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Abstract: This paper focuses on the existence and the multiplicity of classical radially symmetric solutions
of the mean curvature problem:

—div[LJ =f(x,v,Vv) in Q,

J1 + |V

agV + alg—: =0 on 0Q,

with Q an open ball in R", in the presence of one or more couples of sub- and super-solutions, satisfying or
not satisfying the standard ordering condition. The novel assumptions introduced on the function f allow us
to complement or improve several results in the literature.
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1 Introduction and main results

This paper deals with the existence of classical solutions of the mean curvature problem:

tN—lu! '
T = tN_lf(t’ u, u,) in ]0’ R[’

N1+ u'’?

u’(0) = 0, agu(R) + qyu’'(R) = 0,

(1.1)

in the presence of couples of sub- and super-solutions, satisfying or not satisfying the standard ordering
condition, that is, the sub-solution is smaller than the super-solution. It is assumed throughout this work that

(h1) R > 0, N e N*, ag, a; € R are given constants, with ag - a; > 0, ap + a; > 0,
and
(hy) f:[0,R] xR xR — R is continuous.
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Definition 1.1. (Notion of solution) By a classical solution of (1.1) we mean a functionu € CY([0, R]) n C%(]0, R|)
which satisfies the differential equation for all ¢ € ]0, R[ and the boundary condition.

It is easy to verify, arguing like, e.g., in [1, Lemma 3.1], that a classical solution u of (1.1) actually belongs to
C%([0, R]) and satisfies the equation:

! ' _ !
_[ u ] _N-1_ u =f(t,u,u’) for all te [0, R],

V1+u”? £ J1+u?

provided that the convention @ =u"(0) if t = 0 is set. Accordingly, solutions of (1.1) will always be

assumed to belong to C*([0, R]).

From [1, Remark 3.2] it also follows that if u is a solution of (1.1), then, setting v(x) = u(|x|) for all x € Q,
with Q the open ball in R¥ of center 0 and radius R, the function v belongs to C(Q) and is a classical
solution of

—div W =f(|x|,v, A i) in Q,
'X‘ 1.2)

J1+ |2

a0v+a1Vv-% =0 on 0Q.
The existence of classical solutions of boundary value problems associated with the mean curvature
equation

. Vv
—d1v[m] = f(x, v, Vv), (1.3)

in a bounded domain Q, is a central and delicate topic in the field of the quasilinear elliptic partial
differential equations and has been largely discussed in the literature, also due to the applications of
(1.3) in numerous geometrical and physical issues. Although breakthrough results were proven between
the late sixties and the early seventies, starting with [2-8], this study has been carried out further in the
subsequent decades by many authors; for a wide, but far from exhaustive, overview we refer to the mono-
graphs [9-12] and references therein.

However, in spite of such a large amount of work, a general sub- and super-solution method - a quite
powerful technique for the study of semilinear and quasilinear elliptic problems [13-17] — has not been
established yet for the classical solutions of boundary value problems associated with Eq. (1.3). Actually,
some partial results have been formulated in [18, Theorems 2.1 and 2.2] and [19, Theorem 1.1], but unfortu-
nately the given proofs do not seem complete, as all of them rely on the unproven Lemma 3.2 in [20]. This
substantial lack of results within the existing literature might be attributed to the fact that mean curvature
problems are fraught with a number of difficulties which do not arise in dealing with other quasilinear
problems, such as the possible occurrence of gradient blow up phenomena and the corresponding devel-
opment of singularities for the solutions, up to the formation of discontinuities. In order to overcome these
drawbacks and to include in the analysis such kind of singular solutions, it appeared natural, starting with
[21-26], to settle the problem in the space of bounded variation functions. In particular, this approach
allowed to develop in [27-29] a sub- and super-solution method for the bounded variation solutions of
various boundary value problems associated with Eq. (1.3), according to the notion of solution introduced

n [30]. The likely most relevant feature of these results is that, assuming the sub- and super-solutions
satisfy the standard ordering condition, no bound and no monotonicity are imposed on the function f,
contrary to what was required in all preceding studies.

When limiting the discussion to the radial problem (1.2) with homogeneous Dirichlet boundary con-
ditions, which has also been the subject of extensive study since the late eighties [31-36], the existence of
classical solutions can be inferred from [28, Theorem 2.4] if the right-hand side f of the equation is gradient
independent, locally Lipschitz and non-increasing with respect to the state variable, and further the
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sub- and the super-solutions are regular and satisfy the boundary conditions. A complementary result for
the same problem was obtained by a different approach — monotone iteration versus variational techni-
ques —in [19, Theorem 3.1], assuming that fis gradient independent, continuous, but non-decreasing with
respect to the state variable, and again the sub- and the super-solutions are regular and fulfill the Dirichlet
boundary conditions.

Since these results require that f satisfies some monotonicity property, it seems interesting to investi-
gate the situation where such assumptions fail. Nevertheless, simple one-dimensional examples, given,
e.g., in [37,38], show that the sole existence of a couple of sub- and super-solutions, although yielding the
existence of a bounded variation solution, cannot guarantee the existence of a classical one. Therefore, as
some supplementary assumption should be added, in this paper we adopt an alternative approach that
allows us to remove any monotonicity requirement on f at the expense of imposing a local growth condition,
which is independent of the size of the interval [0, R] and, therefore, completely different from those
considered in the literature, and in turn is almost necessary for guaranteeing the regularity of the solutions
of the associated Cauchy problems. Namely, we introduce the following assumption:

(h3) there exist an interval I € R and a continuous function g : I - R such that, for all t € [0, R], s € I
and é{ e R,

f(t,s, &) sgn(é) = -g(s) (1.4)

and
fg(s)ds <1. (1.5)

It is apparent that the condition (1.4) in (hs) implies g(s) > O for all s € I.

