 0} so that infc K > 0 as C is compact and K is lower semicontinuous. In particular, dg(x,y) > 0.

We now prove that dg-bounded sets contained in F are d-precompact. This means proving that for every
ball B := EdK(xO, r), with xo € X and r > 0, F N B is precompact in (X, d). Thanks to Assumption (H3), the
set Fp:={xp}U{x € F : K(x) < {}is compact for all £ > 0. Thus it is enough to prove that for all £ > 0,
there exists £ > 0s.t. FNB C (F¢)? :={x e X : d(x,F¢) < g}. This would allow to cover F' N B with
a finite &-net, which shows precompactness. We just need to prove that, given £ > 0, any point x € F N B
lies within e-distance to a point y s.t. K(y) < ¢, where £ only depends on &, xo and r. As x € B, there exists
Y € ACpoc([0, 1], X) s.t. y - xo = xand Lx(y) < 2r. If Ly(y) < &, then x € Bu(xo,€) C (Fp)?, and if K(x) = 0,
then x € Fy. Otherwise, by continuity of # — ¢(#) := Lg(y|;;,17) and since ¢(f) < oo for ¢ close to 1 (because
K is bounded from below on Y := y([1 — 7, 1]) for some n > 0, and Ly(y|(1-y,17) infy K < Lx(yi1-5,11)>
there exists fy € [0, 1] s.t. Lg(¥|i4,17) = &. Now, as Lx(Y|i1,17) = ftol K|yl < 2r, there exists t € [fg, 1] s.t.
Kiy@®) < % Thus y := y(¢t) € Fp with £ := %r and d(y, x) < € as required. |

We also need the following metric identities:
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Proposition 5. For all curvesy € ACyc(1, X), one has Lg(y) = Lq (y) = Ak(y), where Ak is defined by

t

N-1
Ak i=sup Y, ( inf KO0)) doye, y(te) € 10, +0],
=0 SISH+]

where the supremum is taken over all N > 1 and all sequences ty < --- < ty in I. Moreover, Ak is in-
variant under reparametrization (surjective and non decreasing maps), and lower semicontinuous on C(I, X)
endowed with the topology of uniform convergence on compact subsets of 1.

Remark 6. L is defined on AC j0c(1, (X, d)), while Ly, and Ax make sense for any map valued in X. Propo-
sition 2 states that all these quantities coincide on the set AC (1, (X, d)). An important observation in order
to prove that Ax < Lk is the fact that adding a point in the subdivision increases the quantity of which Ag(y)
is the supremum. This could have failed if we had defined Ax using K(y(t)) instead of z[<it2£ | K(y(1)).
Remark 7. Proposition 5 implies in particular that any curve y € AC (I, X) such that Lx(y) < +oois a
continuous function from / onto (X, dgx) which is not obvious since the metric d needs not be stronger than
the metric dg.

In order to prove Proposition 5, we will need the following elementary estimate:

Lemma 8. Forall x,y € X, one has Ky(xy)(x)d(x,y) < dk(x,y), where we have set for every r > 0 and x € X,
K. (x) :=inf{K(y) : d(x,y) <r}.

Proof. Set r := d(x,y). Since any piecewise locally absolutely continuous curve y : x — y has to get out of
the open ball B := By(x,r), it is clear that its restriction to the part where it stays inside such a ball has at
least d-length equal to r, which gives

k() = f K@) 0 dr = rinf K = rK,(x).
I
Taking the infimum over the set of curves y € AC,,. joining x and y yields the claim. m|

Proof of Proposition 5. It is quite straightforward that L;, and Ag are invariant by (surjective and non de-
creasing) reparametrization and that £k is invariant by Lipshitz reparametrizations. Moreover, £k, Ly, and
Ak have the common property that their value on an interval is the supremum of the same value restricted to
compact subintervals. Thus one can assume that / is compact and, by affine reparametrization, that / = [0, 1]
(except if [ is reduced to a single point in which case the proposition is trivial). We divide the rest of the
proof into five steps.

e Step 1: L; (y) < Lk(y). This follows from the definitions of L;, and dg, and from the additivity
property of L.

o STEP 2: Ag(y) < Lk(y). Indeed, by additivity of Lk, the claimed inequality follows from the elementary
one,

(inf. Ko0) dovi@, vo) < 2k,
for every curve which is absolutely continuous on the interval [a, b].

e STEP 3: Lk (y) < Ag(y). In order to estimate Ax(y) frpm below, we use the following subdivision in the
interval [0, 1]: givenn > 2 and ¢ € [0, %], define tf =0+ ﬁ for 0 <i < n— 1. By definition of Ag, one has

n—-2
YCEDY [

inf K(y(S))) d (v, y(#,).
i=0

(771,
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Taking the average over ¢ € [0, %] yields

= d (y(), y(#2,
lwmzi;Z(memm)i—j—J)w

5 6
0 Sl 1] 7

Since [0, 1 — %) is the disjoint union of the sets {t? : 0<06<1/n}with0 <i<n-2,we have proved

]dO@f“+bhu

-4
x> [ (iﬂlﬂﬂm

0 se[t,t+;] 7
Now fix o < 1. Since 1 — 1/n > 1y for large n, thanks to the lower semicontinuity of K o vy and Fatou’s

Lemma, this yields in the liminf as n — oo

Ag(y) 2 fo K(Cy)lyl(r) dr

and then it it enough to use the arbitrariness of fy.

o StEP 4: Lk (y) < Ly, (y). We use the same subdivision (tf) of Step 3. We deduce, by Lemma 8 and by
definition of Ly, , that
n-2
Lag@) = D KotmOE) dy(@), ¥(£,),
i=0
where w is the modulus of continuity of y, i.e. w(r) = sup{d(y(¢),y(s)) : |t —s| < r}. Asin Step 3, taking
the average over ¢ € (0, 1/n) yields

1-U/n d (Y. +5)
Lax(y) 2 f Kot ym (1) ————d1,
0 n
and the conclusion follows by taking the liminf as n — co. We use lim inf,_,¢ K,(x) > K(x) (since K is L.s.c.)

and lim,,_,, w(1/n) = 0 (since vy is uniformly continuous on [0, 1]).

o STEP 5: Ak IS LOWER SEMICONTINUOUS ON C(/, X). Since the supremum of lower semicontinuous functions
is lower semicontinuous and since y — d(y(a), y(b)) is continuous, it is enough to prove thaty +— infj, ;) Koy
is lower semicontinuous on the set of curves y : [a,b] — X. Let (y,), be a sequence of curves uniformly
converging to a curve y and let #, € [a, b] be a point where the infimum of K o7, is achieved. Up to extraction,
one can assume that inf(K o y,) converges to liminf,_,.(inf K o y,,) and that #, converges to some ¢ € [a, b]
as n — oo. Then one has inf, ;) K o y < K(y(1)) < liminf, K(y,(t,)) since K is L.s.c and y,(t,) — y(?). m]

We are now ready to prove Theorem 3.

Proof of Theorem 3. We shall apply Ascoli’s Theorem for maps from [0, 1] to (X, d). We first explain how to
get compactness and then, how to get equicontinuity of a minimizing sequence.

Let (¥u)n=1 C ACpic([0, 1], X) be a minimizing sequence for the geodesic problem from x* to x7, i.e.
Yn o X7 x” and Lk (y,) — dg(x*, x7) as n — co. By Assumption (H3), we may assume ,,(f) € F for every
n and every t. Let L > 0 be an upper bound for Lx(y,), i.e. Lx(y,) < L for all n. Since Y := U,Im(y,) is
included in a set B N F, where B is a ball for d, it is d-precompact by Proposition 4. Let ¥ be a d-compact
set containing Y.

In order to get d-equicontinuity, one has to reparametrize the curves y,. It may not be possible to param-
etrize y, by Lg-arc length since L;(y,) could be infinite. We rather parametrize by £gx1-arc length, where
K A1 is the infimum between K and the function identically equal to 1 (we use A for the minimum operator,
and V for the maximum). Note that K A 1 is still a lower semicontinuous and non negative function vanishing
on a finite set so that dg . still defines a metric on X. Moreover, the curves vy, are continuous from [0, 1] to
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(X, dg 1) since dg a1 is weaker than d. Actually, we can prove more: dga; and d are topologically equivalent
on Y. Indeed the identity map, defined from (¥, d) to (¥, dk 1) is a bijective and continuous map defined on
a compact set. It is thus a homeomorphism and the two metrics satisfy

(3.2) dgn < d < w(dgar)

for a suitable modulus of continuity w (i.e. w : Ry — R, with lim,_,9 w(s) = 0).

Since Lxa1(yn) < Lx(yn) < L, one can reparametrize the curves vy, by constant speed for the distance
dgar. We will call them vy, : [0,1] — X again. These curves are L-Lipschitz w.r.t. dga;. In particular,
the sequence (y,), is equicontinuous w.r.t. the metric dg,; and for the metric d as well since dxa; and d
are equivalent in the sense of (3.2). Note that these curves are equicontinuous for the distance d, but not
equi-Lipschitz, as the modulus of continuity w appears.

By Ascoli’s Theorem, one can extract a subsequence of (y,), uniformly converging (for the distance d) to
some continuous map ¥ : [0, 1] — X. In particular, y : [0, 1] — (X, dgn1) is L-Lipschitz as a pointwise limit
of L-Lipschitz maps. We have to prove that y € Lip,,;,.(/, X). Note that if there exists ¢ € (0,1) with K > ¢
around a point x, then d > dga; > cd on a neighborhood V of x (see Lemma 8), i.e. d and dga; are two
equivalent metrics on V. As K A 11is l.s.c., it is bounded from below by a positive constant on every compact
interval where K > 0, and it is enough to prove that the set Im(y) N X is finite. We shall prove that y meets
each point of X at most one time. To this aim, let us consider the curve y obtained by inductively withdrawing
all loops around a point in the set : if y meets xo € X at a first time #; and at a last time f, # 1, remove Y, 1)
and rescale (using an affine change of variables) for it to be still defined on [0, 1]. Repeating this operation
inductively for each point in the set Im(y) N X (which is finite), we obtain a curve y which is dg-Lipschitz
and which meets X a finite number of times. By the argument above, this implies that y € Lip ,;,.([0, 1], X).
Moreover, Proposition 5 implies that

24(7) = Ax(3) < Ax(y) < lim inf Ax(y,) = liminf x(7,).

As (yn)n is a minimizing sequence, all these inequalities are in fact equalities and y minimizes the K-length
between x and y. Note that the saturation of the first inequality above also implies thaty = . |

4. EXISTENCE OF HETEROCLINIC CONNECTIONS

Our aim is to investigate the existence of a global minimizer (called heteroclinic connection in the sequel)
of the energy

1
Cw(y) = f (5|7|2<r>+W<y<r>>)dr,
R

among piecewise locally absolutely continuous curves y : x~ — x* valued in a metric space (X, d). Here
W : X — R is a lower semicontinuous function, called potential in all the sequel, and x* € X are two wells,
i.e. W(x*) = 0. We recall that W(x*) = 0 is a necessary condition for the energy of ¥ to be finite. The main
result of this section is the following theorem:

Theorem 9. Let (X, d) be a metric space, W : X — R* be a lower semicontinuous function and x~, x* be
two points in X := {W = 0} C X such that:

(H): (X, d, K) satisfies hypotheses H1 — 3 of the previous section, where K := V2W;
(STI): the metric dx satisfies the following strict triangular inequality on £ = {W = 0} for all
x € X\ {x~,x%}, we have dg(x~, x7) < dg(x~, x) + dg(x, xT).

Then, if dg(x~, x) < oo, there exists y € Lip(R, X) such that y : x~ — x* and
Cw(y) = inf{Cy(0) : 0 € ACp(R,X), 01 x> x*} =dg(x™,x7).
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Proof. This theorem will follow from Theorem 3 and the following consequence of Young’s inequality (keep
in mind that K = V2W):

1
4.1) Yy € ACpioc(R, X), EI)"IZ(t) + Wy®) 2 KyO)lyl = Cw(y) =2 Lk().

The idea is to build the curve y by reparametrization of a £gx-minimizing curve in such a way that the pre-
ceding inequality is an equality. Thanks to the set of assumptions (H), Theorem 3 provides a £x-minimizing
curve yo : I = (t*,t") — X, that one can assume to be injective and parametrized by Lg-arc length, and such
that yo(rF) = x* with —co < 1~ < 1" < +c0. Thanks to assumption (STI), it is clear that the curve y, cannot
meet the set {W = 0} at a third point x # x*: in other words K(y((¢)) > 0 on the interior of 1. Thus 7y is also
d-locally Lipschitz on [ (and not only piecewise locally Lipschitz). In particular, one can reparametrize the
curve yg by Lg-arc length, so that |yp| = 1 a.e.

