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Abstract We explain and prove the statement from the title. This allows us
to formulate a new type of gradient inequality and to obtain a new stabilization
result for gradient-like ordinary differential equations.
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1 Introduction

The theory of Lyapunov functions is a fundamental part of the stability theory
of ordinary differential equations [14], [3], because many ordinary differential
equations naturally admit an energy function which is nonincreasing along
solutions. Moreover, La Salle’s invariance principle [13], [3, Chapter VIII], [§]
and gradient inequalities for the underlying Lyapunov function [15], [11], [9],
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[1], [12], [5] provide easy and powerful stabilization results.

Let F' be a continuous tangent vector field on a manifold M. Following
[8], we say that a continuously differentiable function £ : M — R is a strict
Lyapunov function for the ordinary differential equation

i+ Flu) =0, (1)

if
(€' (u), F(u)) >0 whenever u € M and F(u) # 0. (2)
Every strict Lyapunov function is nonincreasing along solutions of (1), and if
it is constant on some solution then that solution must be stationary. Among
ordinary differential equations, the gradient systems on a Riemannian manifold

(M, g)
i+ VyE(u) =0 (3)

are the prototype examples of dissipative systems which admit a strict Lya-
punov function: namely the function £ itself. In Theorem 1 we observe the
following simple converse result, announced in the title: every ordinary differ-
ential equation (1) with a strict Lyapunov function is — on the open subset of
nonequilibrium points of ' — a gradient system. More precisely, it is a gradient
system for the Lyapunov function itself and for an appropriate Riemannian
metric. This observation, which may be deduced from [16], [17] but which was
formulated differently there, implies that the gradient systems are basically
the only examples of dissipative systems with strict Lyapunov function. As an
application, we obtain that the damped second order equation

i+ G(u)+VE(u) =0
is a gradient system when it is rewritten as a first order equation.
We apply this result in order to obtain a stabilization result for global solu-
tions of the general system (1) (Theorem 3). Strictly speaking, this result can
be and actually is formulated independently of the gradient system structure

in the appropriate ambient metric constructed in Theorem 1. However, it can
be better motivated with this knowledge behind.

The classical Lojasiewicz gradient inequality (see [15])
E(w) = E@I'" < CE' W) (4)

and the more general Kurdyka-Lojasiewicz gradient inequality (see [11], and
[4], [5] for the name)

O(I€(v) = E(@)]) < [I€" (W)l ()

have turned out to be particularly useful for proving that global solutions of
gradient systems converge to a single equilibrium. The first convergence result
for gradient systems is due to Lojasiewicz himself [15]; he also proved that



every real analytic function satisfies the Lojasiewicz gradient inequality (4).
Later, Haraux & Jendoubi and Alvarez et al. proved convergence results for
damped second order ordinary differential equations by using a gradient in-
equality for a natural Lyapunov function [9], [2]. More recently, it has been
shown that many convergence results can be unified into a general theorem for
the ordinary differential equation (1), provided that that equation admits a
strict Lyapunov function, the Lyapunov function satisfies a gradient inequality
and an angle condition holds between £ and F' [1], [12], [7]. This angle con-
dition is automatically satisfied for gradient systems but there are interesting
examples where it is not satisfied (see [6] and Section 5 below).

Now, if the problem of convergence to equilibrium — with respect to some
given metric — is approached by knowing that the problem (1) has a gradient
structure on the open subset of nonequilibrium points — with respect to a dif-
ferent metric —, then one is naturally led to the problem of comparing the two
involved metrics. This problem is even crucial since, by La Salle’s invariance
principle, the only possible limit points of solutions are equilibrium points,
and since equilibrium points lie on the boundary of the set of nonequilibrium
points. The comparison of metrics motivates us to formulate the gradient in-
equality W)

, F(v
O(£() ~ £(¢))) < '), i)
and a convergence result (Theorem 3) which generalizes the results from [1],
[12], [7] for ordinary differential equations. With this view we can also give a
new interpretation of a recent convergence result by Chergui [6] for a second
order ordinary differential equation with degenerate damping.