Remark 1.1. One sample case where (h3) holds is the following. Suppose that the function f admits the
decomposition

f(t’ S, 's) = fl(tx S) +f2(§) '{a

with £5(&) > O for all £ € R. Then, fsatisfies (h3) provided that f; does. This means that no growth restriction
with respect to the gradient variable is required here.

It is worth observing that the condition (h3) guarantees that, for every uy € I, any non-extendible solution u
of the Cauchy problem:

N1 Y
_[ 1 3 J = tNilf(ts u, u’)’
v1i+u

u(0) = ug, u'(0) =

with range u ¢ I, exists on the whole of [0, R]. This is a direct consequence of the inequality

- 1 _ | w@p f w(@u'()
J1+u/(t) Ji+u'(e? | 1+ u'(r)2

_ IN—I u'(t)?

1 +u’(‘r)2

- If(‘r, u(t), u'(0)u'(r)dr
to

IA

Ig(u(‘r))lu (T)|dt < j g(s)ds, for all t € dom u,

to range u

where t; € [0, t] is the critical point of u closest to t.



1188 —— Franco Obersnel and Pierpaolo Omari DE GRUYTER

Conversely, in the one-dimensional case, the condition (1.5) in (h3) turns out to be necessary for the
existence of solutions. Namely, if g : R — R is an arbitrary continuous function, any solution u ¢ C*[a, b])
of the equation

ul
| ——| =8
[ 1+u’2]

u(t)
= Ig(s)ds, for all 4, t, € [a, b],

u(ty)

satisfies the identity

1 1
Ji+u6)? Y1+ u(n)?

and hence, setting I = range u, condition (1.5) must hold.
On the other hand, it is clear that assumptions (hy), (hy), (h3) alone do not imply the solvability of the
problem (1.1). A very simple example is given by

N-1,,7 '
—[%J - NtV1in 0, 1],
N1+ Uu

u'(0) = 0, agu(1) + a;u’(1) = 0.

(1.6)

Indeed, integrating the equation on [0, 1] shows that (1.6) has no classical solutions although the constant
function f(¢, s, &) = N satisfies (h3), for any interval I such that [I| < % and for g = N.

The solvability of (1.1) can actually be achieved assuming the existence of couples of sub- and super-
solutions, whose definition is given below taking into account the previously set convention: “T(t) =u"(0)if
t =0, for allu € C¥[0, R]) such that u’(0) = 0. We refer to [28,29,35,37,39-41] for the concrete construction
of sub- and super-solutions in the frame of the mean curvature equation.

Definitions 1.1. (Notion of sub- and super-solution).
- A function a : [0, R] — R is a sub-solution of the problem (1.1) if there exist ay,..., &, € CX[0, R]) such
that a = max{a,..., ay} and for eachi € {1,..., p}

|t
J1+af(t)?

a/(0) = 0, apa;(R) + ma/(R) < 0.

] < tN7If (¢, ay(t), & (t)) for all t € |0, R],

— A sub-solution a is strict if for each i € {1,..., p} either

|t
J1+ af(t)?

«/(0) > 0, apa;(R) + a1a/(R) < 0,

J <tNf(t, ai(t), (1)) for all ¢ €]0, R,

or

aj(t) , N-1 & /
- - < f(t, ai(t), a;(t)) for all t € [0, R[,
{Q/I + ai’(t)Z] £ J1+a/@)?

a/(0) = 0, apa(R) + aa/(R) < O,

or
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|t
J1+ af(t)?

a/(0) > 0, apa;(R) + ma/(R) = 0,

] < tNIf (¢, ai(t), aj(t)) for all t € ]0,R],

or

ai(t) | N-1 &) '
- - < f(t, ai(t), aj(t)) for all t e [0, R],
[‘/1 + a/(t)? J t 1+ oty

a/(0) = 0, apai(R) + a1&{(R) = 0.

- Afunction 8 : [0, R] — R is a super-solution of the problem (1.1) if there exist §,,..., Bq € C4[0, R]) such
that g = min{g,,..., ﬁq} and for each j € {1,..., g}

_[ RO

J1+ B2

B/(0) < 0, aoB;(R) + aiBj(R) > 0.

