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On a generalization of the Nagumo—Brezis theorem

KAVEH EFTEKHARINASAB AND RUSLANA HORIDKO

ABSTRACT. We generalize the Nagumo—Brezis theorem to the category
of MC*-Fréchet manifolds. Then we will apply the obtained result to
locate a critical value of a real-valued mapping over these manifolds.

1. Introduction

The problem of verifying the (positive) invariance of a set with respect
to the flow generated by a vector field (or a dynamical system) has a long
and rich history. Some early results were obtained by Bouligand in 1932 [2].
Later, Nagumo in 1942 provided the first necessary and sufficient conditions
on set invariance [II], which state that a set is invariant if and only if a
vector field lies in the tangent cone. In the late 1960’s and early 1970’s,
Nagumo’s theorem was independently rediscovered by Bony [I] and Brezis
[3]. The results of Brezis used the tangent cone to give conditions on set
invariance, while Bony used a comparison theorem type result. In the infinite
dimensional case, the ideas of Nagumo and Brezis were utilized for Banach
manifolds, and are well-documented in [12].

If we want to develop these ideas further to Fréchet manifolds, we will
encounter some obstacles. It is well-known that, in general, a vector field on
a Fréchet manifold M has no integral curve, or even if it does, the integral
curve may not be unique. Also, in general, a vector field may not generate
a (differentiable) flow, and the domain of a flow may not be open in M x R.
Therefore, we need to work on concrete manifolds.

The above issues were treated for a generalized category of Fréchet man-
ifolds, known as MC*(or bounded)-Fréchet manifolds in [5l [6, 8]. Thus,

Received September 10, 2023.
2020 Mathematics Subject Classification. 58B20, 58K05.
Key words and phrases. Nagumo-Brezis theorem, flow-invariant sets, MC*-Fréchet
manifolds.
https://doi.org/10.12697/ACUTM.2024.28.03
Corresponding author: Kaveh Eftekharinasab
29



30 KAVEH EFTEKHARINASAB AND RUSLANA HORIDKO

it would be intriguing to investigate conditions for set invariance in this
category of manifolds too.

In this paper, we extend the ideas of Nagumo and Brezis to the MC*-
Fréchet manifolds. We give a criterion for a closed subset of an MCk-
Fréchet nuclear manifold to be invariant under the flow defined by an M C*-
vector field in Theorem [2| Then, we will apply the latter theorem to locate
critical points of real-valued mappings (which is a very challenging problem
for Fréchet manifolds) in Theorem

A related point to consider is that for Fréchet manifolds only the Palais—
Smale condition has been used to locate critical points so far, see [4, [7].
However, due to the difficulty of verifying the Palais-Smale condition, and
the existence of important functions that do not satisfy the condition it would
be a gain to develop other methods such as the Nagumo—Brezis theorem to
locate critical points.

2. Prerequisites

In this section, we briefly recall the basic knowledge about M C*-Fréchet
manifolds that we will need, we use the notations and the definitions of the
papers [5, 6], §].

We will use the notation U @ T to indicate that a set U is open in
a topological space T. Throughout the paper, we assume that E, F are
Fréchet spaces, and CL(E, F') is the space of all continuous linear mappings
from F to F, endowed with the compact-open topology.

Let ¢ : U @ E — F be a map. If for all x € U and all h € E the
directional derivatives

t—0 t
exist and the induced map Dy(z) : U — CL(E, F) is continuous for all
x € U, then we say that ¢ is a Keller’s differentiable map of class C}. The
higher directional derivatives and C’f—mappings, k > 2, are defined in the
obvious inductive fashion, see [10].

To define M C*-differentiability (or bounded differentiability), we define
the topology of a Fréchet space F' with a translation invariant metric o, and
then introduce the metric concepts which strongly depend on the choice of
0. We consider only metrics of the following form

1 ”l’ - yHF,n
o(r,y) = su

Pon T (2.1)
nel 2" 1+ |z —yllp,

where ||| ,, is a collection of seminorms generating the topology of F'. The
distance between two subsets A, B (a point to sets) is defined by

