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Here we study the singular radial solutions of the pre-
scribed mean curvature equation
Du

div —————= + f(u) =0, in RY /{0},

s+ /) /(o)
where f is increasing and has the sign of v near infinity. We
prove the local existence of a generalized singular solution
under slight growth assumptions on f. In the physical case
N = 2 we prove that the curve is asymptotic to the curve
r|f(u)| = 1. We also study the global behaviour of the solutions.

0. Introduction.

In this paper we consider the question of existence and behaviour of radial
singular solutions of the prescribed mean curvature in RV (N = 2) :

i Du = in RY
with
(0.2) u(z) - —o0 as ||z|]| = 0,

where the function f € C°(R) N C*(R/{0}) will be assumed throughout to
satisfy the following assumptions:

(0.3) There is a real a < 0 such that f is negative and increasing on
(=00, a), with lim f(u) = —ooc.
u——00

(0.4) lim — /f

For radial solutions r = ||z|| — u(r), the equation in R" / {0} reduces to an
ordinary differential equation in (0, +00) :

(0.5) =N (rNﬁlu' /\/1 + u'z)l (r) + flu(r)) =0,

29
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du
where v’ = o obviously equivalent to

u" N-1 u/
(14 u'2)3/2 (r) + r Ttz (r) + fu(r)) =0.

The linear case f(u) = (N — 1)u is well-known problem of the pendent
liquid drop. Using fixed point methods, Concus and Finn proved in [CF1]
the local existence of a singular solution U under the form
1 N+3
T
Recall that U has an asymptotic expansion in powers of r but the formal
Taylor series is divergent.

Using the same way we prove in Appendix A the local existence of a
singular solution u of (0.6) when f is a power:

(0.6)

(0.7) Ulr)=— r3 4+ 730 (r).

(0.8) f(u) = Aul* 1y, with ¢, A > 0;

these rather tedious calculus lead to a solution U given by
N -1\

(02 00 == (557) et e,

where ¢y = (A\/(N —1))/9(g(N + 1) + 2)/2(N —1). Notice that r|f(U(r))|
converges to (N — 1) when r goes to 0, which could be foreseen from (0.6).

Another way for finding singular solutions is to consider the regular prob-
lem: let (ugn)nen be any sequence of reals smaller than a, with lim,, o g,
= —o00; if u, is a solution of (0.6) near the origin such that

(010) un(o) = Uo,n, U';L(O) =0,

one has to find the limit behaviour of (u,),en. This method was first inves-
tigated in the linear case when N = 2 by Concus and Finn [CF3] and more
recently by Finn [F5]. The main difficulty is that the size of the existence
domain of u,, shrinks to 0 as n goes to infinity, because of the occurence of
vertical points near the origin. In fact from the geometrical point of view, we
can extend the notion of (regular or singular) solution of equation (0.6): we
ask more generally for a C?-embedded hypersurface in RV x R, rotationally
symmetric, whose mean curvature at each point (z,u) is given by — f(u)/N.
As in [CF3| we are led to the parametrical system
di
s

=—f(u) — (N —1)r*sing,
(0.11) —Z = sin¢,

T
— == COS
dS '¢7
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where s is the arc-length of a vertical section of the hypersurface, and 1) is the
angle between a tangent to the section and the r axis. When ¢ € (0,7) the
hypersurface can be represented by a function r of u, and (0.11) is equivalent
to

7(u) N -1 1

ey W irew =0

(0.12)

d
where 7 = —Z, see [CF3], [APS]. The regular solutions are now represented
by the solutions r(u) of (0.12) on (ug ,,a) such that

(0.13) u_lggn r(u) =0, ul}%n 7(u) = 4o0.

When N = 2 and f(u) = u, Concus and Finn proved in [CF3] that some
sequences of regular solutions converge uniformly on any compact of R~ to a
singular solution of (0.12). They used very accurate local comparison meth-
ods with Delaunay surfaces, also called unduloids, which are rotationally
symmetric surfaces with constant mean curvature. A shorter proof in [F5]
shows that moreover the singular solution is locally a function u of ; and it
is asymptotic to the curve u = —1/r, see Fig. 3.

In Section 1 we give the essential tools for our study, which are energy
functions of the problem. One of them is the energy function for the equation
satisfied by u'/v/1 + u'2, used in the linear case in [B2] and also in [W2].
Two other energy functions are of Pohozaev type. In fact they can be de-
fined in the nonradial case. By integration they lead to Pohozaev relations,
extending the Green’s identity given in the linear case and dimension 2 in
[F5].