J > tNTIf (¢, B(0), B(6)) for all t € ]0,RI,

— A super-solution  is strict if for each j € {1,..., g} either

J1+ B2

ﬁ]/(o) < O’ aOB](R) + alﬁ,’(R) > Oy

tN_lﬁjl(t) ’ . ,
- > tN-If(¢t, ﬁj(t),ﬁ}.(t)) for all t € ]0, R],

or
B/® ' N-1 B®
_ - t, B.(t), Bl(t)) fi 11 t€[0,R][,
{ /1 +ﬁj/(t)2J t 1 +B]1(t)2 >f( B]( ) B]( )) or a € [ [
BJI(O) = 0’ aOBI(R) + alﬁ;(R) > O’
or
tN-1B8/(t) ,
- ——L | > NI, B(t), B/(t)) for all te]0,R],
J1+B@®?
Bi(0) < 0, aoBi(R) + aB(R) = 0,
or

/t ’ _ ,t
_[ ﬁl( ) J B N-1 B]( ) > f(t, ﬁ](t),ﬁ;(f)) for all t € [0, R],

J1+ B £ 1+ By
Bl.’(O) =0, aoﬁj(R) + alﬁj’(R) =0.
Notation. For all u, v € CY([0, R]), we write u < v if u(t) < v(t) forallt € [0,R; u <v ifu<v and u # v;

u < vifu(t) < v(t) for all t € 10, R[ and, in addition, either u(0) < v(0) or else u(0) = v(0) and u'(0) < v/(0),
as well as either u(R) < v(R) or else u(R) = v(R) and u'(R) > v'(R).
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The following existence and localization result holds in the presence of one couple of sub- and super-
solutions satisfying the standard ordering condition.

Theorem 1.1. Assume (h;), (hy), (h3) and
(hy) there exist a sub-solution a and a super-solution B of the problem (1.1) satisfying

a<f and range a,range B ClI.
Then, the problem (1.1) has at least one classical solution u, with
a<uc<p.

Furthermore, the multiplicity of solutions can be detected in the presence of two couples of sub- and super-
solutions, if one of them does not satisfy the standard ordering condition. Indeed, the following version of
the celebrated Amann three-solution theorem [13,16,42] holds true for the problem (1.1).

Theorem 1.2. Assume (hy), (h,), (h3) and (h,). Suppose further that
(hs) there exist a strict sub-solution a; and a strict super-solution B, of the problem (1.1) satisfying

a<a <P, a<B <B and o £p;.
Then, the problem (1.1) has at least three classical solutions w, u,, us, with

W<U3<y, asuy <P, <P, utm and uz £

Remark 1.2. Although not explicitly stated here, the conclusions of Theorems 1.1 and 1.2 can be completed
with the existence of extremal solutions. This easily follows from the adopted notion of sub- and super-
solutions arguing like, e.g., in [43].

Theorems 1.1 and 1.2 are the main results obtained in this work and the entire Section 2 is devoted to their
proofs. Finally, in Section 3 we provide some additional results for the Neumann and the periodic problems,
where some alternative boundedness conditions are imposed on the function f (see (hg), or (h(), below) that
unlike (h3) involve the length of the interval [0, R], or, respectively, the period T. It is clear that the
complementary nature of the assumptions introduced in this paper allows us to deal with manifold situa-
tions, which can be treated by suitably combining our statements, but are not covered by other results
available in the existing literature, such as those in [29,34,37,40,44—49].

2 Proofs

In this section, we deliver the proofs of Theorems 1.1 and 1.2. We first introduce a modified version of the
problem (1.1), inspired from [16], and show that any solution of the modified problem is actually a solution
of the original one. Next, we prove the existence of a solution of the modified problem, thus completing the
proof of Theorem 1.1. We treat separately the Neumann case and the Dirichlet and the Robin cases since the
proof, although basically the same, requires more care in the former situation. We also provide some
information on the topological degree which will be crucial in detecting the existence of multiple solutions.
The proof of Theorem 1.2 is then given in the final part of this section, relying on the previous degree
calculations. For convenience, we henceforth set

) = — 5 foran £eR.
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2.1 A modified problem

In this section, we introduce a modified version of the problem (1.1) and prove that any solution of the
modified problem is actually a solution of the original one. Assume (h;), (h,), (h3) and (h,). Let us set

- _JKe-©O
K= _!‘g(s)ds and L = K (2.1)
For any M > 0, we define
(&) if 0 <&<M,
&) = M) + '(M)(¢é - M) if &> M, (2.2)
@y (=§) if £<0.
We also write
¢
(&) = [gu(o)do.
0
Setting
1
= — Dy(é) -1
P(&) = 9y (§)§ - Pu(8) + m
and observing that i is even, (0) = 0 and ¥’(¢) > O for all £ > 0, we see that
Pu(§)E - Dy(§) > 1 \/%52 for all ¢ € R, 23)
Take L € R such that
L > L+ max{|a/ |, IIﬁj’IIOO ti=1,..,p,j=1,..., q}. (2.4)

We introduce the following truncation of the function f:

f(t,s, -L) if &< -I,
h(t,s, &) =< f(t,s, &) if |§| <L, (2.5)
f(t,s, L) if &> L.

We set, for eachi =1,..., p,

a;(t) if s < a;(t),
S if s> a;(t)

Yi(t, s) = {

and, for each j =1,..., q,

ﬂj(t) if s> ,Bj(t),
bt s) = { if s < B(0).