It is now enough to prove that v can be reparametrized into a curve vy satisfying |y| = K o y a.e., so that
the two equalities in (4.1) become equalities. Namely, we look for an admissible curve y : R — X of the
form y(f) = yo(¢(?)), where ¢ : R — [ is absolutely continuous, increasing and surjective. For y to satisfy
the equipartition condition, i.e. |¥|(f) = K(y(?)) a.e., we need ¢ to solve the ODE

(4.2) ¢’ (1) = F(p(1)),

where F' : I — R is defined by F' = K o yy. Here, one has to be careful since F is not continuous and the
existence of such a curve does not follow from Peano-Arzela’s theorem. Actually, the best regularity on ¢ that
can be expected is absolute continuity. However, the situation is very simple here and one can explicitly solve
this scalar ODE, at least formally. Indeed, 4.2 is equivalent to [G(¢(¢))]” = 1 where G is an antiderivative of
1/F. Thus a solution is given by ¢ = G~!. A rigorous statement about the existence of a solution is given
in Lemma 10, which is presented a the end of this proof. It is easy to check that F = K o vy satisfies all the
assumptions of Lemma 10. The condition F' < oo a.e. is a consequence of Lx(yg) = f K(yo)lyol = f F < 0.

Now, let us define y := yg o ¢, where ¢ is given by Lemma 10. Since ¢ is increasing and surjective, the
curve y satisfies y(£o0) = x*. Moreover, vy is absolutely continuous, by composition of a Lipschitz function
with an absolutely continuous function, and its pointwise derivative is given by |y| = [yol¢’ = F(p) = Koy
a.e. As explained before, this implies that

Cw(y) = Lk(y) = Lk(yo) = dx(x™, x") < inf{Cw(0) : 0 € ACpic(R, X), y 1 x~ = x™}.
In other words, y minimizes €y over all admissible connections between x~ and x™. |

In the proof of Theorem 9 we needed this very technical lemma.

Lemma 10. Let F : I — (0,+00] be a Ls.c. function defined on a nonempty open interval I C R, with
F < +o0 a.e. Then there exists an interval J C R and a surjective function ¢ € AC(J, I) solving the system

O’ (1) = F(e(t)) a.e. on J.

Moreover, 1/F is locally bounded and a solution of the above equation is given by ¢ = G™', where G is an
antiderivative of 1/F.

Proof. As Fisls.c. and F > 0on /, it is bounded from below by a positive constant on every compact subset
of I. Thus 1/F is locally bounded and positive a.e. (as F < oo a.e.). In particular, G : I — J := G(I) is locally
Lipschitz and strictly increasing. Thus ¢ := G™! : J — I is well defined, strictly increasing, surjective, and
thus continuous. One has to prove that ¢ is absolutely continuous and that ¢’ (f) = F(¢(?)) a.e. To this aim, we
first approximate F' as an increasing limit of step functions (F,),. This is possible because F is l.s.c., taking
for instance a dyadic subdivision on intervals of the form (k27", (k+1)27"] and defining F, as the infimum of
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F on each of these intervals. Let us call #* the endpoints of these intervals and A¥ the value of F, on (¢, 1],
Let us take @ < b in J, and compute

b
f Falpyde =Y 2Lt :a<t<b d <o)< = E(GE") Ab) - G v a)
a k k
Using b = G(¢(b)), a = G(¢(a)) and G’ = 1/F, we can go on and obtain

b £ Ap(b) 1 o(b) F
f Fup()dr = Z/l’;,f _dszf n(8) 4o
¢ x dve@  F(5) o F(9)

By the monotone convergence Theorem, passing to the limit n — oo, we get

b
f F(p(1) dt = ¢(b) — ¢(a).

This tells us that F o ¢ is integrable, ¢ is absolutely continuous, and that its derivative is given by ¢’ = F o ¢
a.e., which is the claim. O

Remark 11. Tt is classical and easy to see that the equirepartition of the energy, i.e. the identity |y>(f) =
2W(y(2)), is a necessary condition for critical points of €.

Remark 12. The assumption (STI) is not optimal but cannot be removed, and is quite standard in the litera-
ture. Without this assumption, it could happen that a geodesic yg would meet the set {W = 0} at a third point
x # x*. In this case, it is not always possible to reparametrize vy in a new curve y such that |y|(f) = K(y(?)).

However, there is an easy generalization of Lemma 10 when F is not positive everywhere but only almost
everywhere and when 1/F is locally integrable on /. Thus, if we assume that 1/K(yo(-)) is locally integrable
(which is an assumption on the way K vanishes around its wells), we still have existence of an €y -minimizing
curve between x~ and x™ obtained by reparametrization of ‘.

We now give a first example of application of Theorem 9 in infinite dimension:

Corollary 13. Let m,n > 1 be integers, Q& C R™ be a bounded open set, F : Q X R" — R be a lower

semicontinuous function and g be a function in H'(Q; R") such that the problem
1
min {"W(u) = f (Equl2 + F(x, u(x))) dx : u—ge Hé(Q, Rn)}
Q

admits exactly two distinct solutions u* € H'(Q;R") and the minimal value is 0. Also suppose that there
exist three constants cg, c1, ¢, c3 > 0 such that

o foreveryx € Qandu e R", F(x,u) > —co — c1lul?,

e foreveryu € H'(Q; R") with llell 2y = c2, we have W(u) > cs.

Then the following minimization problem has a solution:
1
min {L 5 (5|Vu|2(x) + F(X,u(x)|dx : ue HIIOC(R x Q, R") with u(+c0,-) = u*, u=g on GQ},
X

where we write x = (x1,x") € Q and the boundary condition, u(xoo,-) = u*, means that u(xy,-) — u* in
LX(Q) as x; — oo and the lateral boundary condition u = g means that u(xy,-) — g(-) € Hé(Q) for a.e.
x1 € R

Remark 14. The lower bound W (u) > c3 for |lull2q) > c2 is a strong assumption, corresponding to taking a
constant function k in Assumption (H3a). It could be weakened, but it is enough for many applications. It is
satisfied whenever F is bounded from below, or if ¢g, ¢ are small enough, for instance.
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Remark 15. The assumption min ‘W = 0 can always be enforced by subtracting a suitable constant to the
function F.

Remark 16. Our boundary constraint is not equivalent to the pointwise boundary condition u(xj, x3) — u.
as x; — =*oo, for a.e. x». Indeed, L?-convergence only implies convergence a.e. of a subsequence, and
pointwise convergence needs not imply L?-convergence without additional assumption. However, if u € H lloc
has finite energy, then these two notions can be proven to be equivalent.

Proof. The main idea is to rewrite the total energy E(u) := foQ (%qulz(x) + F(xX', u(x))) dx by separating
the derivative in the first variable x; from the derivatives in x’ € Q:

_ 1 2 1 2 ’ ’
E@) = fR (§||‘9x|”||L2(Q)+ fQ (Elvxfm +F(x,u>)dx)dx1.

Thus this problem fits into our framework using x; as time (or parameter) variable ¢, X = L*(Q,R") for the
metric space (endowed with the L?-distance), with the effective potential ‘W : L>(Q,R") — R defined by

1 2 ’ ;7 1 n
=V + F(x',v))d fv—ge H/(QR"Y,
(W(V) = fQ (2' V| (x V)) X 1y g' 0( )
+00 otherwise.

Indeed, there is a canonical one-to-one correspondence between LZZOC(R x Q,R™) and leoc(R, L2(Q,R")): any
function (x1, x") — u(xy, x’) is associated with the curve x; — u(x1,-) and vice-versa. In this correspondence
(we will not distinguish these two objects in the sequel), H I (R x Q,R") is contained in ACj,(R, L2(Q, R™)).

loc

Moreover, for every u € H IIOC(R x Q, R™), the metric derivative of 7 — u(f) := u(t,-) € L*(Q, R") is given by
|I;t|L2(Q,Rn)(t) = ||8xl M(t, ')”LZ(Q,R”) a.c.

We have to check that (L2(Q, R"), ‘W) satisfies all the assumptions of Theorem 9. It is easy to see that W is

lower semicontinuous for the strong convergence of L>(Q, R™): the first term, ||Vv||i2 /2, is a standard convex

functional of calculus of variations, and the second term, f F(x,u), can be dealt with Fatou’s Lemma, after

adding a term of the form ¢y + ¢ lul? so as to make it positive (and this quadratic term is continuous for the
strong L? convergence). Moreover, we exactly assumed that ‘W has only two wells corresponding to the
optimal functions u*. In particular, Assumption (STI) is empty.

Assumption (H3b) is clearly satisfied since sublevel sets of W intersected with a ball in L>(Q,R") are
bounded in H'(Q, R") (using the quadratic lower bound on F) and hence compact in L2(Q, RM). Assumption
(H3a) is a consequence of the lower bound W (u) > c3 for [|u||;2 > ¢;. Corollary 13 is now a consequence of
Theorem 9. m]

We can consider for instance the following, non-trivial example. We look for a solution of

ue H (Rx[0,7];R),

min f (1|VM|2<x, W) = Sl y) + (P, y) sin2<y>>2) drdy : u(tooy) = £sin(y),
Rx[0,7] \2 2 u(x,0) = u(x,m) = 0.

The problem is non-trivial and provides a solution to the PDE
Au(x,y) = —u(x, y) + 4u(x, )’ (x, y) = sin*(y),

which does not seem easy to solve with the prescribed boundary condition (in particular, the solution is
not of the form u(x,y) = a(x)sin(y)). This example can be dealt with the above formalism, noting that
u*(y) = % sin(y) are the only two functions for which

(1
W) := fo (5<|v’<y)|2—vz(y>)+<v2(y)—sin2(y>>2)dy= 0
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(indeed, the first term is non-negative by using the optimal constant in the Poincaré inequality in Hé([O, ),
but vanishes for functions of the form v(y) = asin(y), and the second only vanishes if a = +1). Moreover,
F(y,u) := —%uz + (u? —sin’(y))? > u* — C(1 + u?) satisfies the required lower bounds so as to apply Corollary
13.

5. STATIONARY LAYERED SOLUTIONS FOR THE ALLEN-CAHN SYSTEM IN TWO DIMENSIONS

5.1. Introduction. Letn > 1, W : R” — R™* be a potential and a* € R" such that W(a®) = 0. Assume that
(A1): W e C*(R",R*) and the Hessian V>W is bounded from below (i.e. W is semi-convex) on R”;
(A2): T :={W = 0} is finite;

(A3): forall x € R*, W(x) > k*(d(x, X)) for some function k € CO(R*, R*) with f0°° k(r)dt = +o0;
(Ad4): there exist ry > 0, ¢cgp > 0 and pg € [2, 6) such that for all x € B(a®*, ry),
VW(x) - (x —a®) > colx — a*|.
As before, we also need the following assumption that avoids heteroclinic connections to meet a third point
of the potential W:
(STI): forallae X\ {a",a"}, dx(a~,a") <dg(a",a) + dk(a,a"),
where K := V2W and di was defined in (3.1). We investigate the following problem: assuming that there

exist exactly two (up to translation) heteroclinic connections z~ and z* between a~ and a*, does there exist a
solution u € C2(R2,R") of the following system

—Au+VW(u) =0 over R?;
u(xy, xp) —» a” when x; — —oo, uniformly w.r.t. x;;
5.1 u(xy, xp) - at when x| — oo, uniformly w.r.t. xy;

u(xi, xp) > z (x; —c¢”) when x; — —oo, uniformly w.r.t. x;

u(xy,x3) = 77 (x;1 —c*) when x; — oo, uniformly w.r.t. xy;

where ¢~ and ¢ are part of the unknown. We will see that our method allows to treat quite easily the problem
of the existence of a solution in two known situations: the symmetric case (we add a symmetry condition
on z~, z© and u which imposes, in particular, ¢~ = ¢* = 0), studied by Stanley Alama, Lia Bronsard and
Changfeng Gui [1] (we will deal with this problem in Section 6 of the present paper), and the asymmetric
case due to Michelle Schatzman [23] (in Section 7). We start with some preliminary results valid in a general
context (without the symmetry condition of [1] or the spectral condition of [23]).

