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Reverse approximation of gradient flows
as Minimizing Movements: a conjecture by De Giorgi

FLORENTINE FLEISSNER AND GIUSEPPE SAVARE

Abstract. We consider the Cauchy problem for the gradient flow
W) = =Vou®), 1=0; u(©)=u, *)

generated by a continuously differentiable function ¢ : H — R in a Hilbert
space H and study the reverse approximation of solutions to (x) by the De Giorgi
Minimizing Movement approach.

We prove that if H has finite dimension and ¢ is quadratically bounded from
below (in particular if ¢ is Lipschitz) then for every solution u to (x) (wWhich may
have an infinite number of solutions) there exist perturbations ¢ : H — R (v >
0) converging to ¢ in the Lipschitz norm such that # can be approximated by
the Minimizing Movement scheme generated by the recursive minimization of

(r, U, V) 1= 2|V = U + ¢ (V):
U} € argminy g ®(7, urt, V) neN, U :=uy.  (s%)

We show that the piecewise constant interpolations with time step T > 0 of all
possible selections of solutions (U),,eN to (*x) will converge to u as |, 0. This
result solves a question raised by Ennio De Giorgi in [9].

We also show that even if H has infinite dimension the above approximation
holds for the distinguished class of minimal solutions to (x), that generate all the
other solutions to () by time reparametrization.

Mathematics Subject Classification (2010): 49M25 (primary); 34G20, 47J25,
47130 (secondary).

1. Introduction

In his highly inspiring paper [9] Ennio De Giorgi introduced the variational notion
of Minimizing Movement in order to present a general and unifying approach to a
large class of evolution problems in a vector, metric or even topological framework.

G. S. has been partially supported by Cariplo foundation and Regione Lombardia through the
project 2016-1018 “Variational evolution problems and optimal transport”.

Received November 19, 2017; accepted in revised form June 17,2018.
Published online May 2020.



678 FLORENTINE FLEISSNER AND GIUSEPPE SAVARE

In the case of time-invariant evolutions in a topological space H, Minimiz-
ing Movements can be characterized by the recursive minimization of a functional
® : (0, 00) x Hx H — [—00, +00]. For a given initial datum u«¢ € H and a param-
eter T > O (which plays the role of discrete time step size) one looks for sequences
(U nen such that U? := ug and for every n > 1

®(x, U;’_l,Uf):{/ni]r}lHCD(r, Urlv), ie. U €argmin®(zr,Ur',.). (1.1)
S

Any sequence satisfying (1.1) gives rise to a discrete solution U : [0, co) — H at
time step 7, obtained by piecewise constant interpolation of the values (U}'),eN:

Ur0) :=U% =up, U (t):=U" ifte(n—Dr.ntl, neN. (12

A curve u : [0, +00) — H is called Minimizing Movement associated to & with
initial datum uq (short u € MM(®, ug)) if there exist discrete solutions U; (for T in
a right neighborhood of 0) to the scheme (1.1) converging pointwise to u as t |, O:

u(t) = liﬁ)l U.(t) foreveryt > 0. (1.3)
T

Acurve u : [0, +00) — H is more generally called Generalized Minimizing Move-
ment (short u € GMM(®, ug)) if there exist a suitable vanishing subsequence
k + t(k) of time steps and corresponding discrete solutions U ) at time step
t(k) to (1.1) such that

u(t) = lim Uy (t) foreveryt > 0. (1.4)
k— 00

The general notion of Minimizing Movement scheme has proved to be extremely
useful in a variety of analytic, geometric and physical contexts; we refer to [2,4,10],
[6] and [17,20] for a more detailed account of some applications and developments
and to the pioneering paper [1] by Almgren, Taylor, and Wang.

Perhaps the simplest (though still interesting) situation arises if H is a Hilbert
space and one tries to implement the scheme (1.1) to solve the Cauchy problem for
the gradient flow

u'(t) = =Veou()), =0, (1.5)

with initial datum ug and continuously differentiable driving functional ¢ : H — R.
In this case a natural choice for the functional ® is

&(t,U, V) = %lV—Ulz—kq&(V), (1.6)

for which the scheme (1.1) represents a sort of iterated minimization of ¢ perturbed
by %l . —U|*. The last term penalizes the squared distance (induced by the norm
| - | of H) from the previous minimizer U. The Euler equation associated with the
minimum problem (1.1) is then given by

Un_Unfl
—L T +V¢(U!) =0, (1.7)
T
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so that the Minimizing Movement scheme can be considered as a variational formu-
lation of the implicit Euler method applied to (1.5). It is then natural to compare the
class of solutions to (1.5) and the classes of Minimizing Movements MM (®, uq)
and Generalized Minimizing Movements GMM(®, ug) for ® as in (1.6).

If ¢ is a convex (or a quadratic perturbation of a convex) function, it is possible
to prove (see, e.g., [2,4,7]) that the Minimizing Movement scheme (1.1) is conver-
gent to the unique solution u of (1.5) with initial datum ug, i.e. MM(®, up) = {u}.
This fundamental result can be extended to general convex and lower semicontinu-
ous functions ¢, possibly taking the value +oo at some point of H, provided (1.5) is
suitably formulated as a subdifferential inclusion. Convexity assumptions can also
be considerably relaxed [16,21] as well as the Hilbertian character of the distance
(see,e.g., [4,16,19]).

Minimizing Movements and gradient flows governed by C! functions

If H is a finite dimensional Euclidean space and ¢ is a continuously differentiable
Lipschitz function, or more generally, a continuously differentiable function satis-
fying the lower quadratic bound

1
d7, >0, ¢, € R: 2—|x|2—|—¢(x)z—¢* for every x € H, (1.8)
Ty

it is not difficult to see that the set GMM(¢, u() is not empty and that all its elements
are solutions to (1.5).

In general, there are more than one solution to (1.5) with initial datum ug.
A notable aspect is that the set MM(¢, ug) may be empty and/or GMM(¢, ug)
merely a proper subset of the class of solutions to (1.5) with initial datum uq. Such
peculiarities pointed out by De Giorgi can be observed even in one-dimensional
examples of gradient flows driven by C! Lipschitz functions [9].

It is then natural to look for possible perturbations of the scheme associated
with (1.6), generating all the solutions to (1.5): this property would deepen our
understanding of a gradient flow as a minimizing motion. This kind of question has
also been treated in the different context of rate-independent evolution processes
[18] from which we borrow the expression reverse approximation.

A first contribution [12, 13] in the framework of the Minimizing Movement
approach to (1.5) deals with a uniform approximation of @, based on allowing
approximate minimizers in each step of the scheme generated by (1.6).

A much more restrictive class of approximation was proposed by De Giorgi,
who made the following conjecture [9, Conjecture 1.1]:

Conjecture (De Giorgi *93). Let us suppose that H is a finite dimensional Eu-
clidean space and ¢ : H — R is a continuously differentiable Lipschitz function.
Amapu € C!([0, o0); H)) is a solution of (1.5) if and only if there exists a family
¢r : H — R, 7 > 0, of Lipschitz perturbations of ¢ such that

%}}Lip[@ —¢]=0, (1.9)
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and for the corresponding generating functional
1
O(r,U, V)= 2—|V—U|2+¢,(V) (1.10)
T

one has u € GMM(®, u(0)).
Lip[-] in (1.9) denotes the Lipschitz seminorm

Lip[w] = sup M whenever ¢ : H — R. (1.11)

x,yeH, x#y |y _x|

One of the main difficulties of proving this property concerns the behaviour of u at
critical points w € H where V¢ (w) = 0 vanishes. Since V¢ is just a C° map, it
might happen that u reaches a critical point after finite time, stays there for some
amount of time and then leaves the point again. An even worse scenario might
happen if the O level set of V¢ is not discrete. Even in the one dimensional case it is
possible to construct functions ¢ : R — R with a Cantor-like O level set K C R of
¢’ and corresponding solutions u parametrized by a finite measure u concentrated
on K and singular with respect to the Lebesgue measure (see Appendix A for an
explicit example).

A second difficulty arises from the lack of stability of the evolution, due to non-
uniqueness: since even small perturbations may generate quite different solutions,
one has to find suitable perturbations of ¢ that keep these instability effects under
control.

Aim and plan of the paper In this paper we address the question raised by De
Giorgi and we give a positive answer to the above conjecture, in a stronger form
(Theorem 6.4): we will show that it is possible to find Lipschitz perturbations ¢, of
¢ in such a way that (1.9) holds and

MM(®, u(0)) = {u} = GMM(®, u(0)) (1.12)

for the corresponding generating functional & defined by (1.10). An equivalent
characterization of (1.12) can be given in terms of the discrete solutions to the
scheme: all the discrete solutions U, of (1.1) will converge to u# as |, 0. Our result
also covers the case of a C! function ¢ satisfying the lower quadratic bound (1.8).

Moreover, this reverse approximation can also be performed if H has infinite
dimension, for a particular class of solutions (Theorem 4.8), which is still suf-
ficiently general to generate all the possible solutions by time reparametrization
(Theorem 3.6).

In order to obtain an appropriate reverse approximation, we will introduce and
apply new techniques that seem of independent interest and give further information
on the approximation of the gradient flows (1.5) in a finite and infinite dimensional
framework.

In Section 2 we will collect some preliminary material and we will give a
detailed account of notions of approximability of gradient flows (Section 2.4), in
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particular the notion of strong approximability (which is equivalent to (1.12) in the
finite dimensional case) and the notion of strong approximability in every compact
interval [0, T (which appears to be more fitting in the infinite dimensional setting
lacking in compactness).

A first crucial concept in our analysis is a notion of partial order between
solutions to (1.5). Such notion plays an important role in any situation where non-
uniqueness phenomena are present. The basic idea is to study the family of all the
solutions u that share the same range R[u] = u([0, 00)) in H. On this class it is
possible to introduce a natural partial order by saying that u > v if there exists an
increasing 1-Lipschitz map z : [0, co) — [0, 0o) such that u(¢) = v(z(¢)) for every
t > 0.

We will show in Theorem 3.6 that for a given range R = R[u] there is always
a distinguished solution v (called minimal), which induces all the other ones by
such time reparametrization. This solution has the remarkable property to cross the
critical set of the energy {w € H : V¢ (w) = 0} in a Lebesgue negligible set of
times (unless it becomes eventually constant after some time 7, in that case it has
the property in [0, 7} ]).

This analysis will be carried out for C! solutions to the Cauchy problem (1.5)
for a gradient flow in an infinite dimensional Hilbert space, but it can be consider-
ably generalized and adapted for abstract evolution problems [11] including general
gradient flows in metric spaces (under standard assumptions on the energy func-
tional and on its metric slope as in [4]) and generalized semiflows (which have been
introduced in [5]).

In Section 4.1 we will study the general problem to find Lipschitz perturbations
of ¢ which confine the discrete solutions of the Minimizing Movement scheme
to a given compact set /. We will find that a “penalization” with the distance
from U is sufficient to obtain this property. The important thing here will be a
precise quantitative estimate of appropriate “penalty” coefficients depending on the
respective time step and on a sort of approximate invariance of /.

In Section 4.2 we will obtain a first result on the reverse approximation of
gradient flows. We will prove that every minimal solution to (1.5) is approximable
in the strong form (1.12) by applying the estimates from Section 4.1 to suitably
chosen compact subsets of its range.

This result can be extended to infinite dimensional Hilbert spaces, even if in
the infinite dimensional case, the existence of solutions to gradient flows of C!
functionals is not guaranteed a priori (existence of a solution can be proved if V¢
is weakly continuous, see [8, Theorem 7]). However, if a solution exists, it always
admits a minimal reparametrization and our result can be applied.

The reparametrization technique and the technique of confining discrete so-
lutions to a given compact set provide a foundation for the reverse approxima-
tion of the gradient flows. The last crucial step is a reduction to the one dimen-
sional case and its careful analysis. The detailed study of the one dimensional
situation will be performed in Section 5. We will find a smoothing argument that
allows to approximate any solution to (1.5) by a sequence of minimal solutions
for perturbed energies. We can then base our proof of the reverse approximation
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(1.12) for arbitrary solutions on the approximation by minimal solutions (which
are approximable in the form (1.12)) instead of working directly on the discrete

scheme.

In Section 6 the one-dimensional result is ‘lifted’ to arbitrary finite dimension
by a careful use of the Whitney extension Theorem (this is the only point where
we need a finite dimension): in this way, we will obtain the reverse approximation
result (1.12) for arbitrary solutions to (1.5) in finite dimension.