Define, for eachi = 1,..., p, the operator H; : CY([0, R]) — L*°(0, R) by
Hiw)(t) = h(t, Yi(t, u(t)), %yi(t, u(t))j for a.e. t € [0, R]
and, for each j = 1,..., g, the operator ; : CY([0, R]) — L*(0, R) by

7_{,~(u)(t) = h(t, Oi(t, u(t)), %é}(t, u(t))) for a.e. t € [0, R].
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Finally, we introduce the operator # : C([0, R]) — L*(0, R) by setting, for all u € C([0, R]) and a.e.
t € [0, R],

_max Hi(u)(t) + arctan(a(t) — u(t)) if u(t) < a(t),

i=1,..., p
H(u)(t) = < h(t, ut), u'(t)) if a(t) < u(t) < Bo), (2.6)
min 7_{j(u)(t) — arctan(u(t) - B(t)) if u(t) > B(¢t).
j=1..., q

Let us consider the modified problem

_ N+N-1\/ _ ¢N-1 3
{ (@ (W)Y = N1 () in ]0, R, 07

u’(0) = 0, agu(R) + qyu’'(R) = 0.

By a solution of (2.7), we mean a functionu € W>*(0, R) which satisfies the equation a.e. in]0, R[ as well as
the boundary conditions.

We prove that, taking M > L, any solution u of (2.7) is a solution of (1.1) too. We first verify thatu > a by
showing that u > a; for eachi € {1,..., p}. Let us fix i € {1,..., p}. By the monotonicity of ¢,, we have that

R
0< j NNy () — Q@) ' — a))dt = — th—I@M(ur) ~ oy (u - apy)'dt.

{t:u(t)<a;(t)} 0

Integrating by parts and observing that, from Definitions 1.1 and from (2.7),
(NN (' (1) = @y (1)) (u(t) — ()15 < O,

we get
R
0 [ gy ) - gyle)))'w - ayd. 28)
0

Note that, as M > L, a; satisfies the inequality
- ((pM(ai,) tNil)I < tNilf(ts ais ai’) in ]O’ R[- (2-9)

Hence we obtain, from (2.8), (2.7), (2.9) and from the definitions of H and h,

R
0 < It”*l(—ﬂ(u) + f(t, ai, &) (u — a;)~dt

0
R

< J-tN‘l(—ﬂi(u) — arctan(a — u) + f(t, a;, &) (u — a;)~dt
0

= tN—l(h (t, Yi(t, w), %yi(t, u)) + arctan(a - u) - f(t, a;, ai’))(u - ap)dt
{t:u(t)<ai(t)}

= I tN-1arctan(a — u)(u — a;)dt
{t:u(t)<ai(t)}

< tN-Tarctan(a; — u)(u — a;)dt < 0.

{t:u(t)<ai(t)}

Thus, we infer that (u — &;)~ = 0, that is, u > a;. Since this is valid for each i € {1,..., p}, we conclude that
u > a. In a symmetric way, we verify that u < . Therefore, u is a solution of the problem:

{ _((pM(u’)tN‘l)’ = tN-(t, u, u') in 10, R], (2.10)

u'(0) = 0, agu(R) + qyu’(R) = 0.
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To prove that u is a solution of (1.1) it remains to show that |u'|l,, < L. Assume first that maxp,g’ =u'(t) >0
for some t; € 10, R] and take to = max{t € [0, ] : u'(t) = 0}. We have u'(t) > 0 for all t € ]ty, t;] and hence,
using also (2.3),

- —— <, W)W (6) - Dy ()

J1+u'(t)?

4
= [@ ' )W (O] - I(pM(u’(t))u”(t)dt

to

t 4
—(1-N) ju © ' ©)dt - Ih(t, u(t), ') ()dt

t
to to
t u(t)
< fg(u(t))u’(t)dt: Ig(s)dssK.
to u(to)

Recalling (2.1) we find that u'(t) <L < I. Similarly, we show that if miny gu’ = u'(f) < O for some
t; € 10, R], then we have |u'(t)| < L < L.

2.2 Existence of a solution

In this section, we prove the existence of a solution of the modified problem (2.7) for any given M > O,
treating separately the Neumann case and the Dirichlet and Robin cases.

2.2.1 The Neumann problem

Assume aq = 0 in (2.7), i.e., consider the Neumann problem:

—( (N = tNT1H(u) in O, R], 2.11)
u'(0) = 0, u'(R) = 0, '
with H defined by (2.6).
Existence of solutions
Set
X ={ueCY[O,R]) : u'(0) =0, u'(R) = 0}
and
X={weX:wR) =0}
We endow X with the norm
lulx = [u@®)] + U oo - (212

It is clear that, with this norm, X is a Banach space and X is a closed subspace of X. As any u € X admits a
unique representation of the form u =r + w, with r = u(R) ¢ R and w ¢ X, it follows that X =R & X,
algebraically and topologically. Define the operators:
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P : L*°(0,R) - R by
R
Pv = NRN fthlv(t)dt,
0

) R S o N-1
T (u)(t) = _[‘»%1 I(;] (Hw) (o) - PHu))do |ds for all t € [0, R],
0

t
and 7: X - X by
Tr+w)=r+PHT+w) +7 T +w).

It is easy to verify thatu = r + w € X is a fixed point of 7~ if and only if u is a solution of (2.11). Compute, for
a.e.t € [0,R],

t
d . 4 g N-1 ~
27w --a ![ t] (H(w)(0) - PHW)do

and

t
d2 = _ —1\7 g N1
ST = @ !(7) (HW(0) - PHW)do

¢
(1= N)tv ION’I(‘H(M)(O) - PHw))do + (H) () - PHw)) |.
0

Since the operator ¥ : C'([0, R]) — L*(0, R) is continuous and has a bounded range, the operator
P : L*°(0, R) — R islinear and continuous, and the function (pl‘w1 : R — R is of class C! and has a bounded
derivative, it follows that 7 : X — X is continuous and there exists a constant C > 0 such that

7 (W)[ly2e < C for all u € X.