In Section 2, our main result concerns the existence of singular solutions
for a large class of functions f. We prove the following;:

When u — |u|~YN=Y f(u) is nondecreasing for large |u|, there exists a
singular local generalized solution of (0.1),(0.2) under the form u — r(u).

To prove this result we use one of the PohoZaev functions and some proper-
ties of unduloids in dimension N; we study those hypersurfaces in Appendix
B, extending some results of [HY].

In Section 3 we study the local behaviour of any singular local solution
of the form u — r(u). In the physical case N = 2 we prove (under suitable
assumptions on f) that r|f(u)| converges to 1 when u goes to —oco. Our
proof differs from the proof of [F5] when f(u) = u, since it does not use
unduloids. In the case (0.8) of a power, we give also some estimates on the
angle 1 and the difference |f(u)| —1/r. They allow us to prove that, if g <1,
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any singular solution is a function v — u(r) (as long as u < 0), which means
that it has no vertical point. In dimension N, we extend a part of those
results, generalizing the estimates of [CF2], [B2] and simplifying the first
proofs.

In Section 4 we suppose that f is increasing from R to R with f(0) = 0,
and give some global properties of the regular solutions, such as: global
existence, estimate on the incidence angle if the curve crosses the axis u = 0,
estimates on the maximal diameter of the regular drops. This extends among
others the previous results of [CF3], [B2], [F3], [F6].

Acknowledgement. I am very grateful to S. SALAMEH for his contribu-
tion in numerical studies and drawings.

1. Energy functions for regular or singular solutions.

We call regular solution of the parametrical system (0.11) any solution such
that r > 0 for small s > 0, with initial conditions

(1.1) %l_l)%’(/)(s) =0, gl_r)réu(s) =ug < a, ll_x)rér(s) = 0.

From [CF3], [APS] we have local existence and uniqueness of such a solution
expressed in terms of 7 — u(r). Its satisfies locally sin > 0, hence it is also
given by a function u — r(u).

Now we call singular solution of (0.11) any solution such that » > 0, ¢ €
(0, ) for small s > 0, with initial conditions
(1.2) lgréu(s) = —00, il_r)% r(s) = 0;
in other words we look for a local positive solution u — r(u) of (0.12) such
that lim,_, o r(u) = 0.

Several questions follow naturally: does there exist such a solution? What
is its maximal extension? Do we have lim,_,o%(s) = 57 Does the solution
define a function r — u(r)?

To deal about it, we shall use energy functions linked to the system. Some
of them, used for the regular problem, are classical, see [CF3] in the linear
case, and [APS] in the general case. The first one comes from integration

of i siny : Set

ds
(1.3) E(s) = F(u) — cos,
where F(u) = [ f(t) dt; then E is nonincreasing, since
dE

(1.4) (s) = —(N — 1)r~* sin® .

ds
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The second one comes from integration of rV ‘1%% cos ) : let us define
s
(1.5) J(s) =rV singp + N f(u)/N,
then
dJ v .
1. —(s) = — i
(1.6) 2 (s5) = i sing,

therefore J is increasing as long as i € (0,7). In fact it is also positive,
which gives an essential estimate for singular solutions as well as for regular
ones:

Proposition 1.1. Any singular (resp. regular) solution r(u) is defined at
least on (—oo,a) (resp. (ug,a)) and satisfies the relation

(L.7) 0 <r|f(u)] < Nsinwp.

Proof. Let us recall the proof of [APS] in the regular case and extend it
to the singular one. Near the origin, J is increasing; let £ = lim,_,o J(s) €
[—00, +00). Obviously £ = 0 in the regular case. In the singular case ¢ is
nonpositive, since f(u) < 0. Suppose £ < 0; then lim,,_, _o(cos®) (u)/f(u) =
1, since (cos®p) = (N —1)r~!sine + f(u); and cosp — F(u)/2 is decreasing
for large |u|, which is impossible. Then ¢ = 0 and J(s) is positive near 0,
which means that (1.7) is satisfied near 0. Let (—oo,@) (resp. [—ug,@)) its

maximal existence set. If @ < a, then 7 and — cannot vanish, from (1.5),
s

(1.6); hence liminf, ,; r(u) > 0, and |7| is bounded by N/r|f(u)|; then @ is

not maximal. Hence @ 2 a and (1.7) is true up to a. ]