Of course, if the original and new metric are equivalent, then the induced
distance functions are equivalent because lengthes of curves are equivalent.
Since length is an important notion in the above cited convergence results,
we characterize equivalence of the two metrics. We find that the two metrics
are equivalent if and only if an angle condition and a comparability condition
between £’ and F holds (Theorem 2). These are exactly the conditions which
appear in [1], [12], [7]. Finally, we formulate some open questions concerning
the metric with respect to which equation (1) is a gradient system.

2 Main result

Before stating the main theorem, let us fix some notation. When we write man-
ifold in this article, we mean a differentiable and finite-dimensional manifold.
The duality between tangent vectors and cotangent vectors is denoted by (-, -).
Whenever ¢ is a Riemannian metric, we write (-,-), for the inner product on
the tangent space; to be precise, we should write (-, -) g(u) for the inner product
on the tangent space T,, M, but the variable u is dropped, and equalities and
inequalities are usually to be understood for functions on M. We write || - ||,



for the induced norm both on the tangent space and on the cotangent space.
Given a differentiable function £ : M — R, we denote by £’ its derivative. The
derivative £’ is a cotangent vector field; the associated, uniquely determined
tangent vector field V&, given by

(&', X) = (V4&€,X), for every tangent vector field X,

is called the gradient of £ with respect to the metric g.

The following is the theorem announced in the title of this article. It should
be compared to [16, Theorem 1], [17, Proposition 2.8|, where it was stated
that if the ordinary differential equation (1) (in RY) admits a strict Lyapunov
function &, then F' = LVE, where L is a continuous function taking its values
in the positive definite matrices and V& is the Euclidean gradient. Note that
the multiplication by L corresponds to a change of the underlying metric.

Theorem 1 Let M be a manifold, F' a continuous tangent vector field on M,
and let £ : M — R be a continuously differentiable, strict Lyapunov function
for (1). Then there exists a Riemannian metric § on the open set

M:={ueM:F(u)#0}CM

such that V3€ = F. In particular, the differential equation (1) is a gradient
system on the Riemannian manifold (M, §).

Proof By assumption (2), 0 # F(u) ¢ ker&'(u) and ker &'(u) # T,,M for
every u € M. As a consequence the tangent bundle TM is the direct sum of
the bundle ker £ and the bundle generated by the vector field F:

TM =ker&' @ (F). (6)
For every continuous tangent vector field X on M, the vector fields
(€, X) (€, X)
Xog =X — F and X; :=
’ @ F)" T EE)

are well-defined and continuous, Xy € ker £’ and X; € (F') (the one-dimensional
space — or vector bundle — generated by F'). Hence, the above decomposition
of the tangent space T'M is continuous in the sense that the projection onto
ker £ along (F) is a continuous function.

Now we choose an arbitrary Riemannian metric g on M. Starting from this
metric, we define a new metric on M by setting

1
- (&, X)EY)
@ -

= (Xo,Y0)g + W<5/aX1><5/aY1>~

<X, Y>g = <X0,Y0>g +

Precisely at this point we use the assumption that £ is a strict Lyapunov
function, that is, (€', F) > 0 on M, because this assumption implies that g



really is a metric (in particular: positive definite). Since the decomposition (6)
is continuous, and since g, £ and F are continuous, § is continuous, too.

By definition of the metric § and by definition of the gradient V&, we
have for every tangent vector field X

(F,X); =0+ (&', X) =(V3&,X);
so that F' = V3£ and the claim is proved.

Remark 1 Note carefully that the metric g, for which we have the equality
F = V&, is not unique. The inner product (X,Y); is uniquely determined
by the functions F, £ if one of the two vectors X or Y is a multiple of F'; this
fact comes from the requirement that one wants to have F' = V€. However,
on ker & x ker £ one has a free choice, how to define the metric g.

_ Theorem 1 says that equation (1) is a gradient system on (M, §). The set
M being a subset of M and the metric § being a new metric, several questions
arise.

Question 1 When is the equation (1) a gradient system on the whole of M?