List of main notation

Hv (" ')9 | ° |
dr(u, v), deo(u, v)

D7 (v,U), Doo(v,U)

GF[¢]
TGF[¢]

GFmin [¢]

Sty]
T (u)

Uz

Lip[y]

-
O(z,U, V)

MM(®, uo)
GMM(®, u)

Hilbert space, scalar product and norm;
distances between functions in HI%71 and
H:%) (2.1)-(2.2);

distances between a map v and a collection of
maps U, (2.4)-(2.5);

solutions of the gradient flow equation (GF);
truncated solutions of equation (GF), see be-
fore Theorem 3.6;

class of minimal solutions to (GF), Definition
3.1;

subset of x € H where Vi (x) = 0;

minimal time after which u is definitely con-
stant, (2.11);

piecewise constant interpolant of a minimizing
sequence (U),en;

Lipschitz constant of a real map ¢ : H — R,
(1.11);

partial order in GF[¢], Definition 3.1;
functional characterizing the Minimizing
Movement scheme, (2.17)-(2.18);

Minimizing Movements, (2.19);

Generalized Minimizing Movements, (2.20);

MS; (¥; ug), MS;(¢; ug, N) Minimizing sequences, (2.13) and Remark 2.3;
M; (Y ug), M (Y5 ug, T) Discrete solutions, (2.14) and Remark 2.3;
N(z,T) min{n € N:nt > T}, Remark 2.3;

U, T) sampled values of a map u, (4.23).

ACKNOWLEDGEMENTS. Part of this paper has been written while the authors were
visiting the Erwin Schrodinger Institute for Mathematics and Physics (Vienna),
whose support is gratefully acknowledged. The first author gratefully acknowl-
edges support from the Global-Challenges-for-Women-in-Math-Science program
at Technische Universitdt Miinchen.



REVERSE APPROXIMATION OF GRADIENT FLOWS AS MINIMIZING MOVEMENTS 683

2. Notation and preliminary results

2.1. Vector valued curves and compact convergence

Throughout the paper, let (H, (-, -)) be a Hilbert space with norm | - | := /(-, -).

A function ¢ : H — R is Lipschitz if Lip[¢/] < oo, where Lip[-] has been
defined in (1.11). Lip(H) will denote the vector space of Lipschitz real functions
on H.

C!(H) will denote the space of continuously differentiable real functions: by
Riesz duality, the differential Dy (x) € H' of v € C!(H) at a point x € H can be
represented by a vector Vi (x) € H. The set of stationary points will be denoted
by S[¥] := {v € H : Vi (v) = 0}. Notice that a function ¥ € C'(H) belongs to
Lip(H) if and only if x — |V (x)| is bounded in H.

Let T € (0, 00); we introduce a distance on the vector space HIO-T] (respec-
tively HIO:+%0)y of curves defined on [0, T'] (respectively [0, +00)) with values in
H by setting

dr(u,v) := sup (|u(t) —v(@)| A 1) forevery u, v : [0, T] — H, (2.1)
tel0,T]

doo (1, v) := sup %(lu(r) —v(®)| A 1) for every u, v : [0, 00) — H. (2.2)

r>0 1 +1

dr clearly induces the topology of uniform convergence on the interval [0, T']. It is
not difficult to show that the distance do, induces the topology of compact conver-
gence, i.e. the topology of uniform convergence on compact sets of [0, +00): for
every T > 0 we have

A+ 17 dr (w1 7y Vj0.gy) = ool )

1 (2.3)
=dr <“|[0,T]’ v|[0,T]> v(a+T)

so that a net (uy)ea in HI%%) is dsy convergent if and only if it is convergent in
the topology of compact convergence.

We will denote by R[u] the range of a function.

ck([o0, +00); H) will be the vector space of Ck curves with values in H. We
will consider C%([0, co); H) as a (closed) subspace of HI?-% with the induced
topology. We introduced the distance (2.2) on the bigger space HI%) since we
will also consider (discontinuous) piecewise constant paths with values in H.

ForT > 0and U c HIOT] o e HIOTT we set

Dr(v,U) :=supdr(v,u); Dr(v,U) :=+ooif U is empty, 24)
ueld

and, similarly, for i C HI0-+%) and v € HI% 1) we define

Doo(v,U) := supdoo (v, u); Doo(v,U) := 400 if U is empty. (2.5)
ueld
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Notice that D7 (v, ) (respectively Do (v, U)) is the Hausdorff distance between
the sets {v} and I/ induced by d7 (respectively dwo).

2.2. Gradient flows

Let ¢ € C!(H) be given. GF[¢] is defined as the collection of all curves u €
C'([0, +o00); H) solving the gradient flow equation

u'(t) = =V u()) (GF)
in [0, 00). Let us collect some useful properties for u € GF[¢] which directly

follow from the gradient flow equation (GF).
We first observe that u satisfies

' @O)> = Vo)) = —%qﬁ ou(t) foreveryrs >0, (2.6)

and thus

1% 1%
¢ (1) — ¢ u(r2)) =/ |/ (1)) dt =/ IV ()| |u' ()| dt
1 1

b (2.7)
= / |V (u(t))|? dr
n

for every 0 < #; < #. In particular ¢ o u may take the same value at two points
11 < tp iff u takes a constant stationary value in [#1, #2].
If ¢ is Lipschitz it is immediate to check that u is also Lipschitz and satisfies

lu(r2) — u(t)| < Lip[p]1r — 11| forevery 1,1, € [0, 00). (2.8)

More generally, when ¢ satisfies (1.8), we easily get

d 1 ) 1 , 2 1 5
a(mu(r» + ?*'”(”' +¢s) < @I = - (¢(u(r)> + Z'“(’)' +¢*)
so that Gronwall lemma and (1.8) yield

u(@®)|* < 27.Coe®’™, ¢ u(0)) — p(ut)) < Co(1 +e*/™),

1 5 2.9)
Co == ¢ (u(0)) + T—IM(O)I + ¢s.

By applying Holder inequality to (2.7) we thus obtain

lu(t2) — u(ty)| < vVCo(1 4+ e2T/%) |ty — 11|/ forevery 11,1, € [0, T]. (2.10)
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Lemma 2.1. Let u € GF[¢].

(1) R[u] is a connected set and the map u : [0, +00) — Rlu] is locally invertible
around any point x € Rlu] \ S[¢];
(i1) R[u] is locally compact and it is compact if and only if ¢ attains its minimum
in R[u] at some point it = u(t) and u is constant for t > t;
(iii) The restriction of ¢ to Rlu] is a homeomorphism with its image ¢ (R[u]) C R;
(iv) If u is not constant, then R[u] \ S[¢] is dense in R[u], and ¢ (R[u] \ S[¢]) is
dense in ¢ (R[u]).

Proof. (i) is obvious. In order to show (ii), let us fix 1 = u(¢) € R[u]; if ¢ attains its
minimum in R[«] at & then ¢ (u(¢)) = ¢ (u(r)) for every ¢t > ¢ and (2.7) yields that
it € S[¢] and u(t) = u(r) for every t > ¢, so that R[u] is compact. The converse
implication is obvious.

If ¢|rpu) does not take its minimum at & = u(f) € R[u], there exists some
t; > t such that § := ¢(u) — ¢ (u(t;)) > 0. Since ¢ is continuous, the set U :=
{u e H| ¢p(u) > ¢(u) — 8} is a closed neighborhood of # and R[u]NU = u([0, #1])
which is compact.

(iii) By (2.7) the restriction of ¢ to R[u] is continuous and injective. In order
to prove that it is an homeomorphism it is sufficient to prove that ¢|r(,] is proper,
i.e. the counter image of every compact set in J := ¢ (R[u]) C R is compact. This
property is obvious if R[] is compact; if R[] is not compact, then ¢ does not take
its minimum on R[] and J is an interval of the form (¢_, @] where ¢ = ¢ (u(0))
and ¢_ = infr[,) ¢. Therefore any compact subset of J is included in an interval of
the form [¢(u(7)), ¢4 ] and its counter image is a closed subset of the compact set
u ([0, 7]) (recall that u is constant in each interval where ¢ o u is constant).

@iv) Let ¢; = ¢ (u(t;)), i = 1,2, be two distinct points in ¢ (R[u] N S[¢]).
Assuming that 71 < #p, (2.7) shows that there exists a point ¢ € (f1, ) such that
Vo (u(t)) # 0,sothat ¢ = ¢ (u(?)) belongs to (¢2, ¢1) \ ¢(S[#]). We deduce that
¢ (R[u] \ S[¢]) is dense in ¢ (R[u]) and, by the previous claim, that R[u] \ S[¢] is
dense in R[u]. ]

Notation 2.2. If u € C°([0, oo); H) we will set
T.(u) = inf{t € [0, 400) : u(s) = u(t) foreverys > t} .11

with the usual convention 7, (#) := +o0 if the argument of the infimum in (2.11) is
empty.

It is not difficult to check that the map 7, : CO([O, o0); H) — [0, +o0],
u — T,(u), is lower semicontinuous with respect to the topology of compact con-
vergence in C°([0, co); H).

By Lemma 2.1(ii), if u € GF[¢] then

T.(u) < oo ifandonlyif R[u]iscompact; (2.12)

if R[u] is compact then u(t) = u, = u(T,(u)) for every t > T,(u) and u, is a
stationary point.
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2.3. Minimizing movements

Let a function ¢ : H — IR, a time step 7 > 0, and an initial value uo € H be given.
We consider the (possibly empty) set MS; (¥; up) of Minimizing Sequences
(UM)nen such that U? = ug and

1

pel U R ()
] i (2.13)
EEW_UT |"+ ¢ (V) foreveryVeH, n=>1.

We can associate a discrete sequence satisfying (2.13) with its piecewise constant
interpolation U; : [0, oo) — H given by

U (0) := ug, U (1) :=U! ift e ((n— Dr,nt]. (2.14)
(2.14) can be equivalently expressed as

Ur(t) = Y _UX(t/t = (n—1)) fort >0,
neN

in which X : R — R denotes the characteristic function of the interval (0, 1]. We
call M; (¥; up) the class of discrete solutions U at time step ¢ > 0, which admit
the previous representation (2.14) in terms of solutions to (2.13).

Remark 2.3 (Bounded intervals). Sometimes it will also be useful to deal with
approximations defined in a bounded interval [0, T'], involving finite minimizing
sequences. For N € N we call

MS: (¢; ug, N) the set of sequences (U’ )o<,<n satisfying (2.13). (2.15)
Similarly, for a given final time 7' € (0, 400) we set

N, T) :=min{n € N:nt > T}, (2.16)

and we define M, (V; ug, T') as the collection of all the piecewise constant functions

U; : [0, T] — H satisfying (2.14) in their domain of definition, for some (U), €
MS: (Y5 uo, N(z, T)).

Let us now assign a family of functions ¢, : HH — R depending on the param-
eter T € (0, 7,) and define the functional ® : (0, 7,) x H x H — R as

1
O, U, V) = |V = UP? 4 ¢ (V). (2.17)

(2.13) for the choice ¢ := ¢, is equivalent to

U? = ugp; U! € argmin Cb(r, U?il, ) forevery n > 1. (2.18)
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According to [9], a curve u : [0, +00) — H is called a Minimizing Movement
associated to @ if there exist discrete solutions U; € My (¢; ug) such that

liir(} U (t) =u(t) foreveryt > 0. (2.19)
T

MM(®, ug) denotes the collection of all the Minimizing Movements.

A curve u : [0, +00) — H is called a Generalized Minimizing Movement [9]
associated to @ if there exist a decreasing sequence k +—> 7(k) | 0 and correspond-
ing Urty € Mk (@r(k); uo) such that

u(t) = klim Ur(t) forevery s > 0. (2.20)
—00

GMM(®, up) denotes the collection of all the Generalized Minimizing Movements.
It clearly holds that MM(®, ug) C GMM(®, ug).

Remark 2.4 (Quadratic lower bounds). If for some z, > 0

ir‘}fCD(r*, up, V) =—A > —o0 (2.21)
(this happens, in particular, if MS¢, (¢r,; 1o, 1) is nonempty) and Lip[¢,, — ¢] < £,
then ¢ satisfies the quadratic lower bound

It + 1

*

d(x) = (p(uo) —pr, (o)) —A—€/2— |x—uo|® forevery x € H. (2.22)
This shows that the lower quadratic bound of (1.8) is a natural assumption in the
framework of minimizing movements. (2.22) follows by the fact that ¢ (x) —
¢ (uo) — (¢r, (x) — ¢r, (o)) = —Lipld — ¢r,1|x — uol = —€|x — uol.

Similarly, if ¢ satisfies (1.8) and Lip[¢; — ¢] < £, we get

bty + 1
—; x|
Tk

l
¢ (x) = (9 (0) — ¢(0)) — ¢ — 5~ forevery x e H.  (2.23)
It is a well known fact that if ¢ € C'(H) N Lip(H) and lim, 1o Lip[¢p: — ¢] = 0,
then every u € GMM(®, ug) solves (GF) with initial datum ug. We present here
the proof of this statement (including the case of ¢ € Cl(H) satisfying (1.8)) and a
few related results that will turn to be useful in the following.

Lemma 2.5 (A priori estimates for minimizing sequences). Let ¢ € C'(H) sat-
isfy (1.8), let ¢ : H — R be such that £, := Lip[¢ — ¢] < 00, let T > 0 and
(UDo<n<n € MS(¢pr;u0, N),1 <N < N(z,T).