The function F gives also useful properties of the vertical points. The
proofs of [APS] are similar in the singular case:

Proposition 1.2.  The extremal points of any singular (resp. regular)
solution r(u) are isolated in (—oo,a] (resplug,al). There is an Uy < 0 such
that any regqular solution has more than one extremal point when uy < Ug,
one ezxactly when u = Uy and no extremal point when ug > Tg, if a > Tg.
Denoting by (u,) the decreasing sequence of the extremal points, finite or
infinite, we have

7(ugn)| f(tzn)| > N = 1> 7(Ugny1)|f (wania)l,
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for any mazimal point us,(n 2 0 or 1) and any minimal point ugpn1(n 2 0).
And the sequences (r(usy)) and (r(usny1)) are decreasing with n.

Remark 1.1. Between two consecutive extremal points the curve crosses
the “basic curve” r = —(N — 1)/f(u) exactly one time. It has no inflection
point on the set of u where r|f(u)] > N — 1, from (1.9).

The third energy function was used in the linear case in [B2] to prove the
global existence of singular solutions, and in [W2] to study the stability of
the regular caes. It is new in the nonlinear case. In fact it is the energy
function for the equation obtained by derivation of (0.6) by respect to r (or
(0.12) by respect to u); let us denote

(1.8) §=cos¢=7'"/\/1+7"2;
then (0.11), (0.12) imply

(1.9) ré€ = rit(1 +72)%? = —r@ =rf(u)+ (N —1)v/1 - €.

ds
Let us define, for any u < a, the function
2 . — .
(1.10) Gw) = T&+ Tl - (g
then
&€ &

(1.11)  G(u) = —(N =2)r — 2 f(u)e.

—orf
e MWire
Notice that G is nonincreasing when ¢ = 0 and f(u) = 0.
The last functions we shall use in our study are PohozZaev type functions:
for any ¢ > 0 and ¢ = 0 we define, for any u < a,

B uf (u) N usiny
(1.12) qﬁ,;,q(u)—rN(é—cosw-}—q_i_l +q+1 - ),
then
N-1
(1.13)  ¢54(u) = —m ((N +q+1)cos®> ) — N§(q + 1) cosp

+(N = 1) — 1+ (¢f (u) — uf(w))rsing) ;

then ¢; , is nonincreasing when g 2 1/(N —1), u — |u|~?f(u) is nondecreas-
ing, and 0 £ § < §,, where

(1.14)

L g2 (N4 2)/(N - 2),
b = N—(qZ:l—)((N+q+1)((N—1)q—1))l/2<1, if not.
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This function is very close to the function

(1.15) Psq(u) = rN ((5—-COS’!/1+F(U)+ N usmzﬁ) ,
g+1 r
which gives by differentiation,
_ FN-1
(1.16) s ,(u) = —m((N +q+1)cos® ) — N6(q + 1) cos

+ (N =1)g— 14 Ncosy(uf(u) — (¢ + 1)F(u))).

The function 1 (v42)/(n—2) Was used for the study of ground states r — u(r)
of (0.6) in [NiS1]; and ¢y (n+2)/(v—2) for ground states u — r(u) of (0.12) in
[APS], because cos 1 does not keep a constant sign.

Remark 1.2. Consider more generally the nonradial case of an orientable
C? hypersurface S in R¥*! given by X(zy,... ,Zn,Zn11), governed by the
equation

(117) AsX = f(:BN+1)—’fi,

where 77 is the unit exterior normal to S, and Ag is the Laplace-Beltrami
operator. Suppose that for any v in an interval I C (—o0,a) the hyperplane
H, : xn4; = u cuts S in an hypersurface ¥, of RN-1, enclosing a domain
2, of RV, regular enough. Let n be the unit exterior normal to ¥, in H,,
and 1) be the angle between S and H, on X,,. For any ¢ > 0 and § 2 0, let
us define the function

uf(u)

(1.18) By, (u) = /E ((5—cos¢+m) X.n+N3q-Sj—rnT¢> as,.