We ask this question in a slightly different way and in weaker forms. Recall
from Remark 1 above that the metric § from Theorem 1 is not uniquely deter-
mined. If we ask whether the ordinary differential equation (1) is a gradient
system associated with the fixed Lyapunov function &, then Question 1 is
closely related to the following one.

Question 2 Can we choose the metric g such that g extends to a Riemannian
metric on M7

Ezample 1 (Not every metric § extends to a Riemannian metric on M) Let
M =R? and let F :R? — R? and £ : R? — R be given by

1
F(uy,u2) = (u1,2uz) and E(ug,uz) = 3 (u? + u3).

The origin u = (0,0) is the only equilibrium point of F' and for u # (0,0) we
have
(&' (u), F(u)) = u? + 2u3 > 0.

Hence, £ is a strict Lyapunov function.
Let g be the Euclidean metric, and define the new metric g by using the
formula (7), that is, for every u, X, Y € R,

WX L e
(X, Y )50 = (X (5'(u),F(u)>F( ),Y o) (u)}F( Dot +
b (€ ), X) (), )



Then, for X = (1,0) and Y = (0, 1) a straightforward calculation shows that

1

5

Hence, the metric g does not have a continuous extension at the origin.
Now, let g be the metric given by

Jim (X, Y)gom =0 and  Hm(X,¥)gn = -

1
(X, V), =X1\1 + §X2Y2,

and define g starting with this metric g. Then g does have a continuous ex-
tension near the origin. In fact, in this case g = g.

3 Equivalence of metrics

Let g be any Riemannian metric on M and let g be the Riemannian metric
on M constructed from g¢ as in the proof of Theorem 1. If the metric § admits
a continuous extension to M, then g and g are locally equivalent on M (and
even on M). The converse is not true in general (take the metrics from Ex-
ample 1). In this section, we characterize equivalence of the two metrics g and
g on M in terms of an angle condition which has recently appeared in some
articles on stabilization of gradient-like systems [1], [12], [7] and in terms of a
comparability condition.

We say that two Riemannian metrics g1, go on a manifold M are equivalent,
if there exist ¢1, co > 0 such that for every tangent vector field X

1 [[Xllgr <11 Xllg, < 2 [|X[lg, on M. (8)

Note that if two Riemannian metrics are equivalent then the induced distance
functions are equivalent, too. In particular, the completions of (M,g;) and
(M, g2) are the same and the boundaries in this completion carry the same
topology.

We say that & and F satisty the angle condition (see [1, Condition (2.2)],
[12, Condition (AC), Definition 1.1], [7, Conditions (4), (9)]) if there exists
a > 0 such that R

(€, F) = all€'lly |Flly on AL, (AC)

and we say that they satisfy the comparability condition if there exist constants
c1, co > 0 such that

1 €'y < IFlly < c2 [|€/]lg on AT. (©)

It is straightforward to check that the angle condition and the comparability
condition together are equivalent to the existence of a constant 8 > 0 such
that 3

(& F) = B(IEN; +IFIl;) on M; (AC+C)

this condition appears in various examples in [7, Section 2].
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Theorem 2 The metrics g and § are equivalent on M if and only if £ and
F satisfy the conditions (AC) and (C).

Proof Assume first that the two metrics g and § are equivalent. Then there
exist constants c1, co > 0 such that for every tangent vector field X

11Xy < [1X]lg < e2 | X[l on M, 9)
Then

1 .
1€l = sup (£',X)> sup (&, X)=—|E&,yon M.
IX1g<1 ea | X< C2

Since F' = V&, the preceding inequalities imply
(&', F) = (V& F)5 = IV5€lla | Flls = 1€ 1 Fllg = %Hfl\lg 1F1lg,
that is, £’ and F satisfy the angle condition (AC). Moreover,
1Fllg = 11Va€llg = €5

and the equivalence of g and § implies also the comparability condition (C).