(i) Forevery 1l <n < N we have

Un — Un—l
———— + VoUD)| < (2.24)
T



688 FLORENTINE FLEISSNER AND GIUSEPPE SAVARE

(ii) Suppose that ¢ (uo) V |ugl> < F, £y < 1, T < 1,/16. There exists a positive
constant C = C(¢x, t«, F, T) only depending on ¢, Ty, F, T, such that

1 N
sup |UZ* <€ - Y |Ur U < ge(uo) e (UY) < €. (229)
0<n<N [

Proof. (i) Letus set {; := ¢ —¢. The minimality condition (2.18) yields for every
wWel

1 1
O + 5 |Ur =W —g(ur) - - furt - urf?
> e (UF) = Y (W) = =L U2 = W].

We can choose W := U + 6v, divide the above inequality by 6 > 0 and pass to
the limit as 6 | O obtaining

<r_1(Uf — Uf_l) + Vo (UL), v> > —{;|v| forevery v e H,

which yields (2.24).
(ii) It follows by [4, Lemma 3.2.2], by using (2.23) and u, := 0. Up to the addition
of a constant to ¢, it is not restrictive to assume that ¢, (0) = ¢(0). O

Lemma 2.6. Let ¢ € C'(H) and let ¢, : H — R, v € (0,1,), such that
lim Li —¢]=0.
Tlfé ip[¢: — @]

(1) If there exist a vanishing decreasing sequence k +— t(k) and discrete so-
lutions in a bounded interval Uy € My (Prk); uo, T) such that u(t) =
limy_, 0o Uz (k) (¢) for every t € [0, T], thenu € Cl([O, T1; H) is a solution to
(GF) with initial datum u(0) = ug;

(1) Ifu € GMM(D, ug) then u € GF[¢];

(i) Let T > 0 and U; € M (¢;;u0,T), T € (0, 1,), be a family of discrete
solutions taking values in a compact subset K C H. Then for every decreasing
and vanishing sequence k +> t(k) there exist a further subsequence (still
denoted by t(k)) and a limit function u € C' ([0, T1; H) such that

klim d7 (Urky, u) =0, uis a solution to (GF) in [0, T']; (2.26)
—00

(iv) Let Uy € M (¢; uo), Tt € (0, 1), be a family of discrete solutions satisfying
the following property: for every T > O there exist T € (0, t,) and a compact
set JC C H such that U ([0, T]) C K for every t € (0, T). Then for every de-
creasing and vanishing sequence k +— t(k) there exist a further subsequence
(still denoted by T (k)) and a limit function u € Cl([0, 00); H) such that

Jim oo (Urq 1) =0, u € GFIg]. (2.27)
—00
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Proof. (i) Let us call Ur (t) the piecewise linear interpolant of the values U!,
0 < n < N(t,T) of the minimizing sequence associated to U;: U,(t) =
SNED gnR 1/t — n) where £(t) = (1 — |1]) v 0.

Since MS¢ k) (¢ (k); 4o, 1) are not empty and Lip[¢ —¢] — 0, by Remark 2.4
we deduce that ¢ satisfies the lower quadratic bound (1.8). By Lemma 2.5(ii) we
deduce that there exists 7, € (0, 7,) sufficiently small such that any curve UT is
equi Holder continuous for T < t,, i.e. there exists a constant C independent of t
such that

|U.(t) — U (s)| < Clt —s|'/? foreverys,t €[0,T], T € (0,7.), (228)

and
dr(U;, Uy) < CT 1€(0,1,). (2.29)

(2.29) shows that U, has the same limit points of U ; since lA]t is equi-Holder, the
pointwise convergence U; ) — u(t) as k — oo for every ¢ € [0, T] implies the
uniform convergence of Uz and of (L(k) to the same limit #, which belongs to
cO([o, T1; H.

Since U’ (1) = 'c_l(U” U?_l) in each interval ((n — 1)7, nt), we obtain
from (2.24)

\UL(t) + V(U ()]

. (2.30)
<Lip[¢; — ¢] foreveryt € [0,T]\{ht :0 <h < N(z,T)}.

We can then pass to the limit in (the integrated version of) (2.30) for 7 = t(k) to
obtain that

t
u(t) = ug — / Vo (r))dr foreveryt e [0, T], (2.31)
0

which shows that u € C!([0, T']; H) is a solution to (GF).
Let us remark that when ¢ is Lipschitz a reinforced version of (2.28) and (2.29)
follows directly from (2.24), which yields

|Ur —Ur ' < Lt forl <n<N(t,T),

N n (2.32)
d7 Uy, Ur) < Lo, Lip(U;) < Lo,

where L; := Lip[¢] + £-.
(ii) The proof is completely analogous to (i).
(iii) We observe that Ur (k) takes values in the closed convex hull co(IC), which

is still a compact subset of H (see, e.g., [22, Theorem 3.20]). Since k +— Uf(k) is
eventually equi-Holder by (2.28), Ascoli-Arzela Theorem yields the relative com-
pactness of the sequence in the uniform topology. We conclude by applying (2.29)
and the previous Claim (i).

(iv) We can apply the previous point (iii) and a standard diagonal argu-
ment. O
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2.4. De Giorgi conjecture and notions of approximability

If the generating function ® of (2.17) is induced by perturbations ¢, converg-
ing to ¢ € C!(H) in the Lipschitz seminorm, then Lemma 2.6(ii) shows that
GMM(®, ug) C GF[¢].

The most challenging part of De Giorgi’s conjecture deals with the opposite
direction. It can be equivalently formulated in the following way:

Conjecture. Suppose that H has finite dimension, ¢ € Cl!(H) n Lip(H), and let
a solution u € GF[¢] be given. There exist a family of functions ¢, € Lip(H), a
decreasing sequence k — t(k) | 0 and corresponding U;x) € My k) (¢rx); u(0))
such that
limLip[¢; — ¢]1 =0, lim deo(u, Urg)) =0. (2.33)
70 k— 00

We will introduce a stronger property, based on the set distance introduced in (2.5).

Definition 2.7 (Strongly approximable solutions). Let ¢ € C'(H). We say that a
solution u € GF[¢] is a strongly approximable solution if there exists a family of
perturbations ¢, : H — R, t € (0, 7,), such that

liilgLip[qﬁr —¢1=0, liﬁ)l Doo (u, Mc (¢ u(0))) = 0. (2.34)

We denote by AGF[¢] the class of strongly approximable solutions.

The second part of (2.34) is equivalent to the following property: for every t > 0
sufficiently small the set M, (¢;; #(0)) is nonempty and all the possible selections
U, € M (¢; u(0)) will converge to u in the topology of compact convergence as
7 | 0. We note that (2.34) implies

MM(®, u(0)) = {u} = GMM(P, u(0)) (2.35)

for the generating functional ® of (2.17). In the finite dimensional case, (2.35) is
indeed equivalent to the second part of (2.34), due to the do-compactness of every
sequence (U;) of discrete solutions.

It is clear that any u € AGF[¢] satisfies the property expressed by De Giorgi’s
conjecture, and we will prove that in the finite dimensional Euclidean setting, in-
deed every solution u € GF[¢] is strongly approximable.

In a few situations (H has infinite dimension and ¢ is not bounded from below)
we will also consider approximations on bounded intervals, recalling the notation
introduced in Remark 2.3.

Definition 2.8. Let ¢ € C!(H). We say that a solution u € GF[¢] is strongly
approximable in every compact interval if there exists a family of Lipschitz pertur-
bations ¢, € Lip(H), 7 € (0, 7,), such that

lim Li —¢] =0,

am ipl¢r — @]

2.36
“f& D7 (uljo.77,. Mz (¢h; u(0), T)) =0 forevery T > 0. (2.36)
T
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The notion of strong approximability in every compact interval slightly differs from
the notion of strong approximability since we do not require the existence of ele-
ments in M; (¢; u(0)) for T > 0 small enough and we work with M; (¢; u(0), T)
instead. The next remark better clarifies the relation between the two notions.

Remark 2.9 (Strong approximability). If a solution u € GF[¢] is strongly ap-
proximable in every compact interval and for every sufficiently small T > 0 the
set of minimizing sequences MS¢(¢r; u(0)) is nonempty, then u is strongly ap-
proximable according to Definition 2.7: it is a simple consequence of (2.3) and
of the fact that for every U € Mq(¢;; u(0)) the restriction U 0,71 belongs to
Mz (¢2; u(0), T).

Conversely, if u is strongly approximable and for every t > 0 sufficiently
small and for every N > 0 any minimizing sequence in MS; (¢;; u(0), N) can be
extended to a minimizing sequence in MS; (¢; u(0)), then u is strongly approx-
imable in every compact interval [0, T'], according to Definition 2.8.

In the finite dimensional Euclidean case the two notions of approximability
are equivalent, since the minimization problems (2.18) are always solvable for t
sufficiently small and ¢ quadratically bounded from below.

At the end of this preliminary section, we want to show that the class of
strongly approximable solutions is closed with respect to Lipschitz convergence
of the functionals and compact convergence of the solutions. We make use of an
equivalent characterization of AGF[¢] provided by the next lemma.

Lemma 2.10. Letr ¢ € C'(H). u € AGF[¢] if and only if for every ¢ > 0 there
exist T > 0 and a family ¢  : H — R, 0 < t < 7, such that

Lipl¢er — ¢l <&, Doo(tt, M (s r;u(0)) <& foreveryt € (0,7]. (2.37)

Proof. Since it is obvious that any u € AGF[¢] satisfies the condition stated in the
lemma, we only consider the inverse implication.

Let us fix a decreasing sequence ¢, | 0; we can find a corresponding sequence
7, and functions ¢, . satisfying (2.37) for 0 < t < 7,. By possibly replacing
T, with T, := 27" A minj<;u<, Ty, it is not restrictive to assume that 7, is also
decreasing and converging to 0. We can thus define

¢r := Pe, r Whenever T € (Tyt1, Tnl, (2.38)

and it is easy to check that this choice satisfies (2.34). The fact that u € GF[¢]
follows by (2.35) and Lemma 2.6(ii); hence, u is a strongly approximable solution
according to Definition 2.7. O

Lemma 2.11. The class of strongly approximable solutions satisfies the following
closure property: if ¢, ¢or € C'(H) and uy € AGF[¢r], k € N, with the same initial
datum u = ui(0), satisfy

lim Lip[¢py —¢]1 =0, lim doo(ug,u) =0 (2.39)
k— 00 k—o00

then u € AGF[¢].
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Proof. Let us fix ¢ > 0; according to (2.39), we can find k € N such that

Lip[gx — @] < €/2,  doolu, ux) < €/2. (2.40)

Since ux € AGF[¢x] we can also find T > 0 and a family of functions ¢y ¢ : H —
R, t € (0, 7), such that

Lip[dr.e,c — ¢l < €/2,  Doo(u, Me(Ppe,0:u(0))) < &/2

_ (241)
for every t € (0, 7).

The family ¢y . - obeys (2.37), since the triangle inequality yields

Lip[¢k,e,r - ¢] < Lip[d’k,s,r - ¢k] + Lip[¢k - ¢] <e¢&,
Doo (u, Mz (¢ e,7; u(0))) < doo(u, ug) + Doo(ug, Mr (¢re,0; u(0))) <e. [

3. The minimal gradient flow

In this section, we define and study a particular class of solutions to (GF) for a
function ¢ € C!(H), which we call minimal gradient flows. Let us first introduce a
partial order in GF[¢].

Definition 3.1. If u, v € GF[¢] we say that u > v if R[v] C R[u] and there exists
an increasing 1-Lipschitz map z : [0, +00) — [0, +00) with z(0) = O such that

0<z(t)—2z(s) <t—s forevery0) <s <t, G.1)

u(t) = v(z(t)) for every 0 < ¢. '
An element u € GF[¢] is minimal if for every v € GF[¢], u > v yields u = v. We
will denote by GFpin[¢] the collection of all the minimal solutions.

As it appears from (3.1), by “increasing” we mean that z(s) < z(¢) for all
s < t; if we want to require a strict inequality, we will use the term “strictly in-
creasing”. The same goes for “decreasing” and “strictly decreasing”.

Remark 3.2 (Range inclusion). Notice that if u > v then R[u] C R[v] C R[u];
the inclusion R[u#] C R[v] is guaranteed by (3.1).

The condition R[v] C R[u] prevents some arbitrariness in the extension of a
candidate minimal solution. In order to understand its role, consider the classical
1-dimensional example given by ¢'(x) = 2./[x]. For a given T, > 0 the curve
u(t) := ((T* -1V 0)2 belongs to GF[¢] and it is minimal according to the previous
definition (it is an easy consequence of the next Theorem 3.6(5)). However, the
curve v(t) := u(t) — ((t — 2T Vv O)2 still belongs to GF[¢] and satisfies (3.1) by
choosing z(¢) =t A Ty. u # v since R[v] ¢ R[«] = [0, T*z].

We note that constant solutions are minimal by definition.
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Remark 3.3 (> is a partial order in GF[¢]). It is easy to check that the relation
> is reflexive and transitive; let us show that it is also antisymmetric. If u, v €
GF[¢] satisfy u > v and v > u, we can find increasing and 1-Lipschitz maps
Z1,2; : [0, 00) — [0, o) such that u(t) = v(z;(¢)) and v(¢) = u(z2(¢)) for every
t € [0, 00); in particular u = u o Z where z = z; o z; is also an increasing and
1-Lipschitz map satisfying z(¢) < ¢. Notice that the inequalities z;(t) < ¢ and the
monotonicity of z; yield

2(t) <zij(t) <t foreveryt >0, i=1,2.