Then we prove in [B3] that, for any u € I,

(1.19)
PO p—

1)

g+
/2 (1 (N+q+1)cos®’tp — N(g+1)dcosthp+ (N —1)g— 1)

sin v
+ (qf(u) - uf(u)) X.n) dXy;

hence ®;, is nondecreasing when ¢ 2 1/(N — 1), u — |u|7%f(u) is nonde-
creasing and § < 4.
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In particular if S has a finite minimum u, € I, we get by integration
between uy and u € I the following Pohozaev relation:

(1.20)

((g+ 1) +uf(u)|Q| - q_j\}_l/):u X.ncoswdEquu/z:u sin1 d3,
=L [ (W g+ 1)cos? - N(g+1)6costp + (N — 1)g — 1) dS,

N Js,
- [ (afw —uitw) av.,

where S, is the part of S under H,, and V, is the domain of R¥*! with
boundary S, U 2,,.

When 6 = 0,N = 2 and f(u) = u we find again the Green’s identity of
Finn, see [F5].
Remark 1.3. It is interessant to notice that, when (and only when) N = 2
and f(u) = u, then, up to a constant, the function G coincides with the
Pohozaev function ¢ :

(1.21)  G(u) = ¢o(u) + % = %(ru + sin)? + cos22¢ — 72 cos 1.

Hence in this case the use of G, or ¢y, is equivalent to the use of Green’s
identity of [F'5].
Remark 1.4. Let us mention at least an energy function used in [FLS]:
it is

['(s) = r*™=Y (sin o + 2F (u) cos yp — F*(u)),
which is nondecreasing when F(u) < 2, since

%g(s) =2(N — 1)r* 3 F(u)(cos® 1) — F(u)cosp + 1).

2. Existence results.

First we consider the case where f is a power, given by (0.8), where A
is a positive parameter. The change of variables u(r) = a™'v(ar), where
a = (A\/(N — 1))=Y reduces the problem to the case where A = N — 1.
Using the fixed point method of [CF2] we get the following, see Appendix
A:

Theorem 2.1. For any q > 0, there ezists a local solution r — U(r) of the
equation
u” N -1 u'

a2 T Jirae

(2.1) (r) + (N = Dfu(r)|* u(r) =0,
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such that
N+1)+2
(2.2) U(r) = e AT 12 (X; B T ().
Remark 2.1. As in [CF2] one can obtain an asymptotic expansion

for U(r) in powers of r near 0, which only contains powers of the form
r2+1/a+2p(141/9) ( € N). Notice that U is asymptotic to the curve r — —r=1/4
and more precisely 1/r + f(U)/(N —1) = 1/r — |U}? = 0(r'*%/7). A last U is
locally concave. The question of uniqueness is open. In [B2] we proved the
uniqueness among locally concave functions when ¢ = 1.

The fixed point method gives accurate results but we could not extend it
to more general functions f. Now, following the idea of [F5] we start from
the regular solutions.

Theorem 2.2. Suppose that
(2.3) u — |u]"YNDf(u) s nondecreasing on (—o00,a);

then there exist b < a and a sequence of regular solutions of (0.12) converg-
ing uniformly on any compact set of (—oo,b| to a singular solution of the
equation.

Proof. For any ug < a, denote by r(.,uq) the regular solution starting from
ug. Let b < a — 1 such that |f(b+1)| > 1/2\/2— and let d < b. We are going
to prove as in [F5] that

(2.4) There exist ¢ >0 and A < d such that ] iflf A]r(u, Ug) = €
b]x (=00,

Suppose it is false. Then for any sequence €,, — 0 there are u,, € [d,b], ug, —
—00, such that 7, = r (i, Up,n) = mingpr(u, ug,n) < €, From (0.4)we can
take d large enough such that f(u)/f%(u) < 1/(1 + \/§) on (—oo,d) and
|f(d)| > 2, and take ¢y < min (1/2, (N —1)/3V2|f(d - 1)[) . Then we claim
that
(2.5)

There is a u, € [d — 1,b + 1] such that r, = r(u,, uo) < €, and 7,

is a minimal point of the curve 7(.,up,).
Indeed either 7, is a minimal point, or @, = b and 7(b,up,) <0, or @, = d

and 7(d,ug ,) > 0. When @, = b (resp. @, = d) there exists a u,, € [b,b+€,]
with 7, = r(un,u0n) < T and 7, = 7(up,up,) € (—1,0] (resp. wu, €
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[d,d — €,] with r, < 7, and 7, € [0,1)), since r remains positive. When
U, = b, we get 7,/ (1+72)%/2 2 2|f(u,)| > 0, from (0.12). Then for u—u,, > 0
small enough, we get again 7/(1+72)%2 2 2|f(u,)|, and this is true as long as
7 is negative, since |f(u)| < |f(u,)| and 7* is decreasing. By integration we
deduce that 7/v/1 + 724+1/v/2 = 2|f (b+1)|(u—u,), hence there is a minimal
point in [b,b + 1]. When @, = d we get again 7, > 0, and for u — u,, < 0
small enough we have #/(1 + 72)%2 > 3|f(u,)| — |f(u)|; and this is true as
long as 7 is positive and |f(u)| < 3|f(u,)|. By integration we deduce that