Now assume that £ and F satisfy the angle and comparability conditions
(AC) and (C). Given a tangent vector field X, we use the decomposition (6),
that is, X = Xy 4+ X7 with Xy € ker & and X; € (F). We have,

2 _ o (&, X:)° . .
X115 = 1 Xolly + ©F) (definition of §)
Q2IENZ X112
> || X0l + w (by (AC) and Cauchy-Schwarz)
1€ o114
), o 2
Z [ Xollg + 1 Xally (by (€))
1 2
> 3 min{1, 2—2} HX||§ (triangle inequality),
and
2 _ 2 <g/aX>2 oy ~
X115 = [ Xolly + T (definition of §)
&L X)? . . .
<20X|2 + 21 X2 + <(S’F>> (triangle inequality)
_ 2 o (LX) e (ELX)° iy
=2 X|; +2 GNGE 17115 + € F) (definition of X7)
2 IEIZIIX1Z
2 2
<2|X]5 + §||X||g + m (by Cauchy-Schwarz and (AC))
2 1
2 2 2
< 201Xl + X5 + -1 (by (€))

2 1
=24+ =+ ) Ix|?
@+ S+ ) IXI

that is, g and g are equivalent.



4 Asymptotics

In this section, (M, g) is a Riemannian manifold. We assume that the ordinary
differential equation (1) with initial condition u(0) = wy € M is uniquely
solvable. Given a function u : Ry — M, the set of all accumulation points (as
t— 00)

w(u) = {p € M : there exists (t,,) / oo such that u(t,) — ¢}
is called the w-limit set of w.

Theorem 3 Let F' be a continuous tangent vector field on the Riemannian
manifold (M, g). Let u: Ry — M be a global solution of the ordinary differ-
ential equation (1) and let € : M — R be a continuously differentiable, strict
Lyapunov function for (1). Assume that there exist © : Ry — Ry such that
1/0 € L}, .([0,+00)) and O(s) > 0 for s > 0, ¢ € w(u) and a neighbourhood

U C M of p such that for everyv e UN M

B(1Ew) — £(p))) < (€', ”5(())”> (10)

Then u has finite length in (M, g) and, in particular, lim u(t) = ¢ in (M,g).

li
t——+oo
Proof Since £ is a Lyapunov function, necessarily the function £(u) is non-
increasing. Hence, lim;_, o E(u(t)) exists in R U {—oc}. By continuity of the
function € and by definition of the w-limit set w(u), this limit equals () for
every ¥ € w(u) (so, since w(u) is non-empty by assumption, the limit of £(u)
is finite and equals £(p)). By changing £ by an additive constant, if necessary,
we may without loss of generality assume that £(p) = 0, so that E(u(t)) > 0
and limg_, o, €(u(t)) = 0.

If E(u(ty)) = 0 for some ty > 0, then E(u(t)) = 0 for every t > toy, and
therefore, since € is a strict Lyapunov function, the function v is constant for
t > to. In this case, there remains nothing to prove.

Hence, we may assume that £(u(t)) > 0 for every ¢ > 0. By unique solv-
ability of (1) this implies that u(t) € M for every t > 0. Let o > 0 be such
that the closed ball B(p,0) (with respect to the distance d induced by g) is

contained in U. Let
t
1
P(t) := ——ds,
0=/ a5

and let £y > 0 be so large that

Let



By continuity of the function u, we have t; > to. Then for every t € [to, 1),

d 1 d .
fadi(g(u(t))) = BEw) (- %E(u(t))) (chain rule and def. of &)
= m (&' (u(t)), F(u(t))) (chain rule and (1))
> ||F(u(t))|l (gradient inequality (10))
= [la(®))llg (equation (1)).

Hence, for every t € [tg, 1),

d(u(t), ) < d(u(t),u(to)) + d(u(to), ¢) (triangle inequality) (11)
< [le(s)]lg ds + d(u(to), ¢) (def. of distance)

to
< P(E(ulto))) + d(ulto), ) (preceding estimates)
2
< 30 (choice of tg).

This inequality implies that ¢; = oo. But then |il|, € L*(Ry), by the esti-
mates (11). This means that v has finite length in (M, g). The existence of
lim;_, oo u(t) follows from Cauchy’s criterion and the fact that ¢ € w(u).

By applying Theorem 3 with O(s) = %31_9 for # € (0,1), we obtain the
following corollary.