Dist(A, B) = inf{ o(z,y) |z € A,y € B}.
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We denote by |z, == o(z,0r) the distance of a point = form the origin
0f, and by B,(x,r) the open p-ball with center « and radius r > 0. Since p
is translation-invariant,

o, y) =z —yllg,-

Let o be a metric that defines the topology of a Fréchet space E. Let
Loo(E, F) be the set of all linear mappings L : E — F which are (globally)
Lipschitz continuous as mappings between metric spaces F and F', that is

L 0
Lip(L) == sup oL(@),0r) < 00,
zem\fop} (2, 0F)
where Lip(L) is the (minimal) Lipschitz constant of L.
The translation invariant metric

Aoy : Lo ol B, F) X Ly o(E, F) —» [0,00), (L, H) - Lip(L — H)4,, (2.2)

on L, ,(E, F) turns it into an Abelian topological group. We always topol-
ogize the space L, ,(E, F) by the metric (2.2).

Let ¢ : U @ E — F be a map. If ¢ is Keller’s differentiable, D p(z) €
Ly o(E, F) for all x € U and the induced map Dy(x) : U — L, ,(E, F) is
continuous, then ¢ is called bounded differentiable or M C!, and we write
90(1) = /. We define for k > 1 mappings of the class M C* recursively. An
MC*-Fréchet manifold is a Fréchet manifold whose coordinate transition
functions are all M C*-mappings.

We recall the definition of nuclear Fréchet manifolds as we mainly work
with these manifolds. Let (Bi,]| - |1) and (Ba,| - |2) be Banach spaces. A
linear operator T : By — By is called nuclear or trace class if it can be
written in the form

T(x) = Nz, z;)y;,
j=1

where (-, -) is the duality pairing between B; and its dual (By,]| - 1), z; € B}
with | z; [[< 1, y; € By with | y1 [2< 1, and \; are complex numbers such
that Zj ’ )\j |< 0.

If |||| ; is a seminorm on a Fréchet space F', we denote by F; the Banach
space given by completing F' using the seminorm ||||,, there is a natural
map from F' to F; whose kernel is ker ||-|| ;. A Fréchet space F' is called
nuclear if for any seminorm |||, we can find a larger seminorm ||-[| ; so
that the natural induced map from Fj; to F; is nuclear. A nuclear Fréchet
manifold is a manifold modeled on a nuclear Fréchet space.

Since nuclear operators factor over Hilbert spaces, each nuclear Fréchet
space admits a fundamental system of Hilbertian seminorms. Another key
feature of Fréchet nuclear spaces is that they have the Heine—Borel prop-
erty, that is, a closed bounded subset of such a space is compact. We have
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this advantage over Banach manifolds, since there is no infinite dimensional
Banach space which is nuclear.

A key example of an M C°-Fréchet nuclear manifold is the manifold of
all smooth sections of a fiber bundle (such as the manifold of Riemannian
metrics) on a closed manifold.

3. Flow-invariant sets

Henceforth, we assume that & > 2, and M is an M C*-Fréchet manifold
modeled on a Fréchet space F' whose topology is defined by the metric (2.1)).

We denote by II : TM — M the tangent bundle, and by Ty (or ¢.) the
tangent map (the differential) of a map ¢ defined on M. For an M C"-vector
field X : U @ F — F, r > 1, let Z;(xo) denote its integral curve passing
through zo, i.e., Z'(t) = X(Z(t)) with Z(0) = xo.

We will need the following results.

Proposition 1 ([6], Proposition 5.1). Let{ : U @ F — F be an MC",r >
1, vector field. Then, for py € U, there is an MC"-integral curve £ : I — F
at po. Furthermore, any two such curves are equal on the intersection of
their domains.

Corollary 1 (6], Corollary 5.1). Suppose the hypotheses of the previous
proposition hold. Let T;(pg) be the solution of ¢'(t) = £(£(t)), L(tg) = po-
Then there is an open neighborhood Uy of pg and a positive real number o
such that for every q € Uy there exists a unique integral curve £(t) = Zy(q)
satisfying £(0) = q and ¢'(t) = £(L(t)) for allt € (—a, ).