(26)  1/V2—r/VI+7 2 F(un) = F(u) + 3|f (un)| (un — w)
2 (3[f (un)l = |f (W)]) (un — ).

Then there is a minimal point in [d—1, d] : if not, taking v = u,—1/|f(u,)| in
(2.6), we would have 1/v/2 2 3~ |f (u)|/|f (un)|; but 1/|f (u)] = 1/|f (ua)|(1~
(f/£>) (&) with &, € (u,u,), hence 1/v/2 2 2 — 1/+/2, which is false. Then
(2.5) is proved.

Now we use for 7(.,uo,,) the Pohozaev function ¢ = ¢ 1/(n-1) defined in
(1.12) by

s+ (V- D)

@1 g =" (-

from (2.3) ¢ is decreasing with u and
_ -1 cos® 3 T f(u) ;
(2.8) ) = —rV (N Zum (N Y- uf(u))) .

By integration we get

(2.9) N/ 1“’5 I/’ du < |p(un)| =0 (e)7),

since u,, remains in [d — 1,b + 1]. On the other hand we can also choose ¢
such that eo < (N —1)/|f(d — 1 — NM+/2)|, where M is defined in App.
B, Lemma B.2. From Lemma B.2, there is an unduloid €2, with extremal
points (un,7,), (Vn,0n), With v, < u,,0, > r, and curvature |f(v,)|/N. As
n [F5] it lies below the curve 7(.,uo,) with an angle 8 € (%,%) for any
7 € (rn,04,); then

BN 2 [ lcs‘ji;”d 2 [" " cosyldr

> / rN=1 cos 6| dr.

n
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But the last integral is bounded below by a positive constant; indeed from
Lemma B.1, the sequence (v,) is bounded, hence we can extract a sub-
sequence (v,) of limit v. From Lemma B.2, we have limk, = 1, limo, =
N/|f(v)] > 0; then the curves §2;, tend to a lower quarter circle with center
(0,v) and radius N/|f(v)|. Hence we get (2.4) by contradiction.

Now from (1.7) we have, for any (u,uq) € [d,b] x (—o0, A],

(2.10) V1472 < N/r|f(u)| < N/e|f(b)],

hence

(2.11) sup  |r(u,up)| < +o0.
[d,6] % (—00,A]

From equation (0.12) it is the same for the higher derivatives. Then for any
sequence of regular solutions of (0.12), with initial data wug, — —oo, there
is a subsequence converging uniformly on any compact set of (—o00,b] to a
positive function u — r(u), solution of (0.12) on (—oc, b]. Morcover, going
to the limit in (1.7) for regular solutions, we get 0 < r(u)|f(u)| < N sinp,
hence lim,_, . r(u) = 0 and v — r(u) is singular solution of (0.11). From
Proposition 1.1, it can be extended to (—o0o,a) and satisfies (1.7) on the
whole interval. O

Remark 2.2. The assumption (2.3) is linked to the Pohozaev function
¢; it means that f does not increase too slowly at infinity. It is satisfied in
particular by any function f such that z — |f(—z)| is convex for large z > 0.
When f(u) = |u|?"'u, it reduces to the condition ¢ 2 1/(N — 1). Comparing
with the result of Theorem 2.1, we conjecture that (2.3) is not needed.
Remark 2.3. The method of comparison with an unduloid such €y ,,,
defined implicitely, was used in [F5] and also in [I] to study the bounds of
the radius r(0) when N = 2 and f(u) = |u|?"'u with ¢ > 1.

3. Local behaviour of the singular solutions.

Here we look at the behaviour near —oo of any singular solution u — 7(u).
Either it is decreasing near —oo, hence it defines a function r — u(r). Or
the sequence of extremal points is infinite, and r(u) crosses the basic curve
r = —(N —1)/f(u) infinitely many times.