Letus fix r € [0, 00): if z(t) = ¢ then z;(¢) = t so that u(t) = v(z;(t)) = v(z). If
Z(t) < t then u is constant in the interval [z(?), 7] so that u () = u(z>(¢)) = v(¢) as
well.

Remark 3.4 (Derivative of the time reparametrization map). If u, v € GF[¢]
satisfy u > v, then the corresponding time reparametrization map z : [0, +00) —
[0, 400) is a.e. differentiable (since it is 1-Lipschitz) and for a.e. t € [0, T\ (1)) it
holds that

—IVou@)* = (pou)(t) = (povoz)(r)
= —|Vop @) *Z (1) = —|Vo ) *Z (1),

implying Z’ = 1 ae. in {r € [0, T, (w)) : Vo (u(t)) # 0}.

The next result collects a list of useful properties concerning minimal solutions.
Recall that T, (u) has been defined by (2.11). We introduce the class of truncated
solutions TGF[¢] D GF[¢] whose elements are solutions in GF[¢] or curves v :
[0, c0) — H of the form v(¢) := v(t A T) for some v € GF[¢] and T € [0, 00).
The set GF[¢] is closed in C°([0, 0o); H).

Remark 3.5. If v : [0, S] — H solves (GF) in [0, S] for some S > 0 and there
exists u € GF[¢] and T > 0 so that u(T) = v(S), then v can be identified with an
element in TGF[¢] since v € GF[¢] where v(¢) := v(¢) if t € [0, S] and v(¢) :=
ut — S+ 7T)ift € (S, +00).

Theorem 3.6. Let ¢ € C'(H) satisfy (1.8).

(1) Forevery R = R[y] C H which is the range of y € GF[¢] there exists a unique
u € GFpin[¢] such that R C R[u] C R. Ifv € GF[¢]and R C R[v] C R, then
v > u. In particular, for every v € GF[¢] there exists a unique u € GFpin[¢]
such thatv > u;

(2) u € GF[¢] is minimal if and only if for every v € TGF[¢] with v(0) = u(0)
and R[v] C Rlu] the following holds: if u(tg) = v(t) for some ty, t; > 0 then
o A To(u) < ty;

3) u € GF[¢] is minimal if and only if for every v € TGF[¢] with v(0) = u(0)
and R[v] C R[u] we have ¢ (v(t)) > ¢ (u(t)) for everyt > 0;

@) If u € GFyinl¢], v € TGF[¢] with v(0) = u(0), R[v] C R[u] and ¢ (v(z)) <
¢ (u(t)) for every t € [0, T (v)), then v(t) = u(t) for every t € [0, T,(v));
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(5) u € GF[¢] is minimal if and only if the restriction of u to [0, T,(u)) crosses
the set S[@] of critical points of ¢ in an L l—negligible set of times, 1.e.

7! ({t €0, T.(w)) : Ve (u(r) = 0}) —o. (32)

If u € GFpinl¢] and T (u) > 0, the map t +— (¢ o u)(t) is strictly decreasing
in [0, T, (u)) and the map t — u(t) is injective in [0, T, (1)),

(6) A non-constant solution u € GF[¢] is minimal if and only if there exists a
locally absolutely continuous map

{1/ (él[lf](ﬁ, ¢(u(0))i| — [O, T*(u)) such that
t =Y (p(u(t)) foreveryt € [O, T*(u)).

Proof. (1) Letus fix v,y € GF[¢], R = R[y] with R C R[v] C R; it is not
restrictive to assume that 7, := T, (v) > O (otherwise v is constant and R is reduced
to one stationary point). We set ¢, := infg ¢ and we select a sequence r, € R\ S[¢]
so that ¢, = ¢ (r,,) is decreasing and converging to ¢,. We can find a corresponding
increasing sequence of points 7, — T, such that v(7;,) = r, and we set R, := {r €
R:o(r) = ¢y} = v(0, T,,]). We consider the class

GIR,] := {w e TGF[¢] : R[w] = Rn}.

G[R,] is not empty since it contains the function ¢ — v(¢t A T}), and the sublevel
sets {w € G[R,]: T.(w) < ¢}, ¢ > 0, are compact in C°([0, co); H) by the Arzela-
Ascoli Theorem. It follows that 7, admits a minimizer in G[ R, ] that we will denote
by u,,with S, := T, (u,) < T,,. We now define

2,,(t) := min {s €10, S,1 - un(s) = v(t)}, t €[0.T,1, 3.3)

and we claim that z,, is increasing, surjective and 1-Lipschitz from [0, T,] to [0, S, ].
Since ¢ is an homeomorphism between v([0, 7,,]) and the interval [¢ (v(T})),
¢ (v(0))], z, can be equivalently defined as min {s € [0, S,]: d(un(s)) = ¢(v(t))},
which shows that z,, is increasing. In order to prove that z, is 1-Lipschitz, we ar-
gue by contradiction and suppose that there exist times 0 < #1 < f, < T, with
8z = Z,(tp) — Z,(t1) > to — t; = &. Since by construction v(¢) = u,(Z,(¢)), we
can consider a new curve

up(r) if0 <r <z,(1)
wr) == v+t —2z,(t1) ifzZ,(1) <r <8 +zu(t1)
up(r + 06z —8;) ifr > 8; +z,(11).
Defining W, := §,,—82:+68; < S, itis easy to check that w(r) = u, (S,) = v(T,) for

every r > W, and w is a solution to (GF) in the interval [0, W},), so that w € G[R,]
and T, (w) = W, < S, which contradicts the minimality of u,.
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The same argument shows that u,, is in fact the unique minimizer of 7, in
G[R,]: another minimizer i,, will also belong to G[R,] with T,(ii,) = S,, so
that there exists an increasing 1-Lipschitz map r : [0, S,] — [0, S,] such that
uy(s) = uy(r(s)) forevery s € [0, S,]. Since r(S,) = S, r should be the identity so
that i1,, coincides with u,.

Let us now show that

Sn < Sut1, un(s) = upp1(s),  Z,(t) = Z,11(2)

34
forevery s € [0, S,1, t € [0, T, ]. G4

In fact, for every 7 € [0, T,,] with z,(7) = 5 € [0, S,] there exists z, 1 (1) = 5" €
(0, Sy41) such that u, 1 1(s’) = v() = u,(5); if s’ < § we would conclude that the
map
A .f 07 !
b(s) = un+1(S)/ _fs € [/ s']
Up(s —s' +5) ifs>s

belongs to G[R,] with T,(w) = S, +s' —§ < S, contradicting the minimality of
u,. Choosing § = S, this in particular shows that S,1+1 > S,. If ' > § we could
define
- Uy (s) fo0<s<s
w(s) = . _
Upt1(s —5+s') ifs>s

obtaining a function W € G[R, 1] with T, (0) = S;41 — (s' —§) < Su+1, contra-
dicting the minimality of u,41. We thus get s’ = §, and therefore u,1(s) = u,(s)
in [0, S,;] and z,,(¢) = Z,,41(¢) in [0, T, ].

Let us now set S, := sup S,. Due to (3.4) we can define the maps

{un(s) if s € [0, S,] forsome n € N
u(s) :=

Uy if s € [Sk, 00)
3.5)
2(1) = z,(t) ift €0, T,] forsomen € N
s, ifte[T., o0)
with u, := limgyg, u(s) if S, < oo. The curve u solves (GF) in [0, S,); due to

(2.10), the limit u, is well-defined for S, < co. If T, < oo then u, = v(T,); if
T, = +o0 then u, = lim;4o, v(¢) is a critical point of ¢ as (2.7) yields

f IV(#(v(1)|* df < 400
0

in this case. So we constructed an element u € GF[¢] with v>u and R CR[u] C R.

Notice that by construction u just depends on R. Suppose now that there exists
u € GF[¢] with u > u: in particular R C R[#] C R by Remark 3.2, so that the
above argument shows that u > u and therefore u = u. This property shows that
u € GFpin[¢].
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(2) Let us first observe that if u € GFpyjp[¢p] is non-constant, then the map
t + u(t) is injective in [0, T (u)). In fact, if u(tg) = u(zp + &) for some 0 < 7y <
to + 8 < T,(u),then ¢ o u and thus u is constant in [fg, fy + &] so that the curve

{u(t) if £ € [0, o]

w(t) = .

u(t+46) ift>n

belongs to GF[¢], satisfies R[w] = R[u] and u(t) = w(z(¢)) where z(t) =t ANty +

(t — (to+9))+. This yields u > w so that u = w by the minimality of u; we deduce

u(t) = u(t + &) for every t > to9, which implies that T, (u#) < g, a contradiction.
Let us now suppose that u € GFpin[¢], v € TGF[¢] with v(0) = u(0) and

R[v] € R[u]. It is not restrictive to assume T, (1) > 0. We fix fp > 0 and #; €

[0, T, (v)] such that u(fg) = v(¢1), and we define the curve

{v(t) ifo<r<n

w(t) = .

u(t —t +1) ifr>1.

We clearly have w € GF[¢]; moreover Lemma 2.1(iii) yields u ([0, fp]) = v ([0, #])
so that R[w] = R[u]. By the previous point (i) we deduce that w > u and there ex-
ists an increasing 1-Lipschitz map z : [0, co) — [0, co) such that w(t) = u(z(z)).
In particular, w(t;) = v(t1) = u(z(t1)) = u(fp) and 2(#;) < t;. On the other hand,
since t > u(t) is injective in [0, T, (#)) we deduce that fg = z(t1) or z(t1) > T, (u).
If t; > T,(v) we simply replace t; by T, (v), since v(t]) = v(Tw(v)).

The converse implication is a simple consequence of the previous claim: if
u € GF[¢] we can construct the unique minimal flow v € GFyy[¢] with R[u] C
R[v] C Rul, so that u(r) = v(z(¢)) for a suitable 1-Lipschitz map satisfying
z(0) = 0. By assumption, t A T, (u) < z(t) but the 1-Lipschitz property yields >
2(t) so that z is the identity on [0, T (u)). If To (1) = +00 we deduce immediately
that u = v; if T, (1) < oo we deduce that v(t) = u(z) for every t € [0, T, (1)] and
then v = u since R[v] C R[u] = u([0, T, (u)]). In particular u € GFyn[¢].

(3) Letu € GFpinl¢], v € TGF[¢] with v(0) = u(0) and R[v] C R[u]; it is not
restrictive to assume T, (#) > 0. For every ¢ € [0, T, (v)) there exists s € [0, T (1))
such that v(¢) = u(s). Claim (2) yields s < ¢ sothat ¢ (v(¢)) = ¢ (u(s)) > ¢ (u(t)).
If T,(v) < oo we get by continuity ¢ (v(T4(v))) > ¢ (u(T,(v))) and therefore
d(@) = ¢((Th(v) = ¢u(Tu(v))) = ¢ (u(r)) forevery t > Ty (v).

In order to prove the converse implication, we argue as in the previous claim
and we construct the minimal solution v € GFpin[¢] with R[u] C R[v] C R[u],
so that u(¢#) = v(z(¢)) for a suitable 1-Lipschitz map satisfying z(0) = 0. Since
z(t) < twegetp(u() = d(w(z())) = ¢(v(t)), so that we deduce ¢ (u(t)) =
¢ (v(t)) for every ¢t > 0; since ¢ is injective on R[v] D R[u] we obtain u(t) = v(z).

(4) Is an immediate consequence of the previous point (3) and Lemma 2.1(iii).

(5) We first prove that a solution u € GF[¢] satisfying (3.2) is minimal. In
fact, if u > v we can find a 1-Lipschitz increasing map z such that u(¢) = v(z(z)).
Since the map z is differentiable a.e. in [0, c0) and u, v are solutions to (GF) we
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obtain for a.e. t € [0, T, (u))

—|Vop®))* = (pou)(t) = (povoz)(r)
= —|Vop @) *Z (1) = —|Vo () |*Z ().

By (3.2) we deduce Z'(¢) = 1 for a.e.t € [0, T, (u)), so that z(¢) = ¢ in [0, Ty (u))
and v =u.