Theorem 1 ([9], Gronwall’s inequality). Let ¢, : [a,b) — Rt U {0} be
continuous. If for a constant R and all t € [a,b) we have the inequality

o(t) < R+ / o(3)(s)ds,

then o(t) < Rexp (/tw(s)ds) for allt € [a,b).
0

Lemma 1. Let X : U @ F — F be an MC"'-vector field. Then, there
exists a meighborhood V of xog € U, and v > 0 such that, for everyy € V,
there is a unique integral curve I satisfying

I(0)=y; Z'(t) = X(Z(t)), —-r<t<r.
Moreover, for some R > 0 we have
[Ze(z) — It(y)HF,g = el |z — yHF,g'

Proof. Since X is MC", it is bounded, say by R. Thus, for any =,y € U
we have

IX(z) = X(W)ll o < Bllz = yllp,-



ON A GENERALIZATION OF THE NAGUMO-BREZIS THEOREM 33

Let m > 0 be such that the closed g-ball By(zo,m) lies in U, and || X(z)||, <

T - 1
n for all z in B,y(zg, m). Now, let V = B,y(zg,m/2) and r = mm{R ;’:1}

Then, for a fixed y € V' we have B,(p, m/2) C B,(x¢, m), and therefore
X <1, V2 € By(y, m/2).

By Proposition [I] and Corollary [T} with x replaced by y and ty by 0, there
exists an integral curve Z(t) of X for ¢t € [—r,r] with Z(0) = v.
Now, define the mapping ¥(t) := ||Z;(z) — Z¢(y)|| . ,- Then,

W(t) =

/0 (X(Z,()) — X(Za())ds + 2+ y

Fio

t
<ol + B [ W(s)as
0
Therefore, by Gronwall’s inequality we obtain

IZe(2) = Ze()ll gy = €™ =yl -
U

Definition 1. Let A C M and let V be an MC'-vector field on M. The
set A is called flow-invariant with respect to V, if whenever Z(t) is the integral
curve of V with Z(0) € A (starting from A), then Z(t) € A for all t > 0 in
the domain of Z(-).

Theorem 2. Let M be a nuclear MC*-Fréchet manifold, and X : M —
TM an MC'-vector field. Let A C M be closed. Then A is flow-invariant
with respect to X if and only if for each x € M there is a chart (x € U, )
such that

limt~'o(¢(x) + s D ¢(x)X(z), p(U N A)) = 0. (3.3)

s—0

Proof. Suppose A is a flow-invariant set with respect to X. Let Z;(x)
denote the integral curve of X passing through = € A, i.e., Z'(t) = X(Z(t))
with Z(0) = . Let (U, ¢) be a chart at x. For small s we have

o(¢(x)+sD ¢(x)X(x), o(U N A))
< o(¢(z) + s D ¢(x)X(x), p(Z(h)))
oy L N19@() — 6(z) — 5D G2)X(2)l|
nelt 20 1+ [6(Z(R)) — 6(z) — s D p(@)X(@) |

.l W —Do()X(z)
= Sup — T
neN 2" 4 + s w — D ¢(x)X(x) .
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1 S

< |s|N sup Fe

o2 o) —5)

I

— D o(x)X(z)

Fo

where N = [1/s]|+1 in the last inequality, whence we obtain Equation ([3.3)).

Now, suppose that Equation holds. It is sufficient to prove Z(t) € A
for small t. Let x = Z(0) € A, and let (U, ¢) be a chart at z. Since X is
MC?, it is bounded by some constant R > 0. Near z, say B,(z,r) (for some
r > 0), we have

[6(X(21)) = ¢(X(22))l g, < RllP(21) = ¢(22)l| g »
and therefore by Lemma [I| we get

l6(Ze(21)) = S(Ze(x2)) |, < €T Nl b(1) = G(2) 1, -
We may assume [|¢(Zi(z)) — ¢(z)||p, < g Define the mapping

U(t) = o(¢(Zi(x) NU). (AN D)),

We have ¥(0) = 0, so for small ¢, U(¢) < r/2. Since F' is a nuclear Fréchet
space, and so the Heine—Borel Theorem is available for F', by closedness of
A we obtain

o(H(T@) NT), HANT)) = |ST(2)) — b, for some yr € A
Therefore, ||¢(y:) — gb(:v)HRQ <r.