For later use, it is convenient to assume further that C > L, where I is the constant introduced in (2.4). By
the Ascoli-Arzela theorem, 7 has a relatively compact range in X, i.e., range 7 is compact in X. Conse-
quently, the operator 7 : X — X is completely continuous, i.e., 7~ is continuous and maps bounded subsets
of X onto relatively compact subsets of X.

Choose a constant

D> max |ailleo + max ||Blle + RC
i=1,...,p j=1,....q

and define in X the open bounded set
O={u=r+weX:|rl<D and ||w|x < C}. (2.13)
We prove that, for all A € [0,1], any u € O such that
u = A7),
or equivalently
w=A7 @) and (1-A)r=APH®),
satisfies u € O. Since, for all A € [0, 1], we have that

Iwlx = IAT Wlx < I7 Wlx < C,



DE GRUYTER Classical radial solutions of the mean curvature equation = 1195

it is enough to show that |r| < D. Assume, by contradiction, that there is A € ]0, 1] such that, e.g., r < -D.
We have, for all t € [0, R],

uit) =r+w(t) < -D + |W|lw < - max |ajllo — max ||ﬁ].||00 — RC + RC £ min (mina;)
i= 1,...,q i

1,...,p j=1..., i=1,...,p [O,R]
and hence
R R R
Moty = ItN-lﬂ(u) (6)dt = ItN‘l( max Hiu)(t) + arctan(a(t) — u(t)))dt > ItN—l max Hu) (£)dt.
i=1,..., - i=1,....,p~
0 0 0

Thus we get, for eachi =1,..., p,

R R

R N-1 ! 4 . = | v . !
S > [ h[t,y,a, u(®), LU u(t))jdt [ e o, aioa
0 0

R
> - j(tw—@M(a;(t))ydt - “RV g, (a/(R) = 0,
0

as ; satisfies (2.9) and &/(R) < 0, thus yielding the contradiction
0=>20-A)r=APH@u) > 0.
Similarly, we can verify that r < D. Consequently, the homotopy invariance of the degree implies that
deg(Z - 7, 0) = 1.

In particular, 7 has a fixed point u € X which in turn is a solution of (2.11).

Degree calculations

Assume now that the sub-solution a and the super-solution f are strict. We first show that if u is a solution
of (1.1) with a < u < f8, then u satisfies a« <« u « . We already know that a < u <  and, in particular, we
have ¢,,(u') = ') as M > L > |lu'|lo. We shall limit ourselves to prove that u satisfies u > a; for each
i€ {1,..., p}, as showing thatu <« B]. foreach j € {1,..., g} is totally similar. Fixi € {1,..., p} and setv = u — a;.
Let us suppose, by contradiction, that v }% 0. Hence, there exists t, € [0, R] such that v(fp) = minv = 0.
By definition of sub-solution, we immediately realize that v'(fy) = 0 and thus a;(ty) = u(t;) and
af(to) = u'(ty). In particular, if to = O or t, = R, the definition of solution yields &/(ty) = 0. Recalling
now the definition of strict sub-solution we observe that, if ¢, = R, only the third or the fourth alter-
native in Definition 1.1 may occur. Hence, if O < t; < R, we get

to

- @, W' (t))V"(to) = — ¢y, (u'(to))u" (to) — Nt—;lgl?M(u'(to)) + @y, (e (to)) /' (to) + 1¢M(ail(to))
> f(to, u(to), u'(to)) — f(to, ai(to), &;(to)) = O.
On the other hand, if ¢, = 0, only the second or the fourth alternative in Definition 1.1 may occur and we find
-Nv"(0) = —Neg,,(0)v"(0) > £(0, u(0), 0) - f(0, a;(0), 0) = 0.

In all cases we infer v/’ (¢y) < 0, but this is impossible at a minimum point which is simultaneously a critical point.
Next we define in X the open bounded set

U=ueX:a<u<p,Wleo <C}

It is clear that < O, where O is defined in (2.13). Since any fixed point u of 7~ is a solution of (2.11), it
satisfies
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a<u<pf, Julo<C,

and hence O\ is fixed point free. The excision property of the degree thus yields
deg(7 - 7, %) = deg(f - 7, 0) = 1.

2.2.2 The Dirichlet and the Robin problems

Assume now aq > 0 in (2.7), i.e., consider either the Dirichlet problem

—( (N = N1 (u) in ]O, R,
u'(0) =0, u(R) =0,

in case a; = 0, or the Robin problem

—(@y )N = tN-1H(u) in 10, R[,
u'(0) = 0, apu(R) + a;u’'(R) = 0,

in case a; > 0.

Existence of solutions

Much like in the Neumann case, we set
X = {u e CY[0,R]) : u'(0) = 0}
and we endow X with the norm defined by (2.12). We also introduce the operator 7 : X — X by setting

S

R R
N-1 N-1
WO = L, K%j Hw@)do |+ g I(gj H(u)(0)do |ds for all te[0,Rl. (77)
0
0 t 0

The fixed points u € X of 7 are precisely the solutions of (2.7). It is easy to see that 7~ is completely
continuous and there exists a constant C > L such that

[7W)ly2> < C, for all u e X.
Define in X the open ball
O={ueX:|ulx <C}.