5.2. Action functional and heteroclinic connections. As before, define the energy functional €y for all
interval I C R and forallv e H IIOC(I ,R™) by

Ewv, 1) = f (%w(mz + W(v(t))) dr.
1

If I = R, we just write Cy(v,R) =: €y (v). The set of minimizing heteroclinic connections between a~ and
a* is given by
Z:={zeS@ ,a") : YWwe S ,a"), Cy(z) < Cy(v),
where S(a~, a*) stands for the set of all connections between a~ and a*: in general, S(b~, b") is defined for
two given points b* € R” by
Sk, b%) = {v €H!

loc

(R,R") tlim v(t) = bi} .
As observed in Theorem 9, one can identify the minimal value of €y on S(a™,a™):
inf{Cw(v) : veS@a ,a")} =dx(a ,a"),
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5.3. Variational formulation of (5.1). In [1, 23], it is shown that solutions of (5.1) can be found by mini-
mizing the renormalized two-dimensional energy

Sy = 1 = UR (%IVu(xl, ) + W(u(xy, xz))) dx; —dk(a™, a*)] dx, ifueH (R%LRM),
+00 otherwise.

Since dg(a~,a*) is the minimal value of €y on S(a™,a"), it is clear that & is nonnegative. We recall the
following well-known fact:

Proposition 17. Assume thatu € H. NL® (R?,R") has finite energy and locally minimizes & in the following

loc loc
sense
E(u) < Ew+w) for every smooth compactly supported function w : R* — R".

Then u solves the Euler-Lagrange equation —Au + VW (u) = 0 (in the weak sense).

A crucial observation is that we can interpret & as the action of a curve x — u(-, x2), plotted on a subset
of leoc(R’ R™). Indeed, the energy of u rewrites

52 &ws= fR (%uaxzu(-,xz)niz(R)+7<(u(-,xz>)2)dxz, where K(v) := Ew(v) - dy(a=,a*).

Moreover, the first term, ||0.,u(-, x2)||;2r), is nothing but the metric derivative (for the L?-distance) of the
curve x — u(-, xp). Indeed, the following fact can be easily proven:

Lemma 18. Let X be a subspace olezoc(R, R"™) endowed with the L*-distance: dx(vi,vi) := |[v; — v2llr2w)-
Lety : I — X be a curve in X: for all t € I, y(t) is a function defined on R and we use the notation
v(t, 8) := y()(s) for every t € I and s € R. Then the function y(-,-) is measurable and belongs to LIZOC(RZ, R™).
Moreover, if v € ACpioc(I,X), then 0yy(t,-) € L>(R,R") for a.e. t € I and the metric derivative of
t— y(t) =y(t,-) in X is given by
V@) = 10y, 2wy a-e.

5.4. Projecting on “decreasing funnels” reduces the energy. It is well known that every heteroclinic con-
nection converges exponentially fast to its limits at +oo, at least with a non degeneracy assumption on W, i.e.
po = 2 in (A4). This can be easily proved by a maximum principle. In order to get enough compactness to
prove the existence of double heteroclinic connections, we need a more precise result. Namely, we prove that
the energy is reduced when u is projected on a set of functions — that we call funnel because of its shape —
of the form {v : R xR? : |w(f) — a*| < E(t)} with E(f) = 0 as t — +oco. In paritcular, this will be general
enough to handle the case of a degeneracy fir py # 2 in (A4).

Lemma 19. There exists g € (0, 1) only depending on W, cy and pg (given in (A4)) such that the following
holds true. Letv € H }OC(R, R™) satisfy Cy(v) < oo and v(sy) € B(a™, &y) for some sy € R. Take ¢ € (0, ).
Then one has Cy(P[v]) < Cw(v), where

PIvi(s) = ¢ T EW % if's > s and |n(s) = a*| > E(s)

v(s) otherwise,
and where E : [sg, +o0) — R is solution of the following system.
E"” = cEPL
E(s0) = €o,
lim E(s) =0.

S§—+00
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Remark 20. P[v] is a projection of v in LIZOC(R, R"™) endowed with the [*-distance (which of course is not

finite everywhere in leoc) onto the convex set C* C LIZOC(R, R™) defined by

Ct:={vel? (R,R") : forae. s> so, v(s)—a’| < E(s)).

loc

In other words, one has P[v] € C* and |[[v — P[V]||;2 < |[v = V||;2 for all v € C*. By convexity, P[v] is the

unique projection of v in the preceding sense, at least if ||[v — P[v]||;2 < oo.

Remark 21. There is an explicit expression for E:

goexp (= Ve (s = s0)) if po =2,
E(s) = c(s—s5:)7"

if 2,6
a@+ 1) if po € (2,6),

where @ > 1/2 is determined by pg = 2 + ‘%, and s, < s is determined by (sg — 5.)™% = ¢ lgga(a + 1). It will
be useful for the next computations to observe that we have E € L? for @ > 1/2 (i.e. pg < 6, which explains
why we limited ourselves to such a case) and

IE"(s0)] = C(c, PO)sgop’ f |E(s)I>ds = C(c, Po)sg_p()/z.

S0

Proof. One can assume that a* = 0. If the conclusion of the lemma holds false, then there exists at least one
connected component 7 in (sg, +o0) N {|v| > E} such that €y (P[v],I) > Cw(v,I). Let us write I = (57, s),
with 59 < s~ < s7 < +00. Since P[v](so) = v(so) € B(a", &9) and E(sp) = &, one has actually s~ > so.
Moreover, by construction, one has

(sl = E(s7),
W(sP) = E(st) if st < +o0,
[v(s)| > E(s) forall s € 1.

Define o by o(s) = [v(s)|"'v(s) for all s € I, so that P[v](s) = E(s)o(s) on I. We will have a contradiction if
we prove that f = E is solution of the following minimization problem:

(5.3) min {€y(fo. 1) : feH'U), f2E, f(s7) = E(s), and f(s*) = E(s") if 5" < +oo}.

First note that, with our assumptions, the minimum of the energy is finite. Indeed, for all f € H'(I), one has
1, L,
SufonD = [ S0+ W)+ 5P,
I

which is finite in particular when f = E. Indeed, we have on the one hand

’ E2 ’ / V.V ? /
Jiree= [ (- o) 54 e < sewer < e
1 I !

On the other hand, since E”E > 0 and W(z) < Colz|*> whenever |z] < &y < 1 (this comes from the fact that W
is C% and W, VW vanish at z = a* = 0), we have

+

| 1 1
f SE + W(ED) < ~5E'(0)EGo) - 5 f

) )

(o] +00
E'E + f W(Eo)
S0

&0 +00
< —ZE'(s0) + cof E>.
2 "

Using the explicit formula for E (see Remark 21), we see that the right hand side is finite.
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Now, by a standard application of the direct method in the Calculus of variations, there exists a minimizer
f € H'(I) of the problem (5.3). In particular, f solves the Euler-Lagrange equation

(5.4) —f" + flo'? + VW(fo) -0 =0 on the open set J := {f > E}.

Moreover, by minimality, we know that €y (fo, I) < Cw(Eo, I). Together with the inequality f > E and the
identity ¢’ - o = 0, this yields

f Ly + Wio) = Gwifo 1) - + f (o ) < Cy(Ecr ) - ~ f o PE? = f " LEy s wEe.
;2 2 J; 2 J; 5 2

By the previous estimates, the right hand side is controlled by —g—zoE’(so) + CollE ||i2 ((50,400)) which tends to 0
with &g (see again the explicit computations of Remark 21). ’

Now, we want to combine the Euler-Lagrange equation (5.4) and our assumption (A4). We need to prove
that, for &y small enough, one has f < ry, the constant appearing in (A4). This is a consequence of the

estimation of fl %( ) + W(fo) and the inequality

1
Lk (f) i=£V2W(f(S)U(S))|f'(S)IdsSﬁz(f'(S))2+W(f0(S))ds,

where Lk is nothing but the K-length in R endowed with the weight function K(f) = +/2W(fo). Thus, as
in the proof of Proposition 4, one sees that f(s) stays in a ball centered at f(s™) = E(s”) < &, and whose
radius tends to 0 with L (f). In particular, there exists a constant s(]) > (0 depending on py, cg, ro and W such
that for g9 < 8(1), one has

f(s)<ry forall sel.

Now, for such small values of &g, (5.4) and (A4) provide the estimate

fTN =|o')> + VW(ff+)fa’ > cofP% on{f > E}.

If f = E, there is nothing to prove. Otherwise, {f > E} contains a non empty connected component J C [.

First assume that J is bounded: then f > E on J and f = E on the boundary of J. In particular, there exists
a point § € J where f/E reaches its maximum. At this point, one has f'E — fE’ = O and f”E — E" f < 0.
Thus

o, S5 _E"(E) 2, 2,
po—2 <L - 7= po—2 < Po—2
cof"7N(3) < 75 EG) cEPT(3) < ¢fP70(5),
which contradicts the fact that ¢ < cy.

Now, assume that J is unbounded, i.e. J = (r, +o0) with r > s~. For all s € J, one has f”(s) > cof?~!(s).
In particular f is convex. Moreover, f is decreasing, since it is convex and f(s,) — 0 for a sequence s, — oo.
Indeed, since €y (f,J) < +oco, there exists a sequence s, — oo with f’(s,) — 0 and W(f(s,)o(s,)) — O as
n — oo, Up to reducing &y, one can assume that f(s)o(s) stays in a ball centered at a* = 0 which does
not meet the set {W = 0} except at a* = 0 thus implying f(s,) — 0. From the inequalities f’ < 0 and
£ = cofPo~!, we deduce that

1 ’
(§|f'|2 - C—Of”O) = f/(f" —eof"™) < 0.
Po

Since %If’(s,,)l2 - ;—‘;f”o(sn) — 0 as n — oo, one has also

LY V)
2 Po
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Moreover, by construction, one has (%IE’l2 - pioE”O)’ =0, and so %lE’l2 - p%)E”O = 0. Thus

—f’ 2¢o 2c  -F
2=\ o - \po ~ BP0

In particular, we have proved that the following inequalities hold on the interval J:

(-logf) > (~logE) andso —log f > —logE if pg =2;
(fl—po/Z)l > (EI—PO/Z)’ and so fl_P0/2 > E'l_pO/2 lfp() > 2.

In both cases, we deduce the inequality f < E which is a contradiction. m|

6. SYMMETRIC CASE: ALAMA-BRONSARD-(GUI CONNECTIONS
As in [1], we investigate the existence of solutions u of the system (5.1), which have the following sym-
metry property:
(6.1) uoRy =R, ou,
where we define R, : R™ — R for all integer m > 2 as the map given by R,,(x1,x") = (—x1, x") whatever

x; € Rand x’ € R™ 1,

This is made possible only with a symmetry condition on W and on the boundary data a* € X, namely:

(Sym): WoR, = Wanda" = R,(a).

With these conditions, the two constants ¢~ and ¢* are actually fixed in the system 5.1: assuming that z*
and 7~ are also symmetric, i.e. zf(—t) = —zf(t), we have ¢~ = ¢* = 0. In addition to (Sym), we keep
our assumptions (Al —4). Note that for every heteroclinic connection z € Z, t — R, o z(—t) is also a
heteroclinic connection between a~ and a™ = R,(a”). Indeed, with our symmetry condition on W, one has
Ri(z(F0)) = Ry(a@™) = a*, and both ¢ +— z(¢) and r — (R, o z)(—1) solve the Euler-Lagrange equation
77 = VW(2).

We introduce the following set of symmetric connections between a~ and a™,

Sgm(a,a*) :={ve S(a,a") : forae. teR, vi(-1) = —vi(1)},
and the set of all heteroclinic connections which minimize the action €y over Syy,(a”,a"):
-Zsym(a_e a+) ={ze€ Ssym(a_a Cl+) D Vve Ssym(a_a a+)a Cw(z) < Cw(n)}.

We can prove that the minimal energy over symmetric connections is not greater than the minimal energy
over all connections:

Lemma 22. For everyv € S(a™,a"), there exists Veym € Sgym(a™,a®) with Cy(vgym) < Cw(v). In particular,
the infimum of Cw over Ssy(a”,a”) is the same as the infimum over S(a”,a*) and thus

inf{Cw(v) : ve Symla,a")}=dxw ,u").

Proof. Since vi(+o) = ai = +a| and since v; is continuous, there exists fop € R such that vi(tp) = 0.
Then Cw(v) = Cw(v, (—o0,19]) + Cw(v, [tg, +0)). If for instance Cw (v, (—o0,fy]) = Cw(v, [ty, +0)), then
Ew(v) = 2Cw(v, [t9, +0)) = Cw(Vsym), Where vy, € S(a™,a’) is defined by

Von(f) = v(tg + 1) ift >0,
T Rt — 1) if 1 < 0.