Corollary 1 Let M, F and £ be as in Theorem 3. Let u : Ry — M be a
global solution of (1). Assume that there exists ¢ € w(u), 6 € (0,1), C >0
and a neighbourhood U C M of ¢ such that for every u € U
_ F(v)
E(v) = E(P)'™? < CLE' (W), ) (12)
1E @)l

Then u has finite length in (M, g) and, in particular, lim;_, 1o u(t) = ¢ in
(M, g).

Note that the Lojasiewicz gradient inequality (4) and the Kurdyka-Loja-
siewicz inequality (5) from the Introduction involve only the function £ while
the modified Kurdyka-Lojasiewicz inequality (10) and inequality (12) involve
in addition the vector field F. In fact, the norm of the derivative & (which
appears on the right-hand side in (4) and (5)) is replaced by the directional
derivative in the normalized direction of F'. Let us repeat the two modified
inequalities in the following way, that is, from a more geometric point of view:

(@0 —s<so>>>’,”§g> > 1

or
F

_ oy _f
(€~ £ ) 2 1/C
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in a neighbourhood of ¢. If g denotes the metric constructed in Theorem 1,
then we can write the inequality (10) also in the form

o) — IE@IE _ vy 1E@ls
O(1() = £ < it = 1€ @l [z

in which the norm of £ with respect to the new metric § and the ratio of the
two involved metrics appear. Hence, if the two metrics g and g are equivalent,
then (10) reduces to the Kurdyka-Lojasiewicz inequality (5).

As indicated in the Introduction, there are convergence results similar to
Theorem 3 in which — instead of the modified Kurdyka-Lojasiewicz inequal-
ity — a gradient inequality for the Lyapunov function £ (or an assumption of
analyticity) and the angle condition (AC) appear; see [1, Theorem 2.2], [12,
Theorem 1.2], [7, Theorem 1] (the latter article considers also the case of differ-
ential equations in infinite dimensions). These results (in the case of ordinary
differential equations in finite dimensions) can be seen as a consequence of
Theorem 3 or its Corollary 1 because the Lojasiewicz inequality (4) and the
angle condition (AC) imply the modified Lojasiewicz inequality (12). There
are situations, however, in which the modified Lojasiewicz inequality (12) is
satisfied but the angle condition (AC) is not. The following elementary exam-
ple is such a case. A more sophisticated example is described in the following
section.

FEzample 2 Let M C R? be the open unit disk, equipped with the Euclidean
metric g. Let o > 0, and let F(u) = F(uy,us) = (JJul|*u1 — ug, u1 + ||ul|*usz)
and €(u) = 3(u? + u3). Then

(€ (u), F(w) = [ull**, | F()]| = ull - 1+ [lul?> and [ (u)]] = |[u].

Hence, unless o = 0, the angle condition (AC) does not hold on any neighbour-
hood of the critical point (0,0) (and, by Theorem 2, the Euclidean metric g
and the metric § from Theorem 1 are not equivalent). The function & satisfies
the Lojasiewicz inequality (4) near the origin for § = %, but we even have

| [l 1 ey L
(&), Fu)) = — s 2079 > 2 g(y)?
TG € - P = e = ™ 2 3 6w

provided 0 < 6 < 1_7" Hence, if 0 < o < 1, then & satisfies the modified
Lojasiewicz gradient inequality (12).
5 Application to a second order problem

Let us consider the following second order problem

it + G(u, i) + VE(u) = 0, (13)
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where F : RY — R and G : RY x RY — RY are two given C? functions.
We assume that the second term in this equation represents a damping in the
sense that for every u, v € RV

(G(u,v),0) = g(llvl) V)%,
G, )| < eg([lvll) [|v]l,  and (14)
IVG(u,v)|| < cg([v]),

where ¢ > 0 is a constant and g : Ry — R, is a nonnegative, concave,
nondecreasing function, g(s) > 0 for s > 0. Throughout this section, | - ||
denotes the Euclidean norm. The first line in (14) is a lower estimate of the
damping in the direction of the velocity.

The following theorem yields convergence of solutions to a singleton.