For small s, we have [[¢(Zs(yt)) — (%), <7, so that
Wit +5) = inf {[16(Zers(@)) = 61, |

S 211612{ ”¢(It+s($)) - ¢(Is(yt))||F,g+

+ 16(Zs(wr) — d(ye) — s D S(y0)X(ye) ., +
+[16(5) + 5D d(u)X(w1) — 6, |
16(Tess(2)) — ATy +
+ 10(Zs(ye)) — d(ye) — sD d(yi)X(ye)ll g, +
+ 0(o(ye) + sD d(ye)X(ye), (AN T))
< e 6(ye) — (Ze(2))l pp + 16(Zs(yr) — D(y) — 5D d(y)X(ye) |l

+ 0(o(ye) + sD d(ye)X(ye), (AN T)).
Consequently,

U(t+s)— U(t) < (eRS -

+

§ Fio

S

1)‘1’@) + H ¢(IS(yt)2 — o) — D o (y)X(y)
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+§Q(¢(yt) + 5D @(ye)X(ye), (AN U))

Thus
Wt —U(t
lim sup (t+5) ®)
5—0 S
Hence, like in Gronwall’s inequality we obtain

W(t) < efw(0),
whence U (¢) = 0, which concludes the proof. O

< RU(1).

Note that in the proof of the theorem we used the nuclear property of
a Fréchet space F' to find the distance minimizer point y;. However, there
may be other ways to prove this theorem by not assuming the nuclearness of
spaces. But this does not restrict us that much, because the most important
Fréchet manifolds, manifolds of mappings, are nuclear.

4. Applications to critical point theory

In this section, we follow the ideas in [5] and [12]. First, we recall the
definition of a Finsler metric for M C*-Fréchet manifolds.

Definition 2. Let F' be a Fréchet space, T' a topological space and V =
T x F the trivial bundle with fiber F' over T'. A Finsler structure for V is
a collection of continuous functions ||-[|y,, : V' — R*, n € N, such that the
following conditions hold.

(F1): For b € T fixed, HazHl}n = [|(b, )|y, is a collection of seminorms on
F which gives the topology of F.

(F2): Given k > 1 and z¢ € T, there exists a neighborhood W of xy such
that

1
Z 22, < l2l%, <Elzl%, forall weW,neNuzeeF.

Let |y, : TM — R* be a collection of continuous functions, n € N.
We say that {[|-[|,;,, }nen is a Finsler structure for T'M, if for a given z € M
there exists a bundle chart ¢ : U x F' ~TM |y with € U such that

{IFllvn © %™ Ynen

is a Finsler structure for V=U x F.

An MC*-Fréchet Finsler manifold is a Fréchet manifold together with
a Finsler structure on its tangent bundle. Regular (in particular nuclear)
manifolds admit Finsler structures.

If {||[l o, }nen is a Finsler structure for M, then we can obtain a graded
Finsler structure, denoted by (|[-[|y/,,)nen, that is |-y, < [Il5744 for all
1 e N
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The length of an MC'-curve v : [a,b] — M for the n-th component is
defined by

RO
L) = [ IV Ol e

The length of a piecewise path with respect to the n-th component is the
sum over the curves constituting the path. On each connected component
of M, the distance is defined by

pn(z,y) = igf Ly (),

where infimum is taken over all piecewise MC'-curves connecting z to y.
Thus, we obtain an increasing sequence of metrics p,(z,y). Define the dis-
tance p by

— 1 pa(ay)
n I
o(z,y) n; 7 T+olog) (4.4)

The distance p defined in is a metric for M which is bounded by
1. Also, the topology induced by this metric coincides with the original
topology of M by [5, Theorem 4.6].

An MC*-vector field X : M — TM has a unique M C*-local flow, see [8,
Theorem 4]. It follows from the theorem that the union of the domains of
all integral curves of an MC¥-vector field X : M — TM, (k > 1) through
x € M is an open interval which we denote by I, = (T, ,T,"), where T,
(resp. T,5) are the sup (resp., inf ) of the times of existence of the integral
curves. Let Dx = U, ({#} x 1), then we have the map F : Dx — M
defined on the entire Dx by letting F(z,t) be the local flow of X at x. We
call this map the flow determined by X, and we call Dx the domain of the
flow which is open in M x R, see [8, Lemma 1].

Let (M, p) be an MC*(k > 2) Fréchet Finsler manifold, ¢ a real number,
and € a positive real number. Let ¢ : M — R be an M C'-mapping. Define
the following sets:

(1) pe:={zeM|p(x)<c},
(2) Coc) ={xeM|p(x)=cand Dy(x) =0},
(3) N(Cyl(c),e) ={x e M|p(x,Cslc)) <e}.
Proposition 2. Let ¢ : M — R be an MC'-mapping, X : M — TM

an MC'-vector field, and F : Dx — M the flow determined by X. Suppose
c € R, and the following holds.