Since vy, is clearly symmetric, the lemma is proved. O

The main result of this section is
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Theorem 23. Assume (Al —4), (STI) and (Sym). Assume moreover that Zgym(a~,a") has exactly two
elements 7~ and 7*. Then there exists a solution u € C*(R%,R") to the system (5.1) (with ¢~ = ¢* = 0) which
globally minimizes the energy & under the constraints:

(6.2) fR(”(xl’XZ) - Z+(x1))§ dx; < +oo  fora.e. x; €R;
fR(u(Xl,xz) -5 (x1)*dx; = 0 as x, — 00,

The proof relies on Theorem 9, applied in the following setting. Consider the metric space
X:={v=z"+w : we L)R,R" s.t. wi(t) = —w;i(~1) fora.e. € R},

endowed with the L2-distance,
dx(vi,v2) = IIvi = vl gy
Define also a weight function K : X — R* U {+c0} by

VEw() —dx(aa®) ifv e H), (R.R",
+00

Kv) =

otherwise.
The following statement is an easy consequence of what proven so far.

Lemma 24. The weighted metric space (X, dx, K) enjoys the following elementary properties:
o (X,dx) is complete and is a length space;
o K (v) vanishes only when v is a symmetric heteroclinic connection, i.e.
K@) =0e=veX:={z.,z'}
e Kisls.c. on(X,dy).
In this infinite dimensional setting, the difficulty in applying Theorem 9 is the compactness assumption

(H3), the only one which does not follow from the preceding lemma. Note that, in order to check this
assumption, it is enough to find a subset F' C X such that F N {K < £} is compact for every £ € R and

(6.3) Yy € ACpioe([0, 11, X), Ve > 0, Iy € ACp10c([0, 11, F), Lyc(¥) < Lxc(y) + &.

With every curve y € AC,.([0, 1], X) one can associate a function y(z, s) with two arguments such that for
all t € [0,1], () = (s € R > (¢, 5)) € X. In this context, the L4-length of y writes

1 1
97((7)=f0 W(V(t))lﬂ(t)dt=f0 Ky, My (e, 2w dr.

By Lemma 19, replacing y(¢) by P[y(7)] for all ¢ € [0, 1] decreases the cost K(y(¢)) provided sq is such that
ly(t, so)| < & for every ¢. It is also clear that the metric derivative |y|(f) decreases. We will arrive in several
steps to prove the existence of a suitable sg in order to perform this projection. Before, we need the following
lemma:

Lemma 25. For every & > 0, there exists § > 0 such that for all v € X with K(v) < 6, one has ||v—2"|lL~®) < &
or|lv—z"lli=m®) < &

Proof. This is the same as proving that for every sequence (v,), C X such that K(v,) — 0, ||v, — z*||r~ tends
to 0 as n — oco. Without loss of generality, one can assume that

n— * L*> i n— * L™
v = 2% llLe — limsup|jv, — 7|
=0 poo

so that we are free to extract a subsequence whenever needed. We need to prove the two claims below:
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Claim 1. There exist 61, &1 > 0 depending on W, a~ and a* only, such that for all v € X with K(v) < 6 and
t >0, one has
v(t) —a”| = v(=t) —a*| > &.

To prove this, take 01 and & such that 5% + 48, < 2dg(a~,a"), then p > 0 such that v € X and K(v) < §;
imply v(R) C B(a™, p), and finally &; such that for every x,y € B(a*, p) with [x—y| < &1, one has dx(x,y) < &
(this is possible thanks to the equivalence between the distance dx and the Euclidean distance on compact
sets).

Now, assume by contradiction that there exist v € X with K'(v) < ; and 7y > 0 with |[v(—tg) —a*| < &1, and
thus dx(v(—tp),a*) = dg(v(t9),a”) < &;. Hence

6 > K@) Cw(v) —dg(a,a") = dx(a”,v(~t9)) + [dx (V(~t0), W(t9)) — dk(a”,a")] + dx(v(to),a™)
dix(a”,a") — & + [dg(a®,a”) — 28 —dk(a”,a")] +dx(a”,a") — &
2d[((a_, a+) - 4:‘51 .

vV

With our choice of ¢ and &; this is a contradiction.

Claim 2. There exist 65, > 0 depending on W, a~ and a* only, such that for all v € X with K(v) < 62,
acX\{a ,at}andt € R, one has
v(t) —al > &5.

Set ¢ := infaes\(¢- a+) dr (@™, a) + dx(a,a”) — dx(a”,a*). We have ¢ > 0 by our assumption (STI). Next,
take 0> and &, such that 6% + 2&; < ¢, then p > 0 such that v € X and K(v) < 6, imply v(R) C B(a*, p), and
finally &, > O such that for every x,y € B(a*, p) with |x — y| < &, one has dg(x,y) < &;.

Now, assume by contradiction that there exist v € X with K(v) < 6, and ap € T\ {a",a™}, tp € R with
[v(to) — ap| < &> and hence dg(v(ty), ag) < &,. Thus

8 > KW)* 2 dg(a™, v(t)) +dxk(v(to). a*) —dx(a”.a*) > dx(a”,ap) +dk(ap,a*) —dx(a",a*) - 28 > c—2&,.
Again, with our choice of ¢, and &, this is a contradiction.

Let us come back to the proof of Lemma 25. Up to extracting a subsequence if necessary, one can assume
that for all n, K(v,) < inf{d1,6,}. By the two preceding claims, if > 0 but n < &1, &3, &9 (Where gy > 0 is
provided by Lemma 19), then, for each n,

Vi>0, () —a | = vp(=t) —a*|>n and VYaeX\{a ,a"},VteR, [v,(t) —al > 1.

Now, fix § > 0 large enough for the following estimate to be satisfied

. C
inf{(W(z) : |zl <Co,Va€Z, |z—al>n}> ?O, where  Cp := sup (|[vallee + Ew(vp)).
n

Since Cy > Cyw(v,,, [S,25]) > st W(v,), this implies that for all n > 0, there exists s; € [S,2S5] such that
[va(s;) —a*| < n < &. By an application of Lemma 19, one has €y (v,) < €y (v,), where v, is defined by

_ {P[v,,](s) if s> 0,
Vn(s) = .
R (P[v,](-s)) ifs <O,

where P[v,] is defined as in Lemma 19 with so = s;. Thus (v,), is still a minimizing sequence for €y, i.e.
K(v,;) — 0. Moreover, each v, belongs to the following L?-compact and convex subset of S(a~,a*) (L?
compactness comes from the compact injection of H' into L?> which is true on bounded domains, and from
the behavior at infinity, which allows to handle the values outside bounded domains):

C:={ve Ssym(a_,cf') : Cw(v) < Copand YVt > 28, [W(f) —a*| = v(-1) —a™| < E(1)}.
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Up to extraction, one can assume that (v,), converges in L%, and hence, because of the H! bound, also
uniformly on R. In particular, the pointwise limit v of the sequence (v,), belongs to the set C C Syn(a™, a®).

Moreover, as K is L.s.c. w.r.t. leoc—convergence, one has K(v) < liminf K(v,) = 0, i.e. v minimizes Cy.
Thus

(6.4) v=z" or v=27.
For the sake of simplicity, let say that v = z* so that z* is the uniform limit of v, (= v,)) on [-S,S]. Since
this is valid for arbitrary large value of S and by uniqueness of the limit, we have actually proved that v,

converges locally uniformly to z* on R. It remains to prove that the convergence is uniform on the whole
space. We use the estimate

Cwvn) = Cw(vp, [-S, 5D + Cw(vy, R\ [-S, S ]).
Since K (v,) — 0, we get in the limit as n — oo,

dg(a”,a’) 2 Cw(Z",[-S,S]) + limsup Cy (v,, R\ [=S,S]).

n—oo
In particular, we have that
Slim lim sup Cy(v,, R\ [-S,S]) = 0.

n— oo

Now, fix a value gy for which we would like to prove |v, — z*| < &y on R, and choose S large enough,
so that |77 (£s) — a*| < &/2 for s > §. Then fix &; such that dx(x,a*) < &; implies |x — a*| < gy/2. By
possibly enlarging the value of S, also suppose that lim sup,_, ., €w(v,, R\ [-S,S]) < 1/2. This means that,
for n large enough, we have €y (v,,R \ [-S,S]) < &1. Since the total variation (for the metric dx) of v, out
of [-S, S] is controlled by its energy Cy(v,,, R \ [-S,S]), we deduce dg(v,(xs),a) < & for s > S. This
implies |v,(xs) — a*| < &0/2 and hence |v,(s) — z"(£s)| < &o. It is then enough to choose n large enough to
guarantee the same inequality on [—S, S ] (using local uniform convergence), and we have proven the desired
result. m|

As a consequence of the preceding Lemma, one can prove the following:

Lemma 26. Let y € ACp0c([0, 1], X) be a curve parametrized by y(t) = (s € R = y(t, 5)) € X. Assume that
v(0) =277, y(1) = z¥, L(y) = f Ky®))lyl(r) dt < oo and that (¢, s) — y(t, s) is continuous.
Then, for all &g > 0, there exist s~, s* € Rsuchthat s~ < s* and forallt € [0, 1] we have |y(t, s*)—a*| < &.

Proof. We prove the existence of s* ; the existence of s~ is similar. First observe that for all § > 0, by the
Cauchy-Schwarz inequality, one has the estimate
18, Mlzaqey = 1867 iz 251y = S ™10 Mies s -

This allows to get the following estimate, by Fubini’s theorem:

25 1
(6.5) s [ [ Koemapeoiards <57 P,
S 0

Now, applying Lemma 25 to &€ = £y/3, one gets a constant 6 > 0 such that K(v) < ¢ implies [|[v — z*||p~®) <
£0/3. Let us choose S > 0 large enough so that

5
S7120,(y) < % and Vs> S, |25(s) — a*] < ?

By (6.5), there exists s* € [S, 2S5 ] such that

! 0&p
(6.6) fo KON, s dr < 2.
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Let I c [0, 1] be the set of points ¢ € [0, 1] such that K'(y(r)) > ¢. Note that I c (0, 1) since K(y(0)) =
K (y(1)) = 0, and that / is open as K oy is L.s.c. If 7 € [0, 1] \ 7, one has |[y(f) — z*||.~r®) < £0/3 and then

280
3
For the points in 7, note that, by (6.6), one can estimate the total variation of ¢ > y(¢, s*) on [ as follows

f 0y(t, s dr < 2.
’ 3

Since ¢  y(t, s*) is continuous and |y(¢, sT)—a™| < 23ﬂ on the boundary of I, we have proven |y(¢, s7)—a™| <

&o which was the claim. O

ly(t,s7) —a*| < ly(t, s*) — 2°(s") + |z°(s7) — a*| <

In order to be able to use the previous Lemma, we need to establish the following useful regularization
property.

Lemma 27. Given a curve y € ACp([0, 11, X) with y(0) = 27, y(1) = z¥, Lx(y) = f?((y(t))b'/l(t) dr < o
and & > 0, there exists a curve y € ACpoc([0, 11, X) parametrized by ¥(t) = (s € R = ¥(t,5)) € X such that
(-, ) is continuous on R%, (0) = z~, (1) = z* and Lx(§) < Lxc(y) + .

Proof. First, let us prove that there exists a sequence of curves y,, with finite length in X (i.e. f [¥al(2) dt < o0)
and lim sup, L (y,) < L (y). Of course, if inf; K(y(¢)) > O then one can simply take y,, = v, because then
f [¥1(7) dt < oo. Also, we can assume (up to removing cycles where y takes many times the value z* or z7) that
K(y(t)) > 0 for every ¢t # 0, 1 since K only vanishes at the two boundary data z*. Using the semicontinuity
of K this means that, if inf, K'(y(r)) = 0, then there exists either a sequence #, — 0 or a sequence #;, — 1
(or both) with K(y(z;)) — 0. Define the curve 7y, by replacing y on [0, 7,] with a constant-speed segment
joining y(0) and y(z,)), i.e. y,(t) = (1 — t/t,)y(0) + t/,¥(t;), and do a similar construction for #; — 1 (only
for those among these two sequences which are actually present). Note that, by continuity of the curve y, we
have d(y(t;),y(0)) — 0 (same for #; — 1). This construction provides a curve with finite length. The cost
Lgc(ypn) can only increase, compared to L4 (y), in what concerns the intervals [0, 7, ] and [7}, 1]. Note that the
functional ‘W = K?/2 is not convex (because W is not convex), but is A-convex for a negative A given by the
lower bound of V>W. This means that for some constant C > 0,

t t _ _ _
(6.7) Wiyn(®) < (1 - t—_)‘W(V(O)) + t—_(W()/(fn ) + Cd(y(0),¥(1;))* on[0,7,]
and, using ‘W(y(0)) = 0 and the subadditivity of the square root, one gets K(y,(t)) < K(y(t,))+ Ve d(y(0),y(t,))-
Using |y,l(t) = d(y(0), y(t;))/t, on [0, ,] and performing the same estimates on [z}, 1], one gets

Lac(yn) < Loc)+[K (1) + VC dy(0), (i DA (y(0), ¥(1, ) +[K (vt + VC dy(1), ¥ty N]dy(1), ().