Theorem 4 Let u € W2>(R,;RN) be a global solution of (13). Assume
that there exist ¢ € w(u), a neighbourhood U C RN of ¢ and a nonnegative,
concave, nondecreasing function © : Ry — Ry such that for every v € U

O(E(v) — E(p)]) < [VE()]|.
Assume that O(s) < ¢/s for some ¢ > 0 and all s > 0 small enough and that
51— 1/6(5)g(0(s)) € Ljy.([0, +00)).

Then u has finite length and, in particular, , ligl u(t) = .

—> 100
Remark 2 If we take O(s) = cs'~% G(u,v) = |[v]|*v and g(s) := s for
a €[0,1%5), 0 € (0, 3], then the equation (13) becomes

i+ ||il|* @ + VE(u) = 0

and Theorem 4 applies, thus generalizing a recent convergence result by Cher-
gui (see [6]). However, our theorem allows more general nonlinearities and also
growth orders of the damping that are closer to the critical case a = 1%90. If
O(s) = 5179, g(s) = 5%/0-9 we cannot expect convergence in general as an
example by Haraux shows [8]. But if the growth of © or g is a little better, we

obtain convergence. For example,
O(s) =s'7?  g(s) = $T27 In'*4(1/s)

or
O(s) = s ==(1/s), g(s) = sTo0

with € > 0 satisfy the assumptions of Theorem 4.
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Proof We first show that lim;_. ||@(¢)]] = 0. Multiplying the equation (13)
by u, integrating from 0 to ¢, and using the assumption on G, we obtain

IO + E((0) = 51 + E(u(t) + [ (Glu(e). () i(s)) ds

> %Ilit(t)ll2 + E(u(t)) +/0 glla(s)IDlla(s)|* ds.

Since u and 4 are globally bounded, this implies

/OOO gllats)Dlals)|? ds < +oc.

Since, moreover, @ is uniformly continuous, we obtain that tlim g(lla(s)|D|la(s)||* =
— 00
0. Since g(s) > 0 whenever s > 0, this implies that tlim |la(t)]] = 0.
— 00

Note that u is a (global) solution of (13) if and only if (u, ) is a (global)
solution to the following problem

% (";8) +F (:j‘gg) =0, (15)

F(u,v) = (G(u,v)_—fvE(u)> '

Let M C RN xR be a suffiently large (closed) ball which is a neighbourhood
of the range of (u,4). Note that, by the above argument and by assumption,
(¢,0) belongs to the w-limit set of (u,%). In the following we will often use
boundedness of continuous functions on M, in particular there exists a con-
stant K such that

where

gUlvlD; 1G(w, )], VG (u, )]l [VE@)]| < K

and
g([IVE@)[]), |G(u, VE(u))||, [VG(u, VE(u))| < K

for all (u,v) € M.
Following the idea of the proof by Chergui [6], we define, for € > 0 small
and to be chosen below,

£(u,v) = %||v||2 + BE(u) + £ (G(u, VE(u)), v).

We show that £ is a strict Lyapunov function for (15). We compute

(€' (u,v), F(u,v)) = (G(u,v),v) — (VG (u, VE(u))(Id, V> E(u))v, v)+
+e(G(u, VE(u)), G(u,v)) + e(G(u, VE(u)), VE(u)).
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By the assumption on G (first line of (14)), we have

(G(u,v),v) and

e(G(u, VE(u)), VE(u))

g(llvllvlf?

2
> eg(IVE@)DIVE(u)]*.

By the second line of (14) and by Cauchy-Schwarz, for every (u,v) € M we
can estimate

|£(G(u, VE(u)), G(u,v))| < e g(IVEw) D IVE(W)| g(lv])]v]]

< %eg(IIVE(U)II)HVE(U)IIQ +Ceg(llolDlv]*.