Since 7(0) < O, the Schauder fixed point theorem implies the existence of a fixed point u € O, which in
turn is a solution of (2.7). Moreover, a simple homotopy argument yields

deg(I - 7,0) = 1.

Degree calculations

We first show that if u is a solution of (1.1) with a < u < f8, then u satisfies @ « u « f8, keeping the notation
of Section 2.2.1. From the definition of strict sub-solution, we infer that v(t) > O for all t € [0, R[. Assume
that v(R) = 0. Since v(R) = min v, we get either v/(R) = 0 or v/(R) < 0. In the former situation, a contra-
diction follows arguing as we did in the Neumann case. In the latter situation, we automatically have that
v > 0. The rest of the proof then proceeds exactly in the same way as for the Neumann problem.



DE GRUYTER Classical radial solutions of the mean curvature equation = 1197

2.3 Multiplicity of solutions
2.3.1 Degree calculations

In this section, we consider the Neumann case and the Dirichlet and Robin cases simultaneously. In what
follows, the symbols X, C, 7 refer to the symbols introduced in Section 2.2.1, in the case of the Neumann
problem, or in Section 2.2.2, in the case of the Dirichlet and the Robin problems. Let us consider the
modified problem (2.7). Since all solutions u of (2.7) satisfy @ < u < f, it is clear that a - 1 < u < 8 + 1.
Let us introduce the following open bounded subsets of X

Uy={ueX:a-1l<u<xpf+1and ||, < C},
% ={ueX:a-1<u<pf and |u'lle < C},
U ={ueX:qq<u<f+1and ||, < C}.

Note that % c U, U c Uy, and, as &y £ B;, % N 9% = . Let u € X be a fixed point of 7. Then it satisfies
a -1 < u < f + 1. Suppose further that u < ;. Since f, is a strict super-solution of the problem (1.1), we
actually have u « f;, as shown in Sections 2.2.1 and 2.2.2 when computing the degree. Similarly, if u > aj,
since @ is a strict sub-solution of the problem (1.1), we actually have u > a;. Therefore, we conclude that

0¢ (I - T)(0%y U 0% U O%). (2.14)

Define now the open bounded subset of X

Us = U\ O Y.
By (2.14), using the excision property of the degree, we get

deg(I — T, Uo) = deg(I — T, Up\(0% U 0%h))
and, hence, the additivity property of the degree implies that
deg(Z — 7, Uo) = deg(I — T, ) + deg(Z — T, ) + deg(Z — T, Us).
Since we have that
deg(I — T, %) = deg(Z — T, ) = deg(I - T, ) = 1,
we finally get
deg(I - 7, %) = —1.

2.3.2 Existence of solutions

Since %, U, %5 are mutually disjoint, the previous degree calculations imply that there are three distinct
fixed points u, w,, us of the operator 7, with

w €U, U €, usceu.
Since any fixed point u of 7 satisfies a < u < S8, wy, Uy, us are all solutions of (1.1). Moreover, we have that
asu <P, <P, uztm, usgp.
Since min{us, B,} is a super-solution of (1.1), there exists a solution & of (1.1) satisfying
a < 0 < minfus, B} < us.
Similarly, as max {u3, &y} is a sub-solution of (1.1), there exists a solution i, of (1.1) satisfying

uz < max{us, aq} < i < f.
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Then, replacing u; with @; and u, with i, we can conclude that (1.1) has three solutions such that

U < usz < up.

3 Complementary results

In this section, we provide some additional results, complementing Theorems 1.1 and 1.2, where alternative
bounds are imposed on the function f, involving, unlike assumption (hs), the length of the interval [0, R]. We
shall mainly focus on the Neumann problem as, in the case of Dirichlet or Robin boundary conditions, a suitable
boundedness assumption on fis enough to guarantee alone the existence of solutions. In the last part, we briefly
discuss also the periodic problem, which is closely related to the one-dimensional Neumann problem.

3.1 The Neumann problem

In this section, we consider the Neumann problem:

N-1,,/ '
_{t—uJ = tN_lf(ty u, ul) in ]0) R[)

N1+ u'’?

u'(0) = 0, u'(R) = 0.

(3.1

It has already been observed in [46, Lemma 2.5] that a global bound on fyields an estimate on the derivative
of any solution of (3.1) and eventually, in [46, Theorem 2.6], the solvability of (3.1) if an asymptotic sign
condition holds. The next result provides instead the existence of a solution of (3.1) assuming a local bound
on fwith a sharper constant, together with the existence of a couple of sub- and super-solutions satisfying
the standard ordering condition. In the light of the non-existence results in [50] the bound on the function f
is optimal in dimension N = 1.

Proposition 3.1. Assume (hy), (hy)
(he) there exist an interval I € R and a constant K, with

N
O<K<NT?/§,

such that, for allt € [O,R],s € I and ¢ € R,
If(t, s, &) <K (3.2

and
(hy) there exist a sub-solution a« and a super-solution B of the problem (3.1) satisfying

a < f and range a, range f8 € I.
Then, the problem (3.1) has at least one classical solution u, with

a<uc<p.