Since we have K(y(1;,)), K(y(t})), d(y(0),v(t;)), d(y(1),y(t})) — 0, we obtain lim sup, Lx(y,) < Lxc(y).

Up to replacing y with one of these curves y,, we can now assume that y has finite length. Then we apply
a convolution, i.e. we replace each (¢, -) with y(z, -) * p, where p is a standard mollifier with unit mass and
support contained in [—6, 6] with > 0. We call y. the new curve we obtain in this way. The convolution
reduces the metric derivative in L2, but could increase the value of W, and also change the initial and final
data. Let us look at how much ‘W can increase. We claim that we have, for every function v € H }OC(R, R™),
the following inequalities

(6.8) W *p) < WE) + 85|1 f %W < W®O) + 88| A(W®O) + dg(a”, a")).

Once we have this inequality, it is clear that we have Lgc(y.) < V1 + 862|| L4 (y) + 6 V8| A|c f |¥|(¢) dt and
that this last quantity can be made as close to L4 (y) as we want by choosing ¢ small. Yet, we still need to
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modify vy, since y.(0) and y.(1) are not equal to z* but to z* x p. Note that, using (6.8) and W (z*) = 0, we
have ‘W(z* * p) < 8¢62. In order to modify the initial and final data, we consider a curve connecting z* to
z* = p via a constant-speed segment and, using the same estimate as we did above in (6.7), this connection
has an L length which is at most equal to

d(z%, 7% % p) K * p) + VCd(z*, 2% % p)) < C'd(z*, 25  p)(S + d(z*, 25 * p)),

a quantity which tends to 0 as 6 — 0. We can then build, and reparametrize on [0, 1], a curve which uses this
connection from z~ to z~ * p, then uses y, from z~ * p to z* = p, and then the connection from z* * p to z*.

We are just left with proving (6.8). Note that the H' part of the energy ‘W decreases by convolution, so
we just look at the integral of W. Writing for simplicity v instead of v = p, we have

A
W(n) =2 W(i(s)) + VW((s)) - (v(1) = V(s)) = |—2IIV(I) - (s)P.

We multiply times p(z — s) and integrate in ds dt, thus getting

f W(?))dt f f W(@))p(t — s)ds dt
R R JR

A
jl; j;g (W(\'/(S)) + VW ((s)) - (v(1) = v(s)) = |—Z|IV(I) —(s) | p(t = 5)dsds

v

2
where the term with VW(9(s)) has disappeared since f () — ¥(s))p(t — s)dt = 0, and the term with W(i(s))
has been first integrated w.r.t. £. Then consider that p(r — s) > 0 implies |t — 5| < §, and we can write

f W@(s))ds — f Al [v(r) — V(s)lzp(t — s)dsdt,
R R JR

v(t) — w(s)|* <

2
f v(t) —v()|p(s —¢)dr'| < f v(t) —v(t")Po(s — 1) dr .
R R

From |t — s|] < d and |s — | < 6 we deduce |t — ¢'| < 28, and hence
1+20

V(e — ()P < |t =1 VP ds' <26 f V| ds'.
[t,t'] t=26
This allows to obtain, for |t — s| < &, the bound
t+26
[v(r) — ¥(s)|> < 26 f VP ds'.
t-26

We then obtain

1+20
f W(r))dt > f W((s))ds — I/lldf fp(t —-) (f IV (s ds') drds
R R R =26

R
20
= f W(H(s))ds — |6 f f WV (r+ s ds’ dr
R R J-26

= f W((s)) ds — 467)4 f V(s ds’.
R R

We conclude by observing that W(v) = f(%lv’|2+W(v))—dK(a+, a”), so that f %Iv'l2 <WOW)+dg(at,a”). O

Proof of Theorem 23. ® EXISTENCE OF A €qy-MINIMIZING CURVE BETWEEN z~ AND z*. Theorem 9, applied to our
metric space (X, dx) endowed with the potential ‘W = K?/2 and the two zeros z~ and z*, provides a curve
v € Lip(R, X) such that

Vo € ACpioc(R, X), 0 : 27 = 77 = Eay(y) < (o).
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Let us check the only non trivial assumption in applying Theorem 9, that is (H3). Actually, it is enough
to prove (6.3). Given a curve y : 1 = ¥(t,-) € X in ACpo([0, 1], X), that can be assumed to have finite
Lc-length, we first apply Lemma 27 in order to replace it with a new curve which is a continuous function
of its two arguments and with a cost £¢ which is at most slightly larger than the original one. We still denote
by v this new curve. Then Lemma 26 provides two instants s~ < s with |y(z, s*) — a*| < g for a.e. 1.
Moreover, by Lemma 19 and an obvious variant of the same lemma backward in time (where a* is replaced
by a™), K(y(1)) is reduced when projecting y(¢) onto the funnel

C:={veX : forae. seRs.t. +(s—s5%)>0, [v(s)—a*| < E(s)}.

This projection ¥y(t) = y(t, -) writes as follows: for all r € [0, 1] and s € R,

ta —a* .
a4 Es) L8 T e oo & and it s) — at| > E(s),
ly(z, s) — a*|
y = t, - B . — —
7.9 a + E(s) m if s < s and |y(t,s) —a”| > E(s),
ly(t,s) —a|
y(t, §) otherwise.

It is also clear that projecting on convex sets in the target space (one for each s) reduces the L?-metric
derivative. Thus one has also |y|(f) < |yI(¢) for a.e. t € [0, 1], and we have proved

Lyc(y) < Lxc(y).
Since C is a subset of X such that its intersections with the sublevel sets of K are compact, (H3) is satisfied.

o IMPROVEMENT IN THE BOUNDARY CONDITIONS AND L*-BOUND. It is clear, by (5.2) and by construction of y as
a minimizer of ¢, that u € le()c(Rz,R”), given by u(xy, x2) = y(xp)(x;) for a.e. x1, xp, minimizes & under
the constraints detailed in Theorem 23, i.e. (6.2).

So far, we only know that u satisfies the boundary conditions (6.2) in a very weak sense. By construction
and by use of the equation, one can improve it a little bit. First of all, one has u(:, x;) = y(x2) € C for
a.e. xp which implies convergence when x; — oo, uniform in x, (with a rate given by the function FE).
Concerning the limit when x, — o0, up to now, we have only proved L2-convergence of u(-, x;) onto z*.
Yet, using the result presented in the Appendix (Corollary 40), we can infer that ||0u(-, x2)||;2 and W (u(-, x2))
are uniformly bounded in x;. In particular, the derivative w.r.t. x, of u(-, x») is bounded in L*(R), which turns
the L? convergence into unform convergence. Moreover, from

dK(M(.Xl, x2)’ ai) < @W(M(, x2)) = dK(a_’ Cl+) + 2(W(M(, x2)) < Ca
we also infer that u(x;, x,) is bounded independently of (xi, x»).

o EULER-LAGRANGE EQUATION AND IMPROVEMENT IN THE REGULARITY. For the moment, it is not clear that
uel®NH 110 C(R2, R™) solves the Euler-Lagrange equation —Au + VW (u) = 0 associated to the energy &, due
to the symmetry constraint u; (—x1, xo) = —u;(x1, x2). One can only say that for all € CE(R{ R™) such that
Yi(=x1, x2) = —Y1(x1, x2), one has

f —u- Ay +VW(u) -y = 0.
R2

Given any function ¢ € C2(R?,R"), define its projection on the symmetry constraint by

P(/? — (()01 ('9 ) _2901(_" ')’(’02, o ,QDn) )
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Thus, for all ¢ € Cg(Rz, R™), one has

0:f —u-AP(,0+VW(u)-P<p:f —Pu-Ap+ PVW() - ¢,
R2 R2

which means that u is a distributional solution of the equation P(—Au + VW (u)) = 0, that is

—Auy + DiW(u) is even,
—Au2 + DzW(u) =0.

Yet, by our symmetry assumptions on « and W, it is also clear that —Au; + D W(u) is odd (in the distributional
sense, i.e. in the duality with smooth functions). Thus one has proved

Au = VW(u).

This allows to obtain higher regularity for u: the right hand-side being bounded, u will be locally W” for
every p, hence C!'*. By a bootstrap argument, for W € C2, we get u € C>® (in case W € C*, we also get
ueC®). m|

7. ASYMMETRIC CASE: SCHATZMAN CONNECTIONS

In [23], Michelle Schatzman generalized the above existence result to non symmetric potentials and non
symmetric solutions of (5.1). Thus the constants ¢~ and ¢, appearing in (5.1), are now unknown of the
problem. We remind that the set of all minimizing heteroclinic connections is denoted by Z, and that Z is
translation invariant. In the Alama-Bronsard-Gui situation, this translation invariance was ruled out by the
symmetry condition. Here, whatever z € Z, we define the set C(z) composed by z and all its translations:

Clx)={z(--m) : meR}L
We will need the following assumption:

(AS5): the set {C(z) : z € Z} has exactly two elements;

these two elements C(z”) and C(z*) correspond to minimizers z*, z~ € Z of €y which cannot be deduced
by translation one from another. Since any heteroclinic connection z € Z is solution of the Euler-Lagrange
equation,

-7+ VW(z) =0,

we know that 7’ is in the kernel of the linearized operator A(z), defined on L*(R,R") by
(7.1) D(A®) = H*R,RY), AQxv=—"+(V*Wy)T.

It is clear that A(z) is self-adjoint and, by the second order optimality conditions on z (as a minimizer of €y),
that A(z) is nonnegative. Indeed, for every v € L>(R, R"), one has

(A@v; V)2 = fR (V' ()P + D*W(z(s))((s), v(s)) ds,

which is nonnegative since it is nothing but twice the second order variation of €y around the minimizer z
and under the perturbation v. In particular, the spectrum o (A(z)) of A(z) is included in [0, +c0). We will need
the following spectral assumption:

(Spec): when z = z* or z = 77, the kernel of A(z) is one-dimensional and 0 is isolated in (A(z)).

In other words we assume two things: 1) O is in the descrete spectrum, which is the case in particular if the
symmetric matrices D*W(a*) are positive definite (this was assumed in [23]) ; this means that the essential
spectrum of A(z) is included in [c, +00) for some ¢ > 0 ; ii) the multiplicity of the eigenvalue 0 is exactly 1 ;
the eigenspace ker(A(z)) is thus generated by z’.
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This spectral condition (more precisely, the nondegeneracy of D>W(a*) and the fact that 0 is an eigenvalue
of multiplicity one) is the key assumption of [23] in order to overcome the lack of compactness due to the
translation invariance, and it is proved to be generic [23, Theorem 4.3., Remark 4.4.].

By the max-min characterization of the descrete spectrum, (Spec) is equivalent to the following explicit
estimate, which is what we actually use in the proof:

(7.2) Jeo > 0, Vv e LP(R,R"), Vz e 27,27}, (v; )2 = 0= (AQ@v; v)12 > collllp2.
The main result of this section is the following theorem (our assumptions are slightly more general but very
close to that of [23]):

Theorem 28. Under Assumptions (A1 — 5), (STI) and (Spec), there exists a solution u € C*(R%,R") to the
system (5.1) (where c~, c¢* are free parameters) which globally minimizes the energy & under the constraints:

f(”(xl, x2) — 25 (x1))? dx; < 400 forae. x; €R;
(7.3) &
inf {f(u(xl,xz) — 5 (x - 0)dxy : ce R} — 0 when x; = +o0.
R

The rest of this section is dedicated to the proof of the above theorem, and all its assumptions are thus
assumed. We will apply Theorem 9 in the following setting. In the functional space z* + L>(R, R"), consider
the equivalence relation

Vi ~ v & (v = w)or (v, v2 € C(z")) or (v, v € C(27)).

We consider the metric space X composed of all equivalence classes in z* + L*(R,R"), endowed with the
metric

dx(vi,v2) = min {du(w, v2)3 dpp(vi,C(@) +dp(v2,C(27) 5 dp2(vi, €M) + dp2(va, C(Z+))},

where d;» stands for the L2-distance, d 12(v1,v2) = |Ivi = vall[2(r gry- Note that we do not identify all functions
with their translations, which is convenient because this means that far from C(z*) we are exactly considering
the L?-metric. We only identify z* with its own translations, and the same for z~. Since €y is translation
invariant, the following definition of the weight function K : X — R* U {+c0} makes sense: for very [v] € X
with v € 75 + L2(R,R"),

VEy() —dg(a~,a¥) ifve Hj (R,R"),
+00 otherwise.