Here and in the following, C' > 0 denotes a constant which may change from
line to line, which depends on K, but which is independent from ¢ > 0. Again
by using the assumptions on G, by using that g is nondecreasing, and by
Lemma 1 (b), we obtain that for every (u,v) € M

|e(VG(u, VE(u))(Id, V2E(u))v,v)| <
< Ceg(|VE@)|)]v]?

y {isg(llVE(u)ll)IIVE(u)IQ it 2ClJo]| < VB,
C\CeevClohil 2yl = [VEW)

1
< Ceg(lwDlvl® + 32g(IVE@)DIVE ().
Taking the preceding estimates together, we obtain for every (u,v) € M
1
(€' (u, ), F(u,0)) = (1= 2Ce)g([o])[v]]* + 5 g(IVE@)IDIVEw)[*). (16)

In particular, for € > 0 small enough, £ is a strict Lyapunov function for the
problem (15) on M. From the preceding estimate, from the estimate

[ F (u,v)[| < C([[v]l + [VE()]]),
and from the estimate
(ol + IVE@) ) (glvl) o]l + g([IVE) ) [VE)]) <
3 (g(loD v+ g(IVE@) DIV E(w)]|?)
(Lemma 2), we obtain the lower estimate

1

m@’(% v), F(u,0)) = a(g([[ol) [[oll + g(IVE) ) [VE)]) — (17)

on M, where o > 0 is a constant depending only on uniform bounds of the
functions E, G and g¢.
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Next, by the definition of £ and by the assumptions on G,
1
[€(u,v) = E(p, 0)] < Sllvll” + [E(w) = BE(@)| +ecg(IVE@)) IVEw)| [lv]
< [[ol* + |E(u) — E(p)| + Ce [ VE(u)||.
By Lemma 1 (applied with the function h = 0),

O(I€(u,v) — E(. 0)]) < O([[v[*) + O(E(u) — E(p)]) + CO(|VE(u)|*).
By the assumption on © and by the gradient inequality for E, we obtain that
there exists a neighbourhood U C M of (p,0) such that for every (u,v) € U

O(|€(u,v) = E(p, 0)]) < C ([|vf| + IVE(w)])-

Now let © : R, — R, be given by O(s) := O(s) g(O(s)). By Lemmas 1 and
2, we then have

O(I€(u,v) = E(,0))) < C (llv]| + IVE@)I]) g(lloll + IV E(u)])
< CglviDlvll+ g(IVE@)IDIVE)])

Taking this estimate and (17) together, we have proved that there exists a

neighbourhood U C RY x RY of (¢,0) such that for every (u,v) € U
~ F(u,v)

@( 5(“"1}) _8((10’0”) < c g/(uav)77’>'

| D 0]

1
loc

Moreover, by assumption, 1/0 € L} ([0, 00)). Hence, Theorem 3 can be ap-

plied and tliglo(u(t),u(t)) = (,0).

Remark 3 If G(u,v) = |[v||*v for some a > 0 and if g(v) = ||v||¥, then one
easily checks that the lower estimate (16) is optimal. Moreover, the estimate
1€ (w, ) ||+ || F (u, v)|| < C(||v]| + [|[VE(u)|]) is optimal for small v and VE(u).
Hence, if @ > 0, then £ and F' do not satisfy the angle condition (AC).
Lemma 1 Let h: Ry — Ry be a nonnegative, concave, nondecreasing func-
tion. Then:

(a) For every u, v >0 one has h(u +v) < h(u) + h(v).
<

(b) For every C > 0 and every u > 0 one has h(Cu) < max{C, 1} h(u).

Proof (a) By concavity we have the inequalities

v
_ <
quvh(u—i—v) + u+vh<0) < h(u) and

h(u+v) +
U+ v U+ v

h(0) < h(v).
Summing up the two inequalities and using that h(0) > 0 yields the desired
result.

(b) If C < 1, the inequality follows from the assumption that h is nonde-
creasing. If C' > 1, the concavity and the assumption h(0) > 0 imply

! Lncuy+ %hm) < h(u).
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Lemma 2 Let r, s € C1(R,) be nonnegative and nondecreasing. Then, for
every u, v > 0,
r(uw)s(v) < r(u)s(u) + r(v)s(v).

Proof For fixed w > 0, consider the function v — r(u)s(u)+r(v)s(v)—r(u)s(v).
Observe first that this function is nonnegative for v < w, since r and s are
nonnegative and s is nondecreasing. Then observe that the derivative of this
function is nonnegative for v > u by the assumptions on r and s.
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