Let us now prove that every u € GFpin[¢] satisfies (3.2). Let 7, := T, (u) > 0.
Starting from u# we construct a solution w € GF[¢] with the same range as u# and
which crosses S[¢] in an £'-negligible set of times. For this purpose, we introduce
the map

t o]
x € C'([0, +00)), X(t):=/ lu'(s)| ds  with X::/ lu'(s)| ds= lim X(z),
0 0 t1+o00

and we consider the dense open set Q := {¢t € (0, T},) : X'(¢) = |u/(¢)| > 0}. Notice
that X is strictly increasing in [0, T, ), since X(#p) = X(¢1) forsome 0 < #9 < t; < T
yields u constant in (g, t;) which is not allowed by the minimality of #. We can
thus define the continuous and strictly increasing inverse map y : [0, X) — [0, T,)
such that y(x(z)) = t for every ¢ € [0, T,). We notice that the set

E:={xel0,X): uyx)) €Sl¢l} =x({r €[0,T.): X (1) =0}) (3.6

has Lebesgue measure 0 by the Morse-Sard Theorem and that the map V is differ-
entiable on its complement [0, X) \ E with
1 1
Wy Vo)l
Since y is continuous and increasing, its derivative belongs to L'(0, X’) for ev-

ery X' < X. We can thus consider the strictly increasing and locally absolutely
continuous function

y(x) =

1
9 : [0, X) = [0,0), O(x):= —
10 %) = 10.©). - 00 f[o,x]\a Vo)
© = / v
0, X\ Vo uy)))|

It holds that 9'(x) = y'(x) > O forevery x € (0, X) \ Eand 0 < ¥ (x1) — & (xg) <
y(x1) — Y(xp) for every 0 < xp < x1; < X, so that the composition z := ¥ o X
satisfies

0<2z(t) —z(tg) <t) — 19 forevery0 <1y <t <T,. 3.7
z is 1-Lipschitz and differentiable a.e.; moreover, z is differentiable in 2 with

Z(@t) =9 x@)X'(t) =1 foreveryt € Q, Z'(t)=0 ae.in[0,T,)\ Q2 (3.8)
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(see, e.g., [15, Theorem 3.44] for the chain rule for absolutely continuous func-
tions).

We will denote by t : [0, ®) — [0, T,) the continuous inverse map of Z which
is differentiable in the dense open set z(€2) with derivative 1. Since t is increasing,
it is of bounded variation in every compact interval [0, ®'] with ®" < ©. For every
h € H we set up(t) := (u(@®),h), w :=uot:[0,0) - H,and wy ;= upot:
[0, ®) — R. Since uy, is locally Lipschitz, wy, is a function of bounded variation in
every compact interval [0, ®'] with ® < ©: we want to show that wy, is absolutely
continuous in [0, ®']. To this aim, we use the chain rule for BV functions (see,
e.g., [3, Theorem 3.96]) and the facts that u,, t are continuous, u, is Lipschitz in
[0, t(®")], and that t is continuously differentiable on the open set z(£2); the Cantor
part D¢t of the distributional derivative of t is therefore concentrated on the set
(0, ®) \ z(2) and the BV chain rule yields

D wy, = (u), o Dt

where u), (t) := (u'(t), h) = (=V u(1)), h) = =V u(1)).
On the other hand, for every s € (0, ®) \ z(2) we have t(s) € (0,T,) \ € and
thus Vo (u(t(s))) = 0. We conclude that D w;, = 0 and wy, is locally absolutely

continuous. The same argument shows that the pointwise derivative of wy, vanishes
a.e.in (0, ®) \ z(€2), whereas the computation of the derivative of w in z(2) yields

(3.9

w'(s) = u'AHY () = u'(t(s)) = =V u((s))) = =V (w(s)).
Summarizing, we obtain
w),(s) = —Vip(w(s)) ae.in (0, ®); (3.10)

since the righthand side of (3.10) is continuous we deduce that wy, is a C! function
and (3.10) holds in fact everywhere in [0, ®). Being w continuous and scalarly cl,
we deduce that w is of class C! in [0, ®) and w is a solution of (GF) satisfying
w(s) = u(t(s)). If © is finite, the uniform Holder estimate (2.10) shows that w
admits the limit w := limgy@ w(s) = limy4 400 u(?). It follows that w is a stationary
point of ¢, so that extending w by the constant value w for + > ® still yields
a solution to (GF). If we have 7, < oo, we can extend z by the constant value
© = limyy7, Z(¢) < oo fort > T,. Since we have R[w] C Rlu] and u(r) = w(z(t))
for every t > 0, we deduce that u > w. Since u is minimal, we should have w = u
so that z(¢) = ¢ for ¢t € [0, T}). (3.8) then yields that [0, 7}) \ €2 has O Lebesgue
measure and (3.2) holds.

(6) If u € GFpinle] and T, (1) > 0, we know that the map ¢ : t — ¢ (u(t))
is of class C!, strictly decreasing with ¢’(r) < 0 a.e. in (0, 7,). It follows that
it has a locally absolutely continuous inverse yr. Conversely, if ¢ has a locally
absolutely continuous left inverse v (which is then also the inverse) then ¢’(z) =
—|IVou®))|? # 0 ae. in (0, T,), so that (3.2) holds and u € GFpiy[¢] by the
previous claim (5). ]
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We conclude this section with a definition and a simple remark.

Definition 3.7 (Eventually minimal solutions). We say that a solution u € GF[¢]
is eventually minimal if there exists a time T > 0 such that u’(T') # 0 and the curve
t — u(t + T) is a minimal non-constant solution.

Remark 3.8 (Approximation by eventually minimal solutions). Any non-con-
stant u € GF[¢] may be locally uniformly approximated by a sequence of eventu-
ally minimal solutions keeping the same initial data. For every n € N it is sufficient
to choose an increasing sequence t, 1 T, (u) with u’(z,) # 0 and replace the curve
vy = u(- + t,) with the unique minimal solution w,, such that v, > w,, given by
Theorem 3.6. The curves

) {u(t) if0 <t <t, Gl

w,(t —t,) ift >t,,

are eventually minimal and converge to u uniformly on compact intervals. The
uniform convergence on compact intervals follows directly from (3.11) for 7, (u) =
+o0; if T, (u) < 400, we can estimate

lup (@) —u@) < max |[Vou(s)||Ti(u) — t] forall 7 > 0.
s€[0,T,(u)]

s L

Any constant u € GF[¢] is minimal.

Minimal gradient flows will play a crucial role in the proof of De Giorgi’s
conjecture. Roughly speaking, the conjecture can be proved directly for this class
of gradient flows, and in addition, any other gradient flow can be approximated by
a sequence of minimal gradient flows.

4. Approximation of the minimal gradient flow

In this section we study a particular family of perturbations that will be extremely
useful to approximate minimal gradient flows. As a first step, we present a general
strategy to force a discrete solution of the minimizing movement scheme to stay
in a prescribed compact set. We will always assume that ¢ € C'(H) satisfies the
uniform quadratic bound (1.8), so that

1
inf —|x — y|2 4+ ¢(y) > —oo forevery x € H, t € (0, 7). 4.1)
yeH 21

4.1. Distance penalizations from compact sets

Let a time step > 0 and a nonempty compact set I/ C H be fixed. We denote by
Yy H — R the distance function

Yy (x) := dist(x, d) = min |x — y|, 4.2)
yeu

€



700 FLORENTINE FLEISSNER AND GIUSEPPE SAVARE

by I'z4 the closed convex set

Iy := {(a,b) € [0,00) x [0,00) : [Vo(x) = Vo (y)| A1

4.3)
<a-+b|lx—y|foreveryx elU, y € H}
and by wyy : [0, 00) — [0, c0) the concave modulus of continuity
wy(r) = inf{a +bri(ab) e Fu}. (4.4)

Notice that

wyy 1s increasing, bounded by 1, concave, and satisfies liﬁ)la)u(r) =0, @45
r

with
Vo (x) — Vo ()| Al <awy(lx —y|) wheneverx e U, y € H. (4.6)

In order to prove the limit property of (4.5), we can argue by contradiction; let us
assume that we have instead inf,~g wy(r) = a € (0, 1]. Choosing r = a/(4n),
n € N, we see that the couple (a/2, n) does not belong to I';;, so that for every
n € N there exist x,, € U and y, € H such that

LAIVO(xn) = Vo (yn)| = nlxn — yul > a/2. 4.7)

In particular |x, — y,| < 1/n so that lim,_, o |x, — y»| = 0. Since x,, € U and
U is compact, we can extract a subsequence k +— n(k) such that limg_, o0 X, k) =
x € U, and thus limg_ o0 yuy = x as well and therefore limy_ o0 [V (Xn1)) —
Vé (yny)| = 0 by the continuity of V¢, a contradiction with (4.7).

We consider a family of perturbations of the function ¢ depending on a param-
eter A > 0 and on a compact set I/ C H. It is given by

1
©Lu0) = G() +AYu(),  pu(r,x,y) = o-|x = v+ ou®y), (48)
Trau(x) = argmin ®; (7, x, ). 4.9)

Our aim is to give a sufficient condition on the choice of A in dependence of t and U
in order to be sure that whenever x € U/ the minimizing set [J; » 1¢(x) is nonempty
and it is contained in U as well.
In Lemma 4.1, a rough estimate of |V¢ (y)| of an approximate minimizer y of
D, (7, x, ) is given.
Lemma 4.1. There exists 1y € (0, T4) so that for everyy e H, x e U, t € (0, 17¢)
satisfying
1
¢>(y)+zlx—y|2§¢>(x)+|x—y|, (4.10)
it holds that .
IVo(y) — Vo (x)| = 7 (4.11)
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Proof. Since lim, o wy(r) = 0, there exists 7 > 0 such that wy(r) < % for every
0 <r < r. Inview of (4.6), it is sufficient to prove that there exists 7y € (0, 74)
such that |x — y| < 7 whenever y € H, x € U satisfy (4.10) for some 7 € (0, 17¢).

Let us suppose that (4.10) holds for y € H, x e U, t € (0, 7). We apply [4,
Lemma 2.2.1], and (1.8) in order to obtain

5 4, 1 2 1 2
lx —yI” =< ¢+ -l = yIT + s+ |x|
Te — T 2T Te — T
4T, 1 1 5 1 5
a + -+ zlx - + ¢s + a .
=T e (rznezjcqﬁ(z) > 2Ix YT+ b T*_tanEJIZI
The claim now easily follows. 0

The following Lemma 4.2 is a typical result for nonsmooth analysis of the
distance function.

Lemma 4.2. Let L := maxy |[Vo|v1,0<n<i<1/4, €0, 1y), x el and
y € H be an approximate n-minimizer of ®; 14(z, x, -), i.e.

D u(t,x,y) <O y(r,x,w) +nlw—y| foreveryw e H. 4.12)
Then the vector & := ==+ V¢ (y) satisfies
€l <h4n ly—xI<(@L+1/2+4%+mT <2L7. (4.13)
Moreover, if y € U, then |E] = L — 1.

Proof. Since vy is 1-Lipschitz, the minimality condition (4.12) yields for every
weH

1 2 1 2
¢(w) + —lx —wl” = () — 5-lx — I
2t 2t
> Mu(y) — Ay (w) —nlw —y[ = = +n)ly —wl.
We can choose w := y + v, divide the above inequality by 8 > 0 and pass to the
limit as 6 | O obtaining
(£,v) = —(A+n)|v| foreveryv € H,

which yields the first part of (4.13). The second part of (4.13) then follows from the
estimate |y — x| < 7(|§| + [V@(y) — V@ ()| + [V@(x)]) and (4.11).

If we choose w := (1 —0)y + 03 with y € U satisfying |y — 3| = ¥y (y) > 0,
we also obtain Yy (w) = |(1—6)y+65—F| = (1—60)|y— | and |[y—w| = 6]y — 5|
so that

1 2 1 2
¢w) + —lx —wl" = o (y) — 7l =yl

= 4 (Yu ) = Yuw)) = nly = wl = 6G.—mly 5|
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and therefore
Ey=y)=Gx=mly—7JI
which yields [§] > A — 7. O

The next lemma provides a suitable condition on the choice of A.

Lemma 4.3. Let U be a compact subset of H, L := maxy |V¢| VvV 1, x,z € U,
T € (0, ), and A, 6 € [0, 1/4), satisfy

—X

. +Vo(2)| <4, 4.14)
A* > 14 Loy (3L7) + 287 (4.15)
Then Jr ). 14(x) is nonempty and contained in U .
Proof. We argue by contradiction and we suppose that

there exists y € H \ U such that @, z/(z,x,y) < mig{l D, y(r,x,u). (4.16)
ue

We can apply Ekeland variational principle in H to the continuous function
w = Oy y(r, x, w)

which is bounded from below by (4.1). For every n > 0 we can find y,, € H
satisfying the properties

D (T, x, yp) +nlyn — yI < Paul(z, x, y), 4.17)
Dy u(t, x, yp) < P y(r, x, w) +nly, —w| forevery w € H. (4.18)

(4.17) and (4.16) yield that y, ¢ U and

1 1
¢Om) + 5=y —x? (i) < ¢ + le—xlz. (4.19)

Choosing 7 sufficiently small so that A + & 47 < 1/2, (4.13) and (4.14) yield
lyp=xl = (L+1/2+r+mTt <2L7, |z—x]=(L+dr, (4.20)

and therefore
lyvp =zl < RL+1/24+ 1 +8+n)t <3LT7. 4.21)

Since wyy(3L 1) < A2 <1 by (4.15), we get the estimate
Vo ((1 = 1)yy +12) — Vo (yy)| < [VO((1 = D)y +12) — Vo (2)|
+ Vo) — Vo (y)|

< 2wy (ly, —z|) foreveryt € [0, 1].
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The integral mean value theorem

1
P (2) — p(yn) — (Vo). 2 — vy) =/0 (Vo (1 — 1)y, +12) = Vo (yy), 2 — yy)dt
yields

|¢(2) = ¢ () — (Vo (), 2 — yi)| < 2lz = yylon(lz — yyl)- (4.22)
So, combining (4.19) and (4.22) we obtain

1 2 1 2
3ol = xF = —la = xl - (Vo). 2 — yn) + 2u ()
<¢) — ¢y — (Vo). 2 — )
<2lz — yylou(z — yyD.
Using the identity |a|> — |b|> = (a + b, a — b) and neglecting the positive term
Ay (yy) we get

1
Z<y” —x+2tVe(yy) +z2—x,yp — 2) = 2|z — yyloy(z — yy)-

Yn—X
T

Y—2i=y;—X+x—z2=15—TtV(yy) +x — 2.