K(vD = {

In the sequel, for the sake of simplicity of notations, we will frequently omit the distinction between v and
[v]. The proof of the following statement involves rather standard tools and corresponds to Lemma 24.
Lemma 29. The weighted metric space (X, dx, K) enjoys the following elementary properties:
o (X, dx) is complete and is a length space;
o K(v) vanishes only when v is a symmetric heteroclinic connection, i.e.
K1) =0 vel:={C{E)Cz);

o Kisls.c. on(X,dy);
e the metric derivative in X coincides with the metric derivative in L*>; more precisely, for each curve
Y € ACpioc(1, X) parametrized by y(t) = (s = y(t, 5)), one has

[¥1(t) = ||0,y(t, NMrzwy for a.e. t such that y(t) ¢ X.

We need a first estimate which, given a curve y on X, gives the best way of reducing the £-length by
translating each of the y():



METRIC METHODS FOR HETEROCLINIC CONNECTIONS IN INFINITE DIMENSIONAL SPACES 27
Lemma 30. Lety € ACj,(I, X) be a curve parametrized by y(t) = (s — y(t, 5)) such that Ly (y) < oo and
forae. tel, y(t)¢Z. Letm e Wllo’c1 (I, R) be defined via m(0) = 0 and
B (Ory(t, ), O5y(t, )2y
105y, 2 m)
Then one has Lg¢(¥) < Ly (y), where ¥ is defined by ¥(t, s) = y(t,s — m(t)) forall t € I and s € R.

m' ()

Remark 31. The curve y is such that ¥ = y if and only if (8;y, 05y)2®) = 0 a.e.

Proof. Let us first justify that m is well defined (i.e. an antiderivative of the right-hand side exists). Since
v € ACj,:(1,X), one has dyy(t,-) € L*(R,R") for a.e. ¢t € I. Moreover, as Lac(y) = f‘K(y(t))l)'/l(t) dr < oo,
and with our convention +co x 0 = 400, we know that K(y(f)) < co and, in particular, d,y(t,-) € L*(R, R")
for a.e. 1 € I. Due to the constraint y(z, -) — z* € L*(R,R"), we also know that ||d,y(, Nz > 0 forae. t el
Moreover, one has the estimate
(Ory(1,), 05y, )2
l05y(, )l
so that ¢t — m(¢) is well defined and unique on /.
Assume now that m is an arbitrary function in Wllo’j (I,R). It is clear that one reduces ¥ (y) by replacing y
by ¥ if m is chosen in such a way that |y|(¢) is minimal since K is invariant by translation. Yet,

V@) = 10ry(t, s — m(1)) — dsy(t, s — m())m’ (D)2,

which is minimal exactly when m’(¢) is given by the claimed formula. m|

< 110:¥(t, )2 = 171(2) € Ly, (D),

Due to the translation invariance of K and without symmetry conditions, we need new tools to avoid
oscillations. For all v € X, we introduce the set M(v) of optimal translation parameters m in projecting v onto
CzHIUCEH) ={z"(--m) : meR}:

M) :={meR : |v—z75¢—-m)l2 = dp2(v,CE")UCE))],

where z* is either equal to z* if |[v — z7(- = m)||;2 < |[v — 27(- — m)||;2 or equal to z~ otherwise. The fact
that M(v) is not empty follows from the lower semicontinuity of m + ||[v — z=(- — m)||;2 and the following
coercivity property:

v —25C¢ = mllpz > llz* —2°C —m)llp2 = llz* = vll2 ”

~ la* —a”|\|ml.

|—
Note that the preceding estimate also shows that M(v) is uniformly bounded over d;2-bounded subsets of X:
(7.4) YR >0, sup{lm| : me M(v)withv e X s.t. dj2(v,{z7,z"}) < R} < +o0.

On dx-bounded subsets of X, we know at least that the diameter of M(v) is bounded. More precisely, if A € X
is dy-bounded, we cannot say that the diameter of | J,c4 M(v) is finite, but we can say that sup{diam(M(v)) :
v € A} is finite, i.e.

(7.5) YR >0, sup{lmy —my| : my,my € M(v), where v € X with dx(v,X) < R} < co.
Indeed, one has the estimate
2 = my) = 25¢ = mo)llp2 < NIZ5C¢ = my) = vl + v = 25¢ = mo)ll;2 < 2R,

thus yielding a bound on [m; — my| since the first term is equivalent to [a* —a ™~ ||m| — mo|V? as [my —my| — oo.
We need the following lemma:

Lemma 32. Forall R > 0 and € > 0, there exist 6 > 0 and a > 0 with the following properties:
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(1) for every v € X with dx(v,X) < 8, M(v) is reduced to a single point m(v) and the map v — m(v) is
Lipschitz continuous in L*; namely, there exists a constant C > 0 such that for every vy, v» € X with
dx(v1,2) < 6 and dx(v2,X) < 6, one has |m(vy) — m(vy)| < Cl|lvi — vall2;

(2) foreveryv e X with K(v) < 6 and dx(v,X) < R, one has

@ v-zl~ <&,
(b)) KW) =z allv - zllmw)

where z € C(z7) U C(z") is such that ||v — z||;2 is minimal, i.e. z = z5(- — m) withm € M(v).
Remark 33. Imposing dx(v,X) < R is just a way of restricting to bounded subsets of X. Note that
dx(v,2) = dj2(v,C(z7) UC")).

As a consequence of Lemma 32, if we know that v belongs to a bounded subset of X and that K'(v) is small,
then v is H'-close to its L?-projection onto C(z~) UC(z*). In particular, by the first implication of the lemma,
we also know that M(v) has a single point.

Proof. e Step 1. UniQuenEss oF m. This is a consequence of [23, Lemma 2.1.]. We give an alternate proof
in our particular case. Let us pick a point mg in M(v). By definition, mo minimizes F(m) := ||v — z(- — m)lli2
(we will write F(v, m) in case we need to distinguish the dependence on v; F” and F”’ will denote anyway the
derivatives w.r.t. m), where z := 7z~ if d;2(v,C(z7)) < d;2(v,C(z")) and z = z* otherwise. Compute the first
and second derivatives of F:

{F'(m) =2 (-=m), V=2 —m))2

F’(m) = 207117, = 2" (- =m), v = 2(- =m))2 .
In particular, by optimality, one has
(7.6) F'(mo) = 2(Z'(- = mg), (v = 2(- = mp)));2 = 0.

Letus set A := ||Z”]| Lzllz’llzz1 > 0. The Cauchy-Schwarz and Young inequalities yield

17 IFm| <2 N VFm) and  F’(m) > 2012, - 1721”12, = PFm) = |IZ|12, = 2*F(m).
We now prove that, for m close to myg, F(m) is small so that F is strictly convex. First, by construction,
F(mo) =inf F = d;x(v,C(z7 ) UC(Z")) < 6.

Now, given 6 > 0, we estimate F* := sup{F(m) : |m — mg| < 6} using the Mean Value theorem and (7.7):
1
F* < F(mo) + Osup(IF'(m)] = |m = mo| < 0} < 6+ 20012 llp2 VF* <6+ 201/, +

where the last inequality is just an application of a Young inequality. We deduce, F* < 492||z’||i2 +20.If 0
and ¢ are small enough (where 6 and § depend on z € {z~,z"} only), this implies that F* < /1_2||Z'||i2 /2. In
particular, one has F”’(m) > ||Z'||%2/ 2 whenever |m — mp| < 6. Thus F is strictly convex around mg so that
mg is an isolated minimizer of F. Since M(v) is bounded, it has a finite number of points and the minimal

distance between two of those points is greater than 8. Now, if m, m, are two distinct points in M(v), one
has

Iz = m1) = 2 = m)llp2 < NIz = my) = vllpz + v = 26 = mo)ll2 = VF(m) + yF(mp) <2V5.

Up to reducing & again if needed (with a bound depending on z* only), we get a contradiction because of the
estimate

llz(- —m1) = 2(- = mo)ll2 > inf{llz — z(- —m)ll2 = |m| > 6} > 0.
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Indeed, the existence of a minimizer m in the last infimum follows from both semicontinuity and coercivity
of ||z — z(- — m)||;2, and it is clear that ||z — z(- — m)||;2 cannot vanish since z is injective, by optimality (z
minimizes Cy).

o STeEP 2. CONTINUITY OF THE MAP v — m(v). We prove that the map v — m(v) is continuous for the L
topology on the set of functions v € X such that dy(v,X) < d. Let (v,), C X be a sequence and vy € X such
that |[v, — voll;2 — 0, dx(vo,X) < & and for each n, dx(v,,X) < 4. Since (v,), is L*-bounded, from (7.4), we
learn that m(v,) is bounded. But, by semicontinuity of the L?>-norm, any converging subsequence of (m(v,)),
converges to a minimizer of the problem min,, |[vo — z=(- — m)||;2. Thus, by uniqueness of the optimal value
m(vg) € M(vp), we deduce that (m(v,)), converges to m(vp).

o STEP 3. LIPSCHITZ BEHAVIOR OF THE MAP v — m(V). It is enough to find a constant C such that, for vp,v € X
with dx(vg, X) < 6, dx(v,X) < ¢ and for ||[v — vo||;2 sufficiently small (with a constant that may depend on vy),
we have [m(v) — m(vp)| < C|lv — voll;2 (i-e., the Lipschitz behavior may be proven locally). We shall see that
we can take C = 4/||Z||;2, where z is chosen between z~ and z* as the L?*-closest to vy (note that the functions
z associated in this way to v and vg are the same if ¢ is small). By continuity, we infer that, for |[v — vpl|;2
small enough, we have [m(v) — m(vg)| < 6 (where 6 is the value used above), so that F"'(vy, m) is bounded
from below by ||Z'||i2 /2 for m € [m(v), m(vy)]. Then we use

12’112,
2L Im(v) — m(vo)| < |F'(vo, m(v)) = F'(vo, m(vo))| = |F'(vo, m(v)) = F' (v, m(v))| < 2||'||2]lv = vollz2,

where the first inequality comes from the lower bound on F”'(vg, m), the next equality comes from 0 =
F'(v,m(v)) = F’(vg,m(vg)) and the last inequality from the formula for F’. This implies |m(v) — m(vg)| <

Cllv = vollz2 with C = ﬁ, and proves the claim.
L

o STEP 4. L™ ESTIMATE IN THE SECOND IMPLICATION: PROOF OF (2.a.). We use the same steps that in the proof of
Lemma 25: we take a sequence (v,) C X with K(v,) — 0, dx(v,, Z) < R, and we try to prove that ||v,, — z,||~
tends to 0 as n — oo, z, being an Lz—projection of v, onto C(z7) U C(z"). Without loss of generality, one can
assume that

Vi =zl —> limsup |[v, = zpllze,
n—=00 5 00
so that we are free to extract a subsequence whenever needed. By definition, one has z,, = z=(- — m,) with
my, € M(v,). Up to replacing v, and z,, by v,,(- + m,,) and z,,(- + m,,) respectively, one can assume that m, = 0
and, for the sake of simplicity, we also assume that z, = z*. Then, thanks to (7.5), we know that the sets
M(v,) are all included in a fixed compact set:

451 >0,Vn >0, M(v,) C [-S1,51]

The rest of the proof is similar to that of Lemma 25. There are only few little changes. First of all, Claim 1
has to be replaced by

Claim 3. There exist 69,&1 > 0 and S = 0 depending on W, S, a and a™ only, such that for all v € X with
KW) <60, dx(v,2) <R, M(v) C [-S1,S1]and s = S, one has

W(s)—a|>¢e and |v(-s)—at|>e.

Once Claim 3 is proved (it will be done in a while), since Claim 2 is still valid in the unsymmetric case, the
same proof as that of Lemma 25 shows that (v,),, converges uniformly to some zero z € C(z7) U C(z") of K.
Note that without symmetry condition, we cannot assert z = z* (as we did in (6.4)) but only z = z*(- — m)
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with m € R. In order to prove that v, — z* uniformly, we need to prove z = z*. Given an interval [ = [-S, ]
with S > 0, since z, = z* is the projection of v,, onto C(z”) U C(z"), one has

2 2 2 2
”Vn - Z+”L2(R) < ”vl’l - Z”LZ(R) < ”Vn - Z||L2(1) + (”vn - Z+“L2(lf) + ||Z+ - Z”Lz(lf))

IA

Vn = 2oy + V0 = 2 ey + 125 = 2liFgey + 211" = 2l2ge)Va = 2 2.
2

. . . LZ(I(‘)’
lz* - zll 2w is independent of 7 (it only depends on m), for all S > 1 one gets

Substracting from both sides ||v, — z*|| and using ||v, — Z+”L2(R) = dx(v;,2) < R and the fact that

Z+”2

2
”Vn - Lz([—S,S]) < ”Vn - Z”Lz([—S,S]) + 2R“Z+ - Z”LZ(R\[—S,S])'

We now pass to the limit as # — oo and use the uniform convergence of v, to z, we obtain
+12 +
iz = 2" M2 g 57 < 2RIz = 7 ll2@y(-s,57)-

Now, this inequality, for fixed functions z, z* with z—z* € L*(R, R"), cannot be true for large S, unless z = z*.