(C.1) If (zy) C M is a sequence such that p(x,) — ¢ and D o(xy,)(X(xp)) —
0, then (x,) has a convergent subsequence.

(C.2) There is €y such that for x € peie,, F(x,t) is defined, and p(F(z,t))
is non-increasing for t € [0,1].

Then we obtain:
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(D.1) F(x,t) =z, for allx ¢ o~ 1([c — €0, ¢+ €]) and t € [0,1],
(D.2) F(pers \U,1) C pe_s for some § € (0,€), and any critical neigh-
borhood U of C,(c).

Proof. It follows from (C.1) that C,(c) is compact. Hence there are posi-
tive constants & < &g and m such that for all n € N

(E.1) [[X(2)[[py, <m, Vo€ N5 (Cple)),

(E.2) Cy(c) c/\/ ol /\féo(cw(c)) cUu.

It follows from |i and (C.2) that there exist positive numbers c and €1, €p
such that

Dp(z)(X(2)) < —c, Vz €y te—e,c+ e\ Ns(Cylc)). (4.5)

Now, pick a fixed z € pq15 \U. Since otherwise (C.2)) implies (D.1)), we may
assume that

F(z,t) € o Yc—0d,c+6], Vtelo,1) (4.6)
Now, suppose that
F(x,t) ¢ N5(Cy(c)), Vtel0,1], (4.7)
and o
0 < ;min{%o,c,c(ém_(so)}. (4.8)

Therefore, from (4.5)—(4.8) it follows that
1
d
PF(@1) = pla) + [ 5 (o(Fla.))ar

1
<c+e+ /0 D o(F(z,t))(X(F(z,t)))dt
<c—e.

Thus, for any 6 which satisfies (4.8) the statement (D.2) is valid. If the
assumption (4.7)) is false, by (E.2|) there are s1 € (0,1) and sy € (0, s1) such
that

p(F(x>31)7C<p(C)) :Sa p(F($732)7C@(C)) = do.
Thus, by (E.1)) and (E.2)) for all n € N we obtain that

_ F(x,t)
53/
81—82)

at (4.9)
It follows from , -, and (| . ) that
1
PR (,1)) = () + /0 (D (R, 1) (X, 1)) at

dF:r:t

,?’L
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1
d
§c+6+/ — (p(F(z,t)))dt
o dt
<c+e—m(s; — s2)
<c—e.

Thus, even if (4.7)) is false, the statement (D.2) is verified.
Now, define an M C'-mapping h over M by

1 e -
h(z) = 4 & T E @ .[c €1,¢+ €1],
0, otherwise.
Also, define
X(z) = X(z)h(zx).

Then, by repeating the above arguments for X(z) we can easily verify (C.1J),
and ((C.2)) is also true if we exchange F by the flow determined by X(z). O

Theorem 3. Suppose M is a nuclear MC*-Fréchet manifold, k > 2. Let
©: M — R be an MC'-mapping, A C M a closed subset, and ¢ |4 bounded
from below. Let X : M — TM be an MC'-vector field such that for each
x € M there is a chart (z € U, ¢) such that

lim ™ 0(6(2) + 5D o)X (2), (U 1 4)) = 0.

Also, suppose we have (C.1|) and (C.2) with ¢ = infs p(a). Then c is a

critical value of .
Proof. Define the set
A:={S C AN Ycte | Sis compact subset of M }.

It follows from Theorem [2|that A is flow-invariant with respect to X. There-
fore, the integral curve F(x,-) of X remains in A if z € A. Now, by (C.2) we
obtain that if S € A, then

F(S,1) exists and F(S,1) € A.
From the definition of A, we see that

= inf . 4.10
= el (410

Since ¢ is bounded from below on A, the number ¢ cannot be —co. We
claim that c is a critical value. Because otherwise, if we employ & = () in
Proposition [2], for some positive § we will obtain

F(QDC-HS) C Pe—s-

Hence, there exists S € A such that F(S,1) C ¢._s, which contradicts
(&.10). 0
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