Setting &, := + V¢ (y,) as in Lemma 4.2 we get

Thus, we obtain
E(T§n+fv¢>(yn) +z2—x,75 — TtV (yy)— (2 — x)) < 2|z — yyloy(lz — yyl)s
yielding

T 1
§|sn|2 < o lTVel) - (x - DI + 21z — yplou(lz — yy)).

Using (4.14) and the fact that |£,| > A — 5 if » < A by Lemma 4.2, we obtain

4
k= nl? = 2(1V9 () = VE@I +67) + =1z = yylon(lz = vy
< 2(@}BLT) +87) + 12L oy BLT) < 14L ay(BLT) + 287,

where we used (4.21) and the fact that wyy < 1. Since n can be chosen arbitrarily
small, we get a contradiction with (4.15). ]

Notice that the use of Ekeland variational principle in the previous proof is
only needed when H has infinite dimension. If H has finite dimension, one can
directly select y, as the minimizer of ®; /(z, x, -) in H setting n = 0.

Corollary 4.4. LetUd C H be a compact set, L :== 1 v maxy |Vo|, 1,8 € [0, 1/4),
7 € (0, 7). If (4.15) holds and for every x € U there exists 7 € U satisfying
(4.14), then for every initial choice of ug € U the set MS¢ (¢ 11; uo) is nonempty
and every discrete solution U € My (¢ 11; uo) takes values inU.
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4.2. Strong approximation of minimal solutions

We can now apply Lemma 4.3 and Corollary 4.4 in order to construct good discrete
solutions by choosing suitable compact subsets of the range of u € GF[¢]. We
distinguish two cases: the next lemma contains the fundamental estimates in the
case when ¢ is bounded on the range of a solution u; Lemma 4.7 will deal with
solutions u for which ¢ (u(t)) - —oo ast — +o0.

We introduce the following notation (recall Remark 2.3): if u € GF[¢], T > 0,
T > 0 we set

U, T) ={unt):0<n<N(t,T)}. (4.23)
Lemma 4.5. Let u € GF[¢] such that
ing¢(u(t)) = tl%m ¢u(t)) > —o0. (4.24)
1> oo

For every ¢ € (0,1/4) there exist T = T(¢) > e Vand T = 7(e) € (0, 1) such
that for every 0 < v < T the set M¢(¢g 14(z,T); u(0)) is nonempty, every element
U € Mi (@ u(x,1); u(0)) takes values inU(t, T) C u([0, T + 1]) and satisfies

dU@) <pu(@ AT)) foreveryt > 0. (4.25)
Moreover, for every S > 0, it holds that
Mz (@e.ui(z,1); u(0), S) = {Uljo,s1 | U € Mr(@e,14(z,1); u(0))}. (4.26)

Proof. Since u satisfies (4.24), the identity (2.7) yields fooo Vo (u(t))l2 dt < o
and therefore
liminf |V (u(r))| = 0. “4.27)
ttoo

We select 7 > ¢~ ! such that |Vou(T))| < ¢ /4 and consider the compact set
K :=u([0, T + 1]); notice that U (z, T) C K forevery t < 1.

We set L := 1V maxx |V¢| and we choose § :=¢/2 and T < tic A 1 (With ¢
as in Lemma 4.1) so that (14 L 4+ Dwic(3L7) < £2/2; in particular

14 Lo (BLT) +28% < €%,  wi(LT) < 8/2. (4.28)

We observe that for every x = u((n — 1)t) e U(z, T),1 <n < N,N = N(z,T),
T € (0, 7], the choice z := u(nt) satisfies (4.14) since

z ;x V@) = u(nt) — MT((n - D7) + Vo unD)
{ pue 4.29)
— [ (Vo) - Vo)) o
T Jin—-Drt
and therefore
ST 4 Ve @) < ox(LT) < o (LT) < 8/2 (4.30)




REVERSE APPROXIMATION OF GRADIENT FLOWS AS MINIMIZING MOVEMENTS 705

by (4.28). Notice that |u'(t)| = |V (u(2))| < L fort € [0, T + 1] so that |u(nt) —
u(r)| < Lt wheneverr € ((n — 1)t, nt].
For x = u(Nt) we can choose z = x = u(N), since in this case

)
IVo@)I = V() = Vew()| + Vo))l = wx(Lt) + - < 6.

Since wyy(r,1)(r) < wi(r), we can apply Lemma 4.3 with the choice A := ¢ thanks
to (4.28): we obtain the fact that M; (¢ 14(z,7); #(0)) is nonempty, every element
U € M¢(¢¢ u(x.1); u(0)) takes values in U(t, T') and (4.26) holds.

In order to prove (4.25) we write U(t) = >, U X(t/t — (n — 1)) fort > 0
and we observe that (4.25) is equivalent to

oWUY) < p(u(nt AT)) foreveryn e N, “4.31)

thanks to the monotonicity of t — ¢ (u(z)).
We argue by induction, observing that (4.31) is clearly true for n = 0.
If¢(U;’*1) < ¢((n —1)1)) forsome 1 < n < N, then we can deduce that
Uf_l =u(kt) forsome k >n — 1.
If k > n — 1 then we easily get ¢p(U}) < qb(Uf_l) < ¢pkt)) < p(u(nr)).
It remains to consider the case k = n — 1, i.e. U;’_l = u((n — D). If
¢w(nt)) = ¢p(u((n—1)t)), the induction step is obvious. If ¢ (u(nt)) < ¢ (u((n—
1)1)), then it is sufficient to observe that ®; 3¢ (z, u((n — 1)7), u(nt)) < ¢ (u((n —
1)7)). Indeed, it then holds by (2.7) that

1 1 [
¢ u(no)) + —u(nt) —u((n — H1)* < pu(n)) + = / u'(r)|? dr
2t 2 (n—Dt

1
=¢(u(nt)) + §(¢(u((n — D7) — ¢(u(n)))
1
=¢((n—1D1)) — 5(45(14((" — D7) = ¢u(nr))) < ¢pu((n — Hr)),

so that U belongs to {u(kt) : n < k < N} and thus satisfies ¢ (U}') < ¢ (u(nt)).
Eventually, for n > N, the induction step is trivial. O

Remark 4.6. The proof shows that the statement of Lemma 4.5 in fact holds for
every u € GF[¢] satisfying (4.27).

We now consider the case when ¢ is unbounded on R[u].

Lemma 4.7. Let u € GF[¢] such that

inf ¢ (u(t)) = lim ¢ (u(t)) = —oo. (4.32)
>0 t1oo

Foreverye € (0,1/4), T > Othere exist7 = (¢, T) € (0,1)andT =T(T) > T
such that for every 0 < t < T the set M (¢, 14 7; u(0), T) is nonempty, every
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element U € M, (%,u(zj)? u(0), T) takes values inU(t, T) C u([0, T + 1]) and
satisfies

o U () < p(u(t)) foreveryt e [0, T]. 4.33)

Moreover, for every 0 < S < T, it holds that
M: (@, 1407 400), ) = {Ulio.s1 | U € Me(@ g0 7 @), TH}. (4.34)

Proof. The argument of the proof is quite similar to the one of Lemma 4.5: the only
difference is that we cannot find a compact set containing the range of the whole
discrete solutions.

Let us set F := ¢(u(0)) Vv |u(0)|2 and let C = C(¢x, T+, F, T) the constant
provided by Lemma 2.5(ii). By (4.32) we can select a time 7 > T such that

¢u(T)) < ¢(0)) — C (4.35)

and we set K := u([0, T 4+ 1]), L := 1 vV maxg |[V$|, N = N(z,T),8 = /2 and
7 € (0,1 A 17,/16 A 11¢) sufficiently small so that (4.28) holds.

Since U(t, T) C K, the same calculations of (4.29) and (4.30) show that for
every x € {u(kt) : 0 < k < N} there exists z € U(z, T) satisfying (4.14).

We can then apply Lemma 4.3 and the same induction argument of the previous
proof to prove that an integer M > 1 and a sequence

(UMNozn=m € MSt (@, 1z 7y: u(0), M)

exist such that U” € {u(kt) : 0 < k < N}and UY = u(Nt). Since p(UM) =
du(NT)) < ¢p(T)) < ¢(u(0)) — C and (2.25) yields

¢(U?) = ¢pu(0)) —C foreveryl <n < N(z,T), (4.36)

we deduce that N(z, T) < M so that M, ((pa,Z/{(r,T); u(0), T) is not empty.

If now U is any element of M (¢, ;; 7); #(0), T') corresponding to a sequence
(UMo<n<nN € MST(‘/’a,U(r,T); u(0), N), N = N(t, T), then Lemma 4.3, the same
induction argument of the previous proof and (4.36) show that U take values in
U(t, T) and (4.33) holds. The same arguments show that (4.34) holds for every
0<S§S<T. O

We are now able to state the main result of this section.

Theorem 4.8. Every minimal solution u € GFpn[@] is strongly approximable in
every compact interval, according to Definition 2.8.

If in addition H has finite dimension or (4.27) is satisfied, then u is strongly
approximable according to Definition 2.7.
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Proof. We pick a decreasing sequence ¢, | 0 and an increasing sequence 7, :=
ey 4 +oo.

If (4.24) holds, we can apply Lemma 4.5 and we set 7, = T(gy,), T, =
T(en) = Ty. B B

If (4.32) holds, we set 7, := t(¢,, Ty) > 0, T, := T(T,) = T, provided by
Lemma4.7.

We can find a decreasing sequence o, |, 0 satisfying 0,, < minj<;<, T, and a
family ¢, by choosing

br =@, 1.7, Whenevero,ii <t < o0y.

By construction
Liplg: —pl <&p ifopy1 <7 < o0p,

so that lim; o Lip[¢; — ¢] = 0.

We first consider the case T, (1) < 4o00. If T, (1) < 400, then the range R[u]
is compact and (4.24) holds. Lemma 4.5 shows that M, (¢;; #(0)) is not empty
for 7 € (0, 01). Moreover, if U; € M;(¢;; u(0)) is any selection depending on
7 € (0, 01), we have U ([0, +00)) C R[u] and ¢ (U (¢)) < ¢ (u(t A Ty)) for every
t > 0,041 < T < 0,. By Lemma 2.6(iv), every decreasing vanishing sequence
k +— t(k) admits a further subsequence (still denoted by 7(k)) such that Uy,
converges in the topology of compact convergence to a limit v € GF[¢]. It holds
that ¢ (v(?)) < ¢ (u(?)) for all + > 0, which implies u(¢r) = v(¢) for all # > O by
Theorem 3.6(4) since u is minimal and R[v] = R[u]. As the limit is unique, we
obtain

lifg Doo (u, Mz (¢+; u(0))) =0,

showing that u is strongly approximable according to Definition 2.7. For every
T > 0,7 € (0, 01), it holds that M; (¢; u(0), T) = {Uljo.7] | U € M¢(¢; u(0))};
hence, by Remark 2.9, u is also strongly approximable in every compact interval.