It remains to prove Claim 3. Assume that the conclusion of the claim fails: there exists v € X such that
K(W) < g, M(v) C [-S1,51] and 59 > S, but (for instance) [v(sg) — a~| < &;. In particular, one has

Ew(v) = Cy (v, (=00, 50]) + Ew (v, [s0, +00)) > Ew(v, (0, s0]) + dg(B(a™, 1), a”).

Since dk is locally equivalent to the Euclidean distance, we know that dx(B(a, £1),a*) tends to dg(a~,a™)
as 1 — 0. Moreover, as K(v)? = Gy (v) — dx(a~,a*) < 62, we have proved that
Cw(v, (=0, 50)) — 0.
00,e1—0
Since for all s < sg, one has dx(a™, v(s)) < Ey (v, (—o0, s9]), we know that v(s) stays in a dx-neighborhood
(and so also an Euclidean-neighborhood) of a™: let us say v((—oo, sg]) C B(a™,r) with r = r(dg, 1) — 0 as
00,€1 — 0. Now, for all m € M(v) C [-S1,S51], one has
S0
R*>dp(v,CE)UCEH) = Ilv—2"( - mll}, > f dist(z*(s — m), B(a~,r))* ds.
s0/2
Since m lies on the bounded set [-S 1, .5 1], for small r the quantity dist(z*(s — m), B(a™, r))? is bounded from
below by a positive constant on the interval [S, +o0). Hence the last term tends to +oco as s9 — oco. Thus
there is a contradiction if dg, £ are chosen small enough and if S is chosen large enough.

e STEP 5. H' ESTIMATE IN THE SECOND IMPLICATION: PROOF OF (2.b.). We apply a Taylor-Lagrange expansion
to W between the two points v(s) and z(s), with s € R: there exists £(s) € [v(s), z(s)] such that the following
holds (note that there is no linear part since z minimizes €y),

1 1
KW)? = Ey(v) — Cy(z) = 3 fR V' (s) = Z(s)* ds + 3 fR D*W(&(s)(v(s) = 2(5), v(s) = z(s)) ds.

Applying the previous step to small values of € = &g, one gets |[v — z|[z~ < &g. In particular, v and ¢ are
bounded. Moreover, as W is C2, one has |[V2W(z(s)) — V2W(&(s))| < n for all s, whatever 7 > O (up to chosing
£o small enough). In particular, v? W(&(+)) is bounded and we get the estimate

1 ’ ’
S =2l < KE) + Collv = 7.

Thus it remains to prove that |[|v — 2|7, < C %2 (v). First observe that

2
L

K2(v) = %(A(z)(v -2,(v=2)p + % f (D*W(&) = D*W(2)(v - z,v — 2)ds,
R
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2

»
that (A(z)(v — 2), (v — 2))12 is larger that cg||v — zlli2 with ¢g > 0 (and then choose a small value of 5 so that
n < co) ; but this is a consequence of the spectral assumption (Spec) or, more precisely, (7.2) since 7’ is

orthogonal to v — z by (7.6). m|

where A(z) has been defined in (7.1). The last integral is controlled by n||v — z||7,, thus it is enough to prove

The following lemma claims that if y(¢,-) is an absolute continuous curve lying in a neighborhood of
C(z7) U C(z"), then the unique element m(r) of M(y(z,-)) defines an absolutely continuous function of ¢, and
provides an estimate on its variation. This will be useful to study the behavior of m(f) as t — +o0, and thus
the existence of the translation parameters ¢~, ¢t in the system (5.1), if y minimizes Qg.

Lemma 34. There exists 6 > 0 (assumed to be small enough for the first implication in Lemma 32 to hold)
such that the following property holds true. Let y € AC(I,X) be an injective curve parametrized by
v(t) = (s = y(t,5)) such that Lyc(y) < +oo, dx(y(1),X) < 6, and for a.e. t € I, (0ry,05y);2 = 0. Then the
function m : I — R defined by m(t) := m(y(t)) is absolutely continuous and there exists C > 0 (independent
of t) such that

Im’ (] < CYIOK(0).

Proof. We first set z := 77 if d;2(y(), C(z7)) < dj2(y(t), C(z")) for all ¢ and z := z* otherwise: note that z is
well defined in this way if ¢ is small enough since the L?-distance between C(z”) and C(z") is positive and
d;2(y(1),C(z7) UC(z")) < 6. We remind that m(z) satisfies the optimality condition (7.6), which rewrites

(7.8) 0=G(@m®) = fz'(s) - (y(t, s + m(1)) — z(s)) ds.
R
We claim that this is a characterization of m(¢) for ¢ close to any point #y € I. More precisely, there exists
o > 0 such that for all 7 € (ty — o, 9 + o), m(?) is the only m € R such that
|m —m(ty)| < 0/2 and G(t,m) =0,

where 6 = 6(5,zF) > 0 was introduced at the first step in the proof of Lemma 32. Indeed, since the map
t — (¢) is absolute continuous for the L2-distance by Lemma 29, if |t — fy] < o with o small enough, one
has dj2(y(1),y(t)) < 6 and so

llz(- = m()) = 2(- = m(o)llr2 < dp2(y(1), ¥(10)) + dp2(¥(1), C(2)) + dp2(y(t0), C(2)) < 36.

As before, this implies that |m(f) — m(ty)| < 6/2 (up to reducing ¢ if needed). Since m — G(t,m) is strictly
convex on the interval (m(ty) — 0/2, m(ty) + 6/2) C (m(t) — 6, m(t) + 0), it is then clear that m(¢) is the only
zero of G(¢, -) on this interval. Now, by the implicit function theorem, we deduce that t — m(¢) is absolutely
continuous, and differentiating with respect to ¢ yields

0= fz'(s) [0py(t, s + m(D)) + m' (1) Ogy(t, s + m(r))]ds = fz’(s —m(2)) - [0yy(t, s) + m' (1) Oyy(t, 5)] ds.
R R

Equivalently, we have shown the identity

0= f (@' (- = m(0)) = dyy) - (Ory + m'(t) dsy)ds + f Osy - (Ory + m' (1) Oyy) ds.
R R
Since (0,y, d5y);2 = 0, we have the estimate
Im’ ()] |05yt ')”%2 <Nl = m(6)) = Oyy(t, g2 [0y, 2 + I @O 05y(2, 2] -

Now, for those points 7 € I for which K'(y(¢)) < d, the H I estimate in Lemma 32 yields a positive constant C
(= a7 1) such that ||/ (- — m(t)) — dsy(t, )ll;2 < CK(y(t)). Thus

(7.9) m" OBy (2, iz 185y (2, iz = CK )] < CKG D) 18ry(2, )l 2.
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We need to prove that ||d,v||;2 is bounded fromt below. We use

105y(, Iz 2 NI = m)llz2 = I = m()) = sy (@, iz = 11 ll2 = CK(y(0)).

When K (y(¢)) is small, this implies that ||0y(z, -)||;2 is bounded from below. Thus, from (7.9), we deduce the
existence of two constants 6p > 0 and Cy > 0 such that for those points ¢ for which K'(y(t)) < 89, we have

Im’ ()] < CoK (v (1)) [¥I(®).

It remains to treat the case K(y(¢)) > dp, but in this case it is enough to use the Lipschitz bounds on the
projection proven in Lemma 32. O

From the previous lemma, we also deduce L™ bounds on m(#) (with no assumption on the distance to
C(z7) VU C(E@)):

Lemma 35. Lety € AC),([0, 1], X) be an injective curve, parametrized by y(t) = (s > y(t, 5)). Assume that
Lyc(y) < +00, ¥(0) = C(z7), y(1) = C(z*), and (dyy(t,), dsy(t,-))2 = 0 for a.e. t € [0, 1]. Then there exists a
bounded function m : [0, 1] — R such that for all t € [0, 1], m(t) € M(y(¢)).

Proof. Since v is injective, one has K(y(t)) > O for all r € (0,1). By lower semicontinuity, one has also
K, = inf,e; K(y(1)) > O for every compact interval J C (0, 1). In particular, as Lx(y;y) = K;Li(yy), v is
bounded for the L2(R) distance over J. Once again, the following estimate,

Iz = 25 = m)llz < dp2@,y(0) + d2(y(0), 25 — m(1)) < 2d12(y(1),2%) < C,

provides a bound on m(¢) for r € J. Since y tends to C(z*) on the boundary of [0, 1], it is clear that m(-) is
actually bounded up to the boundary thanks to Lemma 34, which provides a bound on the total variation of
m(-) for y(r) close to C(z7) U C(z"). o

As in the previous part, the last ingredient in the proof of Theorem 28 is the following lemma, which is
the twin brother of Lemma 26:

Lemma 36. Let y € AC;,([0, 1], X) be an injective curve, parametrized by y(t) = (s +— y(t,s)). Assume
that Lgc(y) < oo, y(0) = C(z7), y(1) = C(z"), (0yy(t,-), dsy(t, )2 = O for a.e. t € [0, 1], and assume that
(t, s) > y(t, ) is continuous. Then, for all gy > 0, there exist s~,s* € R such that s~ < s* and for almost all
t € [0, 17, [y(¢, s%) — a*| < &o.

Proof. The proof is similar to that of Lemma 26. We recall the proof of the existence of s* (the proof of the
existence of s~ works the same). First, for all S > 0, we have the estimate

2S 1
(7.10) 5 f f KA Ory(t, o)l de ds < S 2e(),
S 0

Since Lg¢(y) is finite, the curve ¢ +— y(f) is bounded in X: there is a constant R > 0 with dx(y(¢),X) < R.
Thus we can apply Lemma 32 to € = g9/3: one gets a constant ¢ > 0 such that K'(v) < § implies that M(v)
is reduced to a single point and ||v — z||z~ < &p/3, where z is the Lz—projection of u onto C(z7) U C(z"). Let
I c (0, 1) be the (open) set of instants ¢ such that K(y(¢)) > 6. For every t € [0, 1], let z*(- — m(r)) be the
projection of y(¢) onto C(z") UC(z"), where r — m(t) € M(y(2)) is the bounded function provided by Lemma
35. Thus, for all t € [0, 1] \ 1, one has

Iy(2, ) = 25C = m@D)ll= < &0/3.

Since t — m(¢) is bounded, there exists § > 0 large enough so that

5
S71204(y) < % and Vi€ [0,1], Vs > S, [25(s — m()) — a*| < ‘93—0
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Thus, by (7.10), there exists s* € [S, 25 ] such that

! 0&y
(7.11) fo Ky)ldry(t, sHldr < 3

Now, for every t € [0, 1] \ /, one has the estimate

2
y(t, s7) — a*] < (. ) = 25(s™ = m(@)] + [25(sT = m(D) — a*] < %

For the points in 7, (7.11) allows to estimate the total variation of ¢ + (¢, s*) on I as follows,

f Oy, 5Pl dr < 2.
It 3

Since # - y(z, s*) is continuous and |y(t, s*) — a™| < 2% on the boundary of I, we have |y(t, s™) — a™| < &9

which is what had to be proved. m|
We are now able to prove the main result of the section:

Proof of Theorem 28. o STEP 1: EXISTENCE OF AN €qy/-MINIMIZING CURVE ON X BETWEEN C(z~) aND C(z*). The
proof of this first step is rigorously the same that the first step in the proof of Theorem 23 except the fact that
we use Lemma 30 and Lemma 36 instead of Lemma 26, and that we use an avatar of Lemma 27 adapted to
this non-symmetric context (the regularization process does not use the symmetry condition). Thus one gets
the existence of a curve y € Lip(R, X) such that

Yo e ACploc(R, X),o:7 7= Ca(y) < Cy (o),

where ‘W = %?/2. Moreover, the proof insures that such a curve lies on a funnel with exponential or
polynomial decay: for all ¢ € [0, 1], one has

(7.12)  y(t) € C:= {v: R — R" measurable s.t. for a.e. s with + (s — s) > 0, |[v(s) — a*| < E(s)} C X,
with s~ < s*, and where the rate of convergence at infinity is given by the function E(-) (see Lemma 19).

o STEP 2: BOUNDARY CONDITIONS. It is clear, by (5.2) and by construction of vy, that u € L*(R%,R"), defined
by u(x1, x) = y(x2, x1), minimizes & under the constraints detailed in Theorem 28, i.e. (7.3). Moreover, by
(7.12), we know that u(x;, xp) converges to a* as x; — oo, uniformly in x,. In order to prove that y solves
(5.1), we need to prove the existence of two parameters ¢~, ¢ € R such that

(7.13) u(xi, xp) = z (x; —c¢”) when x; — —oo, uniformly w.r.t. xi;
) u(xy, x2) = z7(x; —¢*) when x, = +co, uniformly w.r.t. xi.