Proof. Suppose u is a solution of the problem (3.1) with range u < I.Ift € ]0, %], integrating the equation
in (3.1) between 0 and ¢, we find

t
|<p(u’(t))| < t1-N J‘SN71V(S, U(S), u’(S))|dS < K% ES Kva\e/z <1
0
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whereas, if t € ]%, R[, integrating between t and R, we get

R
o' ()] < N J‘stllf(s us), ws)ds < kX" g Ry
: U, <K <K
t
Set
L=¢! (Kijz ) (3.3)

Then any solution u of the problem (3.1), with range u < I, satisfies the estimate
lu'lleo < L. (3.4)

Next we proceed as in the proof of Theorem 1.1, by introducing, for any M > 0, the function ¢, as in (2.2),
the constant L as in (2.4), the truncated function h as in (2.5), the operator A as in (2.6) and the modified
problems (2.10) and (2.7) with ay; = 0. As in that proof we show that a solution u of the modified problem
(2.7) exists and is a solution of the problem (2.10) too. To conclude we observe that the function h satisfies
assumption (hg) and therefore, arguing as in the first part of this proof, the estimate (3.4) holds. Hence, u is a
solution of (3.1), provided that M > L. O

In the following result, we consider the case where a and f do not satisfy the standard ordering condition.
In this situation, we need to ask the bound in (3.2) to be global, in the sense that I = R.

Proposition 3.2. Assume (h;), (h,), (he) with I = R, and

(hg) there exist a sub-solution a and a super-solution f§ of the problem (3.1) satisfying
a £ p.

Then, the problem (3.1) has at least one classical solution u, with

u(t) <a() and u(t) = Bt) for some t, t, € [0, R].

Proof. We define L as in (3.3) and
D = max{laillct, IBjllct : i =1,...,p,j =1,..., g} + L1 + R).

As noted in the proof of Proposition 3.1, condition (he) implies that any solution u of the problem (3.1)
satisfies (3.4). Therefore, all solutions u of (3.1) such that u(t) < a() and u(t;) > (t,), for somet;, t, € [0, R],
satisfy

luller < llalleo + 1Bllo + (1 + R)U'loo < D. (3.5)
Choose I > D and define a continuous function n : R? — [0, 1] satisfying

1 lf (Sa {) € [_D’D]Za
TI(S, {) = . P = =
0 if (s,&) e RA\[-L, L.
Choose any €, with 0 < € < %K, and define the function h : [0, R] x R? - R by
h(t, s, &) = n(s, &)f(t, s, §) — earctan*(s — L) + e arctan (s + L).

Consider the Neumann problem

tN—lul '
| ———| =t (¢, u,u’) in ]O, R,

V1 +u'”?

u'(0) =0,u'(R) = 0.

(3.6)
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Since for all t € [0, R]
h(t, a(t), a'(t)) = f(t, a(t), a'(t)) and h(t, B(6), B'(t)) = f(¢, (D), B'(1)),

a is a sub-solution and f is a super-solution of the problem (3.6). Furthermore, as for all ¢ € [0, R]:

h(t,-L -1,0) = s% and h(t,L +1,0) = —s%,

the constant function ao = - - 1 is a strict sub-solution and the constant function 8, = L + 1 is a strict
super-solution of the problem (3.6). We have that

ap<a<f,, ar<f<P, and agp.

Let us distinguish three possible cases.

We first suppose that there exists a solution u of (3.6) such that u > a but u }* «. In this case, there
exists f; € [0, R] with u(t) = a(t). As a £ B there exists also £, € [0, R] with u(t,) > B(6).

Next, we suppose that there exists a solution u of (3.6) such that u <  but v &« . In this case, there
exists t, € [0, R] with u(t,) = B(t,). As a £ B there exists also t; € [0, R] with u(t)) < a(t).

Finally, we suppose that, for any solution u of (3.6), ifu > a, thenu > a, and ifu < 8, thenu <« . In
this case, degree calculations similar to those performed in Sections 2.2 and 2.3 yield the existence of a
solution u of (3.6) such that ua and u ¢ B, that is, u(t) < a(t) and u(t,) > B(t) for some t;, t; € [0, R].

To conclude we observe that the function h satisfies assumption (hg) with I = R and, therefore, arguing
as in the first part of this proof, the estimate (3.5) holds and, hence, u is a solution of (3.1) as well. (|

3.2 The Dirichlet and the Robin problems

In this section, we consider the Dirichlet and the Robin problems:

tN—lul '
- ﬁ = tN-If(t,u,u’) in ]0, R],
+Uu

u’(0) = 0, apu(R) + a;u’'(R) = 0,

(3.7)

with ag > 0. In this case, if f satisfies a bound similar to (3.2), which yields an estimate on the derivative, the
solvability of (3.7) is always guaranteed, without requiring the existence of sub- and super-solutions.

Proposition 3.3. Assume (hy), with ay > 0, (hy) and
(ho) there exists a constant K, with

0<K< —
such that, for allt € [O,R],s € R and § € R,

If(t,s, &) < K.

Then, the problem (3.7) has at least one classical solution u.