Now, we consider the case T,(u) = +00. Let us fix T > 0 and take n =
min{n € N: T,, > T +1}. Lemma 4.5 and 4.7 show that M; (¢; u(0), T + 1) is not
empty whenever T < o7;. Moreover, if Uy € M;(¢;; u(0), T 4 1) is any selection
depending on t € (0, 07;), we have ¢ (U, (t)) < ¢(u(t)) forevery t € [0, T + 1].
According to Lemma 2.5(ii) and to (2.28) and (2.29), there exist 7, € (0, 0;) and a
constant C > 0 independent of t such that

|Uy (t)—Us (s)| <2C/T4Ct—s|'/? forevery s,t € [0, T+1], T € (0, 7,). (4.37)

We define S; :=inf{r € [0, T + 1] | ¢ (U (?)) < ¢u(T + 1))} for T € (0, o) and
S := liminf; o S;. The varying times S; serve as auxiliary final times in order to
prove convergence of U;. We set y; := (T +1— S;) A t. As the piecewise constant
functions U are left-continuous by definition and ¢ (U, (T + 1)) < ¢ (u(T + 1)),
it holds that S; < T + 1 (thus y; > 0) and ¢ (U (S; + y1)) < ¢ (T + 1)). The
plan is as follows. We show that § > 0, we prove that U, converges to u uniformly
in [0, ST forevery 0 < § < S, and we conclude by proving that S=T+1.
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There exists a vanishing sequence ! > 7(/) such that lim;4oo Szy = S. A
contradiction argument shows that S >0. Suppose that S = 0; then Uy (Szqy) +
Yz(1)) converges to u(0) by (4.37) and ¢ (u(0)) = limjpeo ¢ (Uz ) (Szy + v 1)) <
¢ (u(T + 1)) in contradiction to ¢ (u(T + 1)) < ¢ (u(0)) by the minimality of u and
Theorem 3.6(5). Hence, S > 0. For every 0 < § < S and sufficiently small 7, it
holds that U, ([0, S]) C u([0, T + 1]) so that by Lemma 2.6(iii), every decreasing
vanishing sequence k +— (k) admits a further subsequence (still denoted by 7 (k))
such that U, ) converges uniformly in [0, ST to a limit v € cl(o, S1, H) solving
(GF) in [0, S]. Moreover, since we have v([0, S]) C R[u] and ¢ (v(¢)) < ¢ (u(t))
for all + € [0, S], we deduce that u(z) = v(¢) for all ¢ € [0, S] by the minimality of
u,Remark 3.5 and Theorem 3.6(4). Since the limit is unique, we can now infer that
lim; o ds(Uz, u) = 0 forevery S < S. Using (4.37), we obtain

lim sup \UT(I)(ST(Z)) — u(S)\
100

< tim sup (1Ur)(Sea) = Uiy ()] + Uz (8) = u(5)])
100

< lim sup (2c\/r(1) + CISeqy — SI'2 + Uz (S) — u(§)|)
100

< CIS = SI"? + |u(S) — u(S)|

for every § < S and therefore u(S) = limy4 00 Uz 1y (7)) = limjpoo Ur 1y (St +
vem)- Tt follows that ¢ (u(S)) = limijeo ¢ (Ur)(Szq) + ve@y)) = ¢@(T + 1))
which implies u(S) = u(T + 1) as S < T + 1. Since the minimal solution u
is injective for T, (#) = +oo by Theorem 3.6(5), it follows that S = T + 1 =
lim; o S;. So we obtain

133} Dr (uljo,r1, M (@73 u(0), T)) =0 (4.38)

by the preceding argument and the fact that M (¢; u(0), T) = {Uljp,r1 | U €
M;(¢pr; u(0), T + 1)} for T € (0, 07;). This shows that u is strongly approximable
in every compact interval.

If H has finite dimension, then Remark 2.9 shows that « is also strongly ap-
proximable.

If (4.24) holds, then Lemma 4.5 shows that M; (¢.; u(0)) is not empty for
7 € (0, 01); hence, according to Remark 2.9, u is also strongly approximable. The
same can be shown if (4.27) holds, see Remark 4.6. L

The next step in the proof of De Giorgi’s conjecture is to show that we can
approximate any gradient flow curve by a sequence of minimal gradient flows for
slightly (in the Lipschitz norm) modified energies, and then to combine that conver-
gence result and Theorem 4.8 by Lemma 2.11. This will be first considered in the
one-dimensional setting.



REVERSE APPROXIMATION OF GRADIENT FLOWS AS MINIMIZING MOVEMENTS 709

5. The one-dimensional setting

In this section we want to study the one-dimensional case H = R. Just for this sec-
tion, we will call £ := —¢ and we consider a continuously differentiable function
E : R — R with derivative f := E’.

Proposition 5.1. Let u € GF[—E] be an eventually minimal solution (see Defini-
tion3.7),1.e.

there exists T > O withu'(T) # 0 and t — u(t + T) is minimal. 5.1

Then there exist a sequence of energies E, € C'(R) and a sequence of curves
us € GFpin[—E¢] with ug(0) = u(0) such that

E,=E inR\u(0,T]), liﬂ)lLip[Es — E]=0, liﬁ)ldoo(u, ug) =0. (5.2)
&€ &

Proof. In order to simplify the notation, we may assume without loss of general-
ity that u(0) = 0. We notice that u is a monotone function. This can be shown
by contradiction: suppose that 1 is not monotone and choose a, b € (0, co) with
u'(a) > 0 and u'(b) < 0, without loss of generality a < b. Then there exists
y > 0 such that u is strictly increasing on [a, a 4+ y] and strictly decreasing on
[b — y, b]. It holds that u(a) < u(b): otherwise there would be s € (a + y, b]
with u(s) = u(a) which, by (2.7), would imply u(¢) = u(a) for all t € [a, s]
contradicting the strict monotonicity of u in [a, a 4+ y]. A similar argument yields
u(b) < u(a), a contradiction. Hence, u is either increasing or decreasing. If Propo-
sition 5.1 holds for increasing solutions, then, by obvious reflection arguments, it
also holds for decreasing solutions, and thus for all solutions #. So we may assume
that u is an increasing function whose range R[u] is an interval of the form [0, R),
R € (0,00] or [0, R], R € (0, 00). We define the left-continuous pseudo-inverse
mapt: [0, R) — [0, T.(un))

t(x):=min{r >0 : u(r)=x}, satisfying u(t(x))=x foreveryxe[0, R). (5.3)

The map tis an increasing function, in particular it is a function of bounded variation
in any compact interval of [0, R); (5.3) yields that the set D of points in [0, R)
where t is differentiable coincides with the set {x € [0, R) : E’(x) > 0} and
u' (t(x)t'(x) = 1 for every x € D. Lebesgue differentiation theorem shows that D
has full measure in [0, R). Since u#’ = E’(u) we deduce that

1 1

Lo B
=0 " Fo ~ Fo

forevery x € D,
and the property

1
/ ——dy <t(x) < oo foreveryx < R. 54
[0.x1np S ()
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(5.1) and Theorem 3.6(5) yield
L{t e (T, Tu(w)) - u(t) ¢ DY) =0, (5.5

so that t is locally absolutely continuous in the interval [u(T), R). Since the dis-
tributional derivative of t is a Radon measure on [0, R), there exists a nonnegative
finite Borel measure p supported on [0, #(7)] such that

tx) = / ! dr + ([0, x)) forevery x € [0, R).
[0.x1np f ()

Notice that ([0, R)) < T. We can approximate p by convolution (we will still
denote by u its trivial extension to O outside the interval [0, R))

—+00

1
me(x) = e () = / (= y)/€) du(y)

—o0

where « is a shifted standard CZ° mollifier (see, e.g., [3, page 41]) with support in
[0, 1] and we define

| *14+mef
= — r)ydr = ——(r)dr
te (x) AT +mg(r)d /0 7 (rd
for x € [0, R).
We denote by J; C [0, u(T)] the at most countable set of discontinuity points of
t, which coincides with the set of atomic points of u (i.e. {x € [0, u(T)] : u({x}) >
0}). Since m..#" converge to 1 as & | 0 in the weak topology of finite positive
measures, we obtain

X
lil’I(l) mg(r) dr = u([0,x)) forevery x € [0, R) \ Ji,
E—> 0
see, e.g., 3, Proposition 1.62(b) and Theorem 2.2]. We used the fact that the support
of m; is contained in [0, u(T) + ¢]. The convergence

te(x) > t(x)ase —> 0

for all x € [0, R) \ Ji directly follows. Moreover, there exists € > 0 such that
m(T) — &,u(T)] C D; hence for ¢ € (0, €), the support of m, is contained in
[0, u(T)] and

te(x) = t(x) forevery x > u(T), (5.6)

since [3'") me(r) dr = ([0, u(T)]). Let us now consider the map t. for & € (0, &)

fixed. It is locally absolutely continuous, strictly increasing and differentiable for
Llae. x > 0 with

I +mg(x)f(x)

t =
+ (0 @)

>0, limt.(x) =T,(u)=:T,.
xR
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Thus the inverse map u; : [0, T,,) — [0, R) is locally absolutely continuous with

S (ue ()
1+ ms(ua(t))f(ua(t))
Moreover, if T, < oo, we see that lim;y7, u(t) = R = u(T,) and we can extend
u, to the whole real line by setting u.(¢) = u(7,) fort > T,.

So we obtain that u, satisfies u,(t) = E.(u.(t)) for all # € [0, 00), for the
energy E; : R — R with
o

‘S:l—i—mgf

(and initial value u.(0) = 0). Moreover, since t. is absolutely continuous, the set

ul(t) = for L'-ae.t, uc(t)=u(t) fort>T. (5.7)

{t €10, T) 0 E[(us(r)) =0} Ct:([0, R) \ D)

has Lebesgue measure 0; by Theorem 3.6(5), it follows that u, € GFpjn[—E.].
Since E; is uniformly bounded in every bounded interval, the family u, is
uniformly Lipschitz in every bounded interval by (5.7); in order to prove that it
converges to u as ¢ |, 0 it is sufficient to characterize its limit # along a convergent
subsequence k — ug (), €(k) | O (which exists by Ascoli-Arzela theorem).
Since for all x € [0, R) \ J; we have

u(t(x)) = x = ugk) ey (x)) = ut(x)) ask 1 oo;
since t is left-continuous, we get
u(t) = u(t) forall t € 1([0, R)).

Since u is continuous and locally constant in the interior of [0, T}) \ t([0, R)) and u
is monotone, we conclude that # = & on [0, 0c0). Hence, u, is converging uniformly
to u.

In the last part of the proof, we show that E, =: f, is converging uniformly
to £/ = f on R. We notice that the support of u is a compact set included in
N = [0, u(T)]\ D, where f vanishes. Hence, the support of m, is contained in
the e-neighborhood N, := {x € [0, u(T)] : dist(x, N) < &} of N for & € (0, &) so
that f = f; in the complement of N,. On the other hand, since 0 < fe < fon
[0, R), we get

Suglf(x) —fe()| =2 sup f(x) J O ase |0,
xe

XE€N;

since f is uniformly continuous in every compact subset of R and f = 0 on N. O

By applying Lemma 2.11, Remark 3.8 and Theorem 4.8, we can now easily
prove that in the one dimensional case any solution of (GF) is strongly approx-
imable. In the next section, we will use Proposition 5.1 as an inspiring guide to
study the problem in an arbitrary finite dimensional setting.
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6. Strongly approximable solutions

We consider an arbitrary non-constant solution u € GF[¢] for ¢ € C!'(H). Let
v € GFpinl[¢] be the unique minimal solution with # > v (see Theorem 3.6) and
R[u] C R[v] C R[u], and set T, := T, (v).

We know that there exists an increasing 1-Lipschitz map z : [0, +00) —
[0, +00) such that u(t) = v(z(¢)). We also know that the restriction of v to [0, T})
is an homeomorphism with

R[] if T, = 400, ©.1)
ORI (T} if T < 400 '
whose inverse will be denoted byT: R — [0, T,). We will set
t —+00
X(t) = / W(s)|ds, L,:=limx(@) = / [V (s)| ds; (6.2)
0 M7, 0

notice that x € CL([0, 7.)) with X'(t) > 0 a.e. so that it admits a locally absolutely
continuous inverse that we will denote by t : [0, L,) — [0, T,).
The arc-length parametrization of R is then given by

~ t(»)
X:R—[0,L,), X©):=x(t®y)) = [0 [V'(s)|ds, ye€R. (6.3)

Notice that X is an homeomorphism between R and [0, L,) which associates to
every point u(t) € R the length of the curve u ([0, ¢]); in particular t(y) = t(X(y)).

Its inverse y := (X)~! : [0, L,) — R is the arc-length parametrization of the
curve v, defined by

y(x) = v(t)). (6.4)

We can now consider the one-dimensional energy obtained by rectifying the graph
of v

E:[0,L,) > R, E:=—¢oy, EX®)=—0¢()), (6.5)

which is continuously differentiable with derivative

E'(x) =—(V(y(x)), v RN (x) =V (y(x))]? =[Vo(y(x))|. (6.6)

_
V()]

If T, < 400, then L, < 400 and E is Lipschitz, so there is a continuous extension
of the energy to [0, L,] which we still denote by E.

The next lemma shows that u gives rise to a solution of GF[—E] via a suitable
rescaling.
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Lemma 6.1. The curve

X(u(t)) fort < T.(u)

usl.co =R @)= L, fort > Ty(u) if T, (u) < 400

6.7)

belongs to GF[—E], i.e.,
u'(t) = E'(u(t)) forallt >0. (6.8)
Moreover, if u is eventually minimal, then U is also eventually minimal.

Proof. In order to check (6.8) we first observe that u(z) = X(T(u )= X(T(v(z(t)))) =
X(z(t)) for t € [0, T, (u)) and

X (1) = 'O = Vo®)| = [Vo(yx()| = E'(x(1)) for t € [0, T,)

since v(t) = Y(X(¢)). Therefore

u'(t) =X'(2(1)Z'(t) = E'x@z1)Z'(t) = E'(u(@))Z' (1)

for ae. t € [0, T,(u)). On the other hand, we know that Z'(r) = 1 whenever
Vo u(t))| # 0,ie. if [VO(yUu@®))| = E'(U@®)) # 0. If T,(u) < +00, the limit
L, = lims47,) X(2(1)) is finite and we can extend E to [0, L,] with E'(L,) =
limyqp, E’(x) = 0. Our calculations show that u € GF[—E].