We first prove convergence in L*(R) (in the variable x;). Note that, by construction, we already know that for
X3 close to +00, u(-, x3) is close to C(z*) so that there is a unique point m(x,) in M(u(-, x;)) (see Lemma 32).
Thus

(7.14) im lu(:, x2) — 2 = m(x2)ll 2y = 0.

Xp—+00

Moreover, since by optimality 7 is injective and for a.e. t € R, (d,y; dyy) = O (otherwise, by Lemma 30
and its proof, one could strictly reduce L (y) by translating each of the curves y(z, -)), we can apply Lemma
34 which says that the function x, — m(x;) is of bounded variations in a neighborhood of +oo, let say for
|x2| > T > 0, and that we have the estimate

I | -7,y < CLxc(y) < +o0.

In particular, x; — m(x;) has a limit when x, — +oo: there exist ¢* with

¢t = lim m(x).
Xp—>+00
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Together with (7.14) and with the continuity of the translations in L?, this implies

leiniloo lluC-, x2) = 25 = ¢)ll2w) = 0.
o STEP 3: IMPROVEMENT OF THE CONVERGENCE AS X — %00 AND OF THE REGULARITY. As in the proof of Theorem
23, we can use the result presented in the Appendix (Corollary 40) in order to get uniform convergence as
X, — oo and boundedness for u. In particular, u solves the Euler-Lagrange equation —Au + VW(u) = 0
associated to the energy & (which makes sense since u is bounded) and, by a boot-strap argument, we obtain
C?“ and possibly higher regularity. |

APPENDIX A. ABOUT THE CONDITION (H3a)

Condition (H3a) was crucial in [20] and in finite-dimensional heteroclinic connection problems (see also
[16] where this condition is cited). It was also introduced in [11] for applications to weighted distances in
Wasserstein spaces. In the present paper, the role of (H3a) is less important, as it requires to be coupled with
(H3b), which was not satisfied in the examples that we analyzed in Sections 6 and 7.

However, we think that it is important to discuss this assumption as it seems that it has been neglected
for long by specialists of heteroclinic connections (while it was considered natural in other communities). In
particular, we want here to provide an example where existence of geodesics fails in a case where (H3a) is
not satisfied. We will consider an Euclidean space, say R?, endowed with a positive weight K > 0, with a
finite number of wells, but which does not satisfy (H3a).

Theorem 37. Given an arbitrary continuous and strictly positive function g : [1,+00) — (0, o) such that
floo g(s)ds < +oo there exists a weight K : R? — R, such that
o ¥ ={K = 0} is finite;
o the weight K coincides with g(d(-,X)) on an unbounded set;
o there exist two points P, € X such that there is no curve connecting P, to P_ minimizing the K-
length.

Proof. First we extend the function g of the statement to the whole R, defining it on [0, 1] in such a way
that g(0) = 0 and g > 0 on (0, 1) (take for instance g(s) = sg(1)). Then define G(¢) = fot g(s)ds and
G(0) = fooo g(s)ds € R. Also take a smooth function 2 : R — [0, 1] such that 2(0) = 1 and A(x1) = 0
(which implies #'(0) = h’(x1) = 0), and choose it so that &’ only vanishes at —1,0, 1. Build a function
f:R> > R, via
fx,y) = h(y)(2G(e0) — G(Ix)) + (1 — h(y)G(|x]).

Note that we have f € C'(R?) (indeed, x — G(|x|) is C' despite the absolute value, because g(0) = 0). Then
take K = |V f]. This means that we are defining

K(x,y) = \/ 11 = 2h(y)Pg(Ix)? + 41 (»)*(G(e0) — G(IxD))>.

It is easy to see that K(x,0) = g(|x|).

Look at ¥ = {K = 0}. From the strict inequality G(co) — G(|x|) > 0, in order to have K = 0 we need /'(y) =
0, but this implies y = —1, 0, 1. For these values of y, we have h(y) # 1/2: thus, for K to vanish, we also need
g(lx]) = 0, i.e. x = 0, since g was supposed to be strictly positive elsewhere. Then X = {(0, —1), (0, 0), (0, 1)}.
In particular, on the line {y = 0}, the distance to X coincides with the distance to the origin, i.e. with |x|, and
we have K = g(d(-,X)) on such a line (considering that g was originally only defined on [1, c0), the equality
between K and g(d(:, X)) does not hold on the whole line, but on an unbounded part of it).

Consider now the two points P, := (0, 1) and P_ := (0, —1), which belong to X.
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Any curve y : [0,1] — R2 connecting P, and P_ must cross the line {y = 0}. Let us call (xg,0) a point
where 7y crosses such a line, i.e. y(#) = (xg, 0) for #p € [0, 1]. We can estimate the weighted length of y via

1 1) 1
fo KGO () dr fo IV Ay Ol di + f VA O] dr

v

110} 1
fo V(@) -y (1) dt - f V(@) -y () dt

2f(y()) = f(P+) = f(P-) = 2f(x0,0) = f(0, 1) = f(0,~1)
2(2G(o0) — G(|x)) > 2G(e0).

This shows that no curve joining these two points can have a weighted length less or equal than 2G (o). If we
are able to construct a sequence of curves approaching this value, we have shown that the minimum of the
weighted length does not exist. To do so, take a sequence x,, — oo with g(x,) — 0 (which is possible because
of the condition fooo g(s)ds < +o0). Consider a curve 7y, defined on the interval [0, 2x, + 2] (and possibly
reparametrized on [0, 1]) in the following way

(¢, D if 1 € [0, x,],
’)/n(t) =90, 1 —t+x,) if t € [xn, x, + 2],
Rx,+2-1t,-1) ifrelx,+2,2x,+2].

It is easy to see that

2xXp+2 Xn 1
[ xoowoia=2 [Tand [ Ii-2h00Pgn? + 402G - 62 b
Using

\/ 11 = 2h()Pg(xa)* + 41 (1)2(G(00) = G(xn))? < C(g(IXn]) + G(00) = G(x))
it is easy to see

2Xp+2
fo Ky ()ldt = 2G(x) + O(g(1xa]) + G(e0) — G(xy)) =2, 2G(e0),
which concludes the example. O

Note that in the example above the fact that K vanishes on a finite number of points and the choice of
connecting two wells is arbitrary, and is only made for the sake of consistency with the rest of the paper.
Other examples could easily be built.

ApPPENDIX B. IMPROVED ESTIMATES FOR MINIMAL ACTION CURVES IN HILBERT SPACES

We consider here a general case, where we have a functional ‘W : H — [0, +oo] defined on a Hilbert space
H, and we consider curves y : R — H associated with an action

1
E(y) := f(il)/(f)lz + W(y(t))) dr.
R

We consider a curve y which is a local minimizer of E (in the sense that E(y +n) > E(y) for every compactly
supported perturbation 7 : R — H, and such that E(y) < +oc0. We do not consider the problem of minimizing
E among all competitors with fixed boundary conditions at +oo because we want to consider the case where
v has no limits at +oc0. This framework includes that of our sections 6 and 7, where the Hilbert space is L*(R).
The curves we provided had a limit at +co, but we prefer to ignore this fact.
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We say that the functional ‘W is A-convex if it satisfies for every a,b € H and s € (0, 1) the inequality
A
W1 - s)a+ sb) < (1 —-s)W(a)+ sW(b) — Es(l - S)|a - b|2.

Here 1 € R can be negative (for 4 > 0 the function ‘W would be convex). For smooth functions on the
Euclidean space, A-convexity of ‘W coincides with the lower bound VW > AI (where I is the identity
matrix, and the inequality is to be intended in the sense of symmetric matrices, i.e. the difference is positive-
semidefinite).

We are interested in the following fact.

Theorem 38. Suppose that the functional ‘W is A-convex and that vy is a local minimizer with finite energy
E. Theny” € L*(R; H) and f W’ ®))*dt < C f Iy’ ()] dt, for a constant C only depending on A.

Remark 39. The idea behind this result is very easy: from the optimality of v we write the Euler-Lagrange
equation y”’ = VW(y), we multiply it by " and obtain

' OF = VIW(y) -y = (W) = V2WEHO)Y (0),7 (1) < (W) + Ally 0.

Then we integrate times a cut-off function n(t) withn = 1 on [-M, M] andn = Oout of [-M — 1, M + 1], and
use f (Woy)'n= f (W o y)p”. Letting M — co we obtain the required result.

Unfortunately, this argument requires some regularity and is not easy to perform when ‘W is not smooth.
One could obtain this for general A-convex functionals ‘W by approximation (an interesting fact is that A-
convexity guarantees uniqueness of the minimizer of E on sufficiently small intervals, which allow to obtain
results on any local minimizer of the limit problem by approximation, if it can be written as a limit of
minimizers of smooth problems). Yet, such an approximation procedure could require some compactness in
H, which is not always available in infinite dimension. This is the reason why we will give a different proof,
with a non-optimal constant C.

Proof. The local optimality of y can be used in the following way: take r € R and & > 0, and replace y(s) by
the curve

- ¥(s) if [s — 7/ > h,
’}/(S) = 1 s—t 1 s—t :
(E - W)’y(l’ - h) + (§ + W)’Y(t + h) 1f|s - t| < h,
which essentially means replacing y with the segment joining y(¢t — h) to y(¢ + h) on [t — h,t + h]. We first
obtain, by Jensen’s inequality on the kinetic part of the action,

1+h 2 2 t+h
ly(t+h) —yOF"  |y@) —y@—h)
f;h W(y(s))ds + 7 + o < ft‘_h

and then, by optimality of y and by A-convexity of W,

t+h _ 2 _ _ 2 t+h
(W(V(s))ds+|y(t+h2)h yOr o g}(f Wi f (W(?(S))+%I5"(S)|2)ds
t=h 1=h

y(t + h) = y(t — h)]?
8h?

1
(W<y(s>> + 5|y'<s)|2) ds,

1
= f (’W((l =)yt —h)+ryt+h)+
0

Al h
< W~ 1)+ WO/a+ ) + by + ) = yta = ) +

)Zh dr

ly(t + h) — y(t — h)]?
4h '

Using the (parallelogram) identity

AP +|B?* |A+BF |A-BP
2h 4h 4h
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applied to the vectors A = y(t+h) —y(t) and B = y(t) —y(¢t — h), we can re-arrange the terms above and divide
by /3, thus obtaining

t+h

[y(t + h) = 2y(t) + y(t — h)[? B W +h) -2 £ W (s)ds + Wyt - h)) s Cly(t +h) —y(t — h)?
4h4 - h2 h? '
We now integrate this over # € R. Using

t+h
f Wyt + h))dr = f Wy(t — h))dr = f J[ W(y(s))dsdr
R R R Jt-h

we see that the integral of the first term on the right hand side vanishes. Using

F ) — vt — )2 t+h 2 t+h
t—h t—h

4

h2
we see that the integral of the second term is smaller than C f |)/’(t)|2 dr. Hence we have got

1f Yt +h) - 2y@) +y( — h)
4 Jr

h2

We then obtain the result by letting # — 0, since we have

YA =20+ =h
2 v

2
dt<C f by () dr.
R

O

We also have the following consequence

Corollary 40. Suppose that the functional ‘W is A-convex and that vy is a local minimizer with finite energy
of E. Then |y'| and ‘W o vy are bounded and absolutely continuous functions.

Proof. We just proved the L*-integrability of |y”’| and, a fortiori, of (|y’])’. This shows that |y’| is locally H',
and we have

Iy ©F = Iy ()| < f 2 O D ()] ds < 20/ 121yl 2.

[t0.1]
As a consequence, |y’| is bounded (we can also choose a sequence of points #y) — oo such that [y’ ()| — 0
if we want a more explicit estimate). Then, using the equipartition of the energy which is true for local
minimizers, we also have the same result for W o y. |
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