Proof. Let us consider, depending on A € [0, 1], the problem

(3.8)

1+ u'”?

u’(0) = 0, agu(R) + a;u’'(R) = 0,

tN‘lu’ '
| ———| = "N Uf(t,u,u’) in ]O,R[,



DE GRUYTER Classical radial solutions of the mean curvature equation = 1201

with ag > 0. Suppose u is a solution of (3.8) for some A € [0, 1]. As in the proof of Proposition 3.1, integrating
the equation in (3.8) between 0 and any ¢ € ]0, R], we find

P/ (O)] < Kyp < 1.

Using the boundary condition we then infer the existence of a constant C > 0 such that
lullcr < C,

for any such u and A. A simple degree argument then yields the existence of a solution of the problem (3.7).

O
3.3 The periodic problem
We discuss in this section the existence of classical periodic solutions of the equation:
B ,—f(t u, u’) 39)
V1 + u'? o

For the sake of simplicity and to point out the symmetry with the previous sections, we shall denote the
assumptions considered in this part with the symbols (h/),i = 1, 2, 3 .... It is assumed throughout this section that
(h{) T > 0 is a given period

and

(h) f: R xR x R — R is continuous and T-periodic with respect to the first variable.

Definition 3.1. (Notion of solution) A classical T-periodic solution of (3.9) is a function u € CXR), which is
T-periodic and satisfies the equation for all ¢ € R.

We note that, if u € C(R) is any T-periodic function, then there exists t, € [0, T[ such that u'(t,) = 0.
Therefore, if u is any T-periodic solution of (3.9), then, for some ¢y, u satisfies the Neumann boundary
conditions u’(tg) = u'(ty + T) = 0. Consequently, all gradient estimates established in the previous sections
for the one-dimensional Neumann problem extend to the periodic case. Taking this fact into account, we
omit the proofs of the following propositions, as they parallel those of Theorems 1.1, 1.2 and Propositions
3.1, 3.2. Before stating our results we need to introduce the notion of sub-solution and super-solution for the
periodic problem.

Definitions 3.1. (Notion of sub- and super-solution).
- Afunctiona : [0, T] — R is a sub-solution of the T-periodic problem for (3.9) if there exist a,..., &, € C¥[0, T])
such that a = max{a,..., ay} and for eachi ¢ {1,..., p}

1

_[ai(t)J < f(t, ai(0), (1)) for all t€]0, TI,

;(0) = ai(T), a; (0) > a/(T).

— A sub-solution a is strict if for each i € {1,..., p} either

_[aii(t)] < f(t, a;, (t)aj(t)) for all t € ]O, TI,

1+ af(t)?

a;(0) > a;(T)
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or

{ﬂ} <f(t, &), () for all ¢ € [0, T).

J1+ai(t)?

- A function 8 : [0, T] — R is a super-solution of the T-periodic problem for (3.9) if there exist ,,..., ﬁq €
C¥([0, T]) such that B = min{B,,..., B,} and for each j € {1,..., g}

(¢ ,
- L Zf(t’ B](t)a ﬁ][(t)) for all t e ]O’ T[’
1+ B).’(t)2
B,(0) = B(T), B/(0) < B/(T).
— A super-solution f is strict if for each j € {1,..., g} either

B;(6) ,
| —=—=| > f(t, B;(1), B;(t)) for all t€]O,T],

J1+ B

B/(0) < B/(T)

or

5O ,
- —1 > f(t, ﬁj, (t)ﬁj(t)) for all t € [0, T].
1+ B/(ty

Notation. For all u, v € C([0, T]) satisfying u(0) = u(T) and v(0) = v(T), we write u < v if u(t) < v(t) for all
tel0,Tu<vifu<vandu#v,u<vifu(t) <v(t) forallte [0, T].

Proposition 3.4. Assume (h,), (h;) and
(h3) there exist an interval I € R and a continuous function g : I — R such that, forallt e R,s € I and ¢ € R,

f(t,s, &) - sgn(f) = -g(s) and '[g(S)dS<1
1

and
(hy) there exist a sub-solution a and a super-solution B of the T -periodic problem for (3.9) satisfying

a<f and rangea,rangef cl.
Then, Eq. (3.9) has at least one classical T-periodic solution u, with
a<uc<p.
Proposition 3.5. Assume (h)), (h3), (h3), (h;) and
(hs) there exist a strict sub-solution a; and a strict super-solution p, of the T- periodic problem for (3.9) satisfying
a<a, P,<P and o ¢£B;.
Then, Eq. (3.9) has at least three classical T-periodic solutions uy, u,, us, with

W<Uu3<Uy, asuy <P, <Up<pP, wta and uz £p;.
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Proposition 3.6. Assume (h)), (hy),
(h¢) there exist an interval I € R and a constant K, with

0<K<£,
T

such that, for allt € [O,R],s € [ and é € R,
If(t, s, &) < K

and
(hy) there exist a sub-solution a and a super-solution 8 of the T-periodic problem for (3.9) satisfying

a<f and rangea,rangef CI.
Then, Eq. (3.9) has at least one classical T-periodic solution u, with

a<uc<p.

Proposition 3.7. Assume (h)), (hy), (h{), with I = R, and
(hg) there exist a sub-solution a and a super-solution B of the T-periodic problem for (3.9) satisfying

atp.
Then, Eq. (3.9) has at least one classical T-periodic solution u, with

u) < a() and u(t) = p() for some t,t, € [0, R].

Propositions 3.4-3.7, also in combination with Remark 1.1, complete and extend several results pre-
viously obtained in [29,37,40,44,45,48,49].
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