Finally, let us assume that u is eventually minimal; this is equivalent to say that
for some T < T, (u) with u/(T) # 0 we have Z'(t) = 1in (T, T,(u)), so that U is
also eventually minimal. O

Let us assume that u is eventually minimal, according to Definition 3.7; in
particular u then satisfies (5.1). Arguing as in Proposition 5.1, we associate to £
and U energies E. : [0, L,) — R (with continuous extension to [0, L,] if T, V L, <
+00) and curves U : [0, 00) — R satistying

Vo (y))|

ElL(x) = (6.9)
‘ L+ me(x)[Vo(y))l
with m, chosen as in the proof of Proposition 5.1, and
uL(t) = EL(ug(2)) forall 7 € [0, +00). (6.10)

The set
{t €0, T.(w)) : E_(us(2)) = 0}

has Lebesgue measure 0, and U, is converging locally uniformly to u as e — 0. We
observe that E, satisfies up to an additive constant

E. () = f IV (y(r))l
‘ o L+me(r)|Voyr))

_ /“’” V(@)
0 1HmX®)|Ve®)

(6.11)

[v'(2)] dt.
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Now, we translate this one dimensional setting with the approximation by E, and
U, back to the initial situation with ¢ and u.

Lemma 6.2. Let us suppose that u is eventually minimal and that there exist ¢, €
C'(H) satisfying

Vo (v())]

W' ()| dt onR, (6.12)
I+ me(X(2)) Ve (v(1))]

3 to)
P (y) = —Ec(X(y)) = —/O

and

Vo(y)

Ve (y) =
o0 = o RO Ve O]

forally € R. (6.13)
Then the curve

YU (1) fort < T(u),

. (6.14)
u(T,(u)) fort > T.(u)if T,(u) < +oo0

ug : [0, +00) — H, ug(t):z{

is a minimal gradient flow for ¢.. Moreover, u, is converging locally uniformly to
uase — 0.

Proof. We just observe that for a.e. x € [0, L,)

/ / / 1 V¢(Y(x))
= t =_V 1 = — 6.15
V(@) =V M) =~V s = —elies (619)
so that
Vo (u, Vo (u,
W, (1) =y (Us (O, (1) = — ~ 2 e ) Vo @)l — Ve (e (1)).

V()] 1+ me(Ue(0)| Ve (ue (1))

We can apply Theorem 3.6(5) in order to conclude from U, € GFpin[—E.] thatu, €
GFninl¢:]. The convergence of u, is a consequence of the convergence of U;. [

It remains to show that there indeed exist energies ¢, : H — R satisfying the
assumptions of Lemma 6.2 and converging to ¢ in the Lipschitz seminorm. Note
that (6.12) which is not used in the proof of Lemma 6.2 should give an idea of how
to construct ¢, .

Lemma 6.3. Let us suppose that H has finite dimension and u is an eventually

minimal solution to (GF). There exist continuously differentiable functions ¢, :
H — R such that (6.12) (up to an additive constant) and (6.13) is satisfied and

lim sup | — | + Liples — ] = 0. (6.16)
el0 |
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Proof. Letus fixatime T < T,(u) such that m(X(y)) = 0 forall y € R\ u([0, T])
and ¢ > 0 and choose T1 € (T, T.(u)) so that ¢ (u(T)) > ¢ (u(T1)) > infrp ¢.
We consider the compact sets K := u([0, T']) and K| := u([0, T1]) and the open
set A :={w € H: ¢(w) > ¢(u(T;))} which contains K. We can find a smooth
function v : H — [0, 1] such that

vw)=1 onK, ¥(w)=0 onH\ A4, (6.17)

and
V=0 onK, sup|Vy| < +oo. (6.18)
H

The construction of i is standard: there exists § > O such that the distance function
dist(x, K) satisfies
dist(x, K) <46 = xe€A.

The composition of dist(x, K) with n(d) = %(5 — (d — 28)4)4+ then yields a
%—Lipschitz function taking value 1 in a neighborhood of radius 26 around K and
vanishing if dist(x, K) > 34. Taking the convolution of n odist(-, K) with a smooth
kernel with support in {|x| < §}, we obtain a suitable function .

Let us define §; : K; — R, §;(w) := —E.(X(w)) — ¢ (w). Applying Whit-
ney’s Extension Theorem (see, e.g., [14, Theorem 2.3.6]), we aim to extend J, to a
C! function in H with gradient Q, : H — H satisfying Qs (w) = Fy(w) — F (w)
on K1, in which

Ve (w)

Fe ) = e R Vo)l

F(w) == V¢ (w).

For that purpose, since é; and Q. are continuous and ¢ € Cl(H), we only need to
check if for w,, w, € K| with w, # w,, lim,_¢ |w, — w,| = 0, it holds that

lim —Ec(X(Wn)) + Ec(X(Wp)) — (Fe(Wn), Wn — Wn) _ 0. (6.19)

n—00 |wy, — wy|

Up to extracting a subsequence, it is not restrictive to assume that w, and wy,
converge to a common limit point w. By using the minimal flow v we can also
find points ¢, = t(w,),;, = t(w,) converging to some ¢ such that w, = v(,),
wy, = v(t;), w = v(t). Notice that

[ ()| dr

) o tn IV (v(r))]
E, n)) — E¢ n)) =
(X(wn)) X(wn)) /t L+ me(X(r) Vo (v(r))]

(Vo (u(tn)), v(ty) — v(tn))
14+ me(X(1) |V (v(ta))|
If Vo (w) = 0, then (6.19) directly follows from the fact that

(Fe(wy), wy — wy) =

In
|Ec(wn) = Ec ()| < | / VO UDIY ()] dr| = I (ibn) = $wn).
In
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so that

i |Ec(R(wn)) — Ec(X(wn))| . ¢ (W) — ¢ (wy)]
im sup < lim sup =

n—00 |w, — Wy n—00 Wy — Wy

07

and

F.(wy,), w, —w
limsup|< 2(Wn), n = Wn)| < limsup |V (wy)| = 0.

n—oo |1IJn - wnl n— oo

If [V (w)| # 0, then

v(ty) — U(t_n)

nli)n;o P— =v'(t) = -V () = —Vé(w) #0,
and

I —E;(X(wp)) + Ec(X(wn)) — (Fe(wp), Wy — wy)

nin’olo t, — fn

_ Ve (Vo). vV'®)
L+ me(X(#)) [V (v(2))] 1+ me(X(2)) [V (v(2))]
So 8. : K1 — R can be extended to a continuously differentiable function §; :

H — R with gradient V8, = Q. on K. Moreover, there exists a constant C only
depending on K such that (see [14, (2.3.8) in Theorem 2.3.6])

W' (0] +

sup |8 | + sup |V, |
H H
(6.20)
<C| sup We(x,y)+ sup [Qs(x)— Qc(y)|+sup|dec| +sup|Q.]| ],
x,yeKq x,yeKy K1 K

where

_ 18e(0) = 8:(y) = (Qe (), x = ¥}
lx — vl

We(x, y) : ifx £y, Wg(x,x)=0.

Since E; is determined up to an additive constant, we may assume that E.(uU(7)) =
E(u(T)) and thus that §; is converging uniformly to 0 on K| and §; = 0on K1\ K.
Moreover, it is not difficult to check that Q. is converging uniformly to 0 on K.
Now, in order to show that W, is converging uniformly to O on K; x Kj, it is
sufficient to prove that W (x¢, y.) — O whenever |x; —y.| = 0, Xz # Vs, Xg, Vs €
K. For this, we repeat the arguments as in the proof of (6.19) combined with the
argument at the end of the proof of Proposition 5.1: We may assume without loss
of generality that x, = v(f) and y. = v(f;) converge to a common limit point
w = v(t) and t¢, 7, converge to ¢. If V¢p(w) = 0, we may copy the corresponding
arguments from the proof of (6.19) as they are independent of ¢ in this case. If
V¢ (w) # 0, then a contradiction argument shows that there exists € > 0 such
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that m,(X(r)) = O for all min{t,, 7.} < r < max{t,, %}, 0 < ¢ < & (because
me(X(re)) # 0 would imply Ve (y(s.)) = O for some s, with |s, — X(r¢)| < ¢€), and
again, we may argue as in the proof of (6.19). The claim then follows.

Therefore, we infer from (6.20) that 6, and V4§, are converging uniformly to 0
on H. We set

be =+ Ve,

where v has been introduced in (6.17) and (6.18). The functions ¢, : H — R have
all the desired properties. O

Theorem 6.4. Let us suppose that H is a finite dimensional Euclidean space, ¢ €
Cl(H) satisfies the quadratic lower bound (1.8) and u : [0, +00) — H is a solution
to (GF). Then u is strongly approximable, according to Definition 2.7, i.e. there
exist functions ¢ : H — R (v > 0) such that Lip[¢ — ¢] — O ast | 0 and
MM(®, u(0)) = {u} = GMM(®D, u(0)) for

1
O, U, V) i=¢c(V) + |V = UP.

Proof. Lemma 2.11 shows that the class of strongly approximable solutions is
closed with respect to Lipschitz convergence of the functionals and locally uniform
convergence of the solutions. By Theorem 4.8, every minimal solution is strongly
approximable; combining these results with the results from Lemma 6.2 and 6.3 we
obtain that the class of eventually minimal solutions is also strongly approximable.
By Remark 3.8 we conclude. U

Remark 6.5. If ¢ € Lip(HH), then it clearly satisfies the quadratic lower bound
(1.8).

Appendix A. Diffuse critical points for one-dimensional gradient flows

In this section we give an example of a solution to a one dimensional gradient flow
generated by a function whose derivative vanishes in a Cantor set. In particular, the
example shows that the strict monotonicity of the energy along a solution curve is
not sufficient to guarantee its minimality.

Let us start from the continuous function f = —¢’ : R — R defined by

ma/x(1—x) ifx e (0,1),

0 elsewhere.

fx) :={

One can check by direct calculation that the curve u : [0, 1] - R

u(t) := % + % sin <7r <t — %)) , satisfies u'(t) = f(u(t)), u(0) =0, u(l)=1.
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Let C C [0, 1] be the classical Cantor set and decompose [0, 1]\ C into the disjoint
union of countable open intervals I, = (a,, b,) (n € N) with [,, := b, — a,. We
denote by L, : R — [0, 1] the continuous and piecewise linear map transforming
I, into (0, 1), which is constant outside I, (i.e. L,(x) =0ifx <a,and L,(x) =1
if x > by,).

Since Zn I, =1 < 00, we can choose 8, > 0 so that

oy, ::,B,jlln—>0, B::Zﬂn<oo.
n

‘We set
fa(x) i= By Ly f(La(x))
and define g : R — R by
g0r) =Y fulx).

Note that g is well-defined and continuous since sup, Zﬁim Jn(x) < 7w sup,s,, an
and every f, is continuous.
Now, let us define the map R : [0, 1] = R,

RE) =Y b, R =" only,

n

which is absolutely continuous since ), B, < oo, with R'(x) > 0 a.e.. Hence,
R possesses an inverse map R~! =: S : [0, B] — [0, 1], which is also absolutely
continuous.

The intervals in = R(,) = (ay, l;,,) are disjoint, covering [0, B] \ R(C).
Note that R(C) has Lebesgue measure 0. Setting L, :=L,oS,wehave

t—ay

L) = iftel,, Ly(t)=0ifr <a,, L,(t)=1ifr > b,.

We define v : [0, B] — R,
v(1) = Zznu(in(z)).

It is not difficult to check that v is of class C!, and that
{t e[0,B]: V(1) =0} = R(C).

Moreover, it holds that v' = g o v: by density and continuity, it is sufficient to select
t € I,; in this case, we have

v(t) = ap + Lu((t — an)/Bn)

and

V' (1) = B, (Lo(0)) = fulyu(Ln(2)) + an) = f(0(1)) = g(v(2)).
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So if we denote by G the primitive of g, then v is a minimal gradient flow for —G.
Let  be a positive finite Cantor measure concentrated on R(C), in particular
w({x}) = 0forall x and w(R(C)) > 0. We define

V(1) =14 n(0,1)).

The map ¢ : [0, B] — [0, B 4+ w(R(C))] is continuous and strictly increasing and
we denote by n : [0, B + u(R(C))] — [0, B] its strictly increasing inverse. For
s < t,we have

t=s=19m®)—=v0s) =n@) —n@s)+unlns), n@)) = n) —nls),

i.e. n is 1-Lipschitz continuous.
We define w : [0, B + u(R(C))] — R,

w(s) = v(1n(s)).

The curve w is Lipschitz continuous and '(s) = 1 for all s € ¥ ([0, B] \ R(C)).
Moreover, it holds that

{s €[0,B + n(R(C))]: g(w(s))=0}={y(2): t€[0, B], g(v(#))=0}=v¥(R(C)).
From this we can infer
w'(s) = g(w(s)) forall s € (0, B+ n(R(C)))

(in particular, w is of class C b,

The set ¢ (R(C)) has Lebesgue measure £ (R(C)) > 0. So, the gradient flow
w is not minimal but along the curve the energy —G o w : [0, B + u(R(C))] - R
is strictly decreasing.

The example could be set in a more general way, starting from a Cantor-like
set and an ordinary differential equation with non-uniqueness at the end points of a
reference interval.
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