Our best results concern the case N = 2. At first, under simple assump-
tions on f, we prove that the curve is asymptotic to the basis curve:

Theorem 3.1. Suppose that N =2, and f satisfies

(3.1) f/f* e L'(~00,a) and  lim (f'/ff') (u) = 0.

U——00
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Then any singular solution satisfies

62 lim @) = -1
(3.3) Jim i (u) =0 <that is  lim p(u) = g)

Proof. Here we use the energy function defined in (1.10) for any singular
solution r(u) : let

(3.4) G(u) ==

where ¢ = cos ®; then, since N = 2,
62
i@

From Proposition 1.1 and assumption (3.1) the function v — r2f(u)¢ is
integrable on (—o0,a). Set

(3.5) G(u) = —2rf(u) — 7 f(u)€.

(3.6) W (u) = / 2 (w)e dw;

—00

then the function H = G + W is nonincreasing; it is bounded near —oo;
indeed from (1.7), (1.9) we have

(3.7) [ré(w)| = |rf(w) + VT2 £ 3
moreover ‘r2f'(u)l < 2f(u)/f*(u), hence from (0.4)
(3.8) lim 7? f(u) =0.

Then H has a finite limit £/2 at —oo, and from (3.6), (3.8), we get

: 242 2 _y>
(3.9) dim (124 ¢2) =220,
Suppose first that £ is positive. Let b < a and
¥ dw
3.10 vu:/ <0 forany wu<hb;
(3.10) w=[ y

then, from (1.7), N|v(u)| 2 F(u) — F(b), and lim,_,_ v(u) = —oo. Taking
v as a new variable, (3.9) becomes

(3.11) Jim ((j—i)z + {2) = £
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If ¢ keeps a constant sign, then lim, , . & = +v/7 and lim,,_. gé = 0;
v

since 7 = £/4/1 — &2 then there is a ¢ > 0 such that |#(u)] > c for large
|u|; this is impossible since lim,_, ., 7 = 0. Then ¢ is necessarily oscillating
near infinity and it least period in v goes to 2x. Let (u,) be the decreasing
sequence of the zeros of £ less than b : we can suppose that o, = r(us,) is
a maximal point, hence 74, |f (us,)| > 1 and r9,,; is a minimal point with

Tont1|f (Uzn41)] < 1.
From (1.7), (3.10) we have

(3.12)
o) = o) = [ 0

Un 41 T(w)

1 fo 1
> 5 [ w2 G )l )

this implies the estimate

(3.13) Up — Upyy S o™ for large n.

~ [f(un)l

Since 1/ f (tni1)=1/f (wn) = (tns1—tn) f(An)/f2(\y) for some A, € [thyi1, Un),
we get, from (0.4) and (3.13),

(3.14) im f(upia)/f(un) =1

r—+00

hence for large n,

(3.15) )] S [F ()] < 20 (un)].
Now the function

H(u) _ £
(3.16) u—%~T—rf(u)\/——1_:~__—?

is in L*(—o00, a), since H decreases to a finite limit. Let us look at its integral
between us,.; and ug,; let w, € (Uony1,u2,) be the unique intersection
point with the basis curve: r(w,)|f(w,)| = 1. From (1.9), £ is decreasing on
[wy, usn], and from (3.7), (3.9), im&*(w,) = €(1 — £/4) € [3¢£/4,3/4]. Then
€n =E(w,) € (\/2/2, \/m> for large n. Now r|f{u)| 2 1 on [wap, usy,]; then

U2n A 62 U2n . {2
(3.17) /u2n+1rf(u)\/1___§7dug/w2n i) gy
> [ f) & ot Sl € dg

e @ VI8 = S @] VT2 ¢
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From (3.9) we have on [¢,/2,£,]
&/ (w) Sr*¢ S 17e/16 - € < ¢,
for large n; hence there is an 7,, € [Uuan41, U2,] such that

(3.18)

£ ()
|f ()]

divergent: let 7, (resp. 0,) be a maximal (resp. minimal) point of f on
[U2n+2, Usn). Then there is a (, € [7,,0,] such that

from (3.13), (3.15). Let us prove that the series 3

(U2n - U2n+2) is

flon) = f(m) = (0n — 70) f(Cn),
then from (3.13), (3.15),
|f(on) = F(ra)] [ F(G) S 107 | (F/ ££) (€a)

from (3.1) we get |f (o) = f (7a)] £ f(Ca)/2 £ f(72)/2, then f(n,) = f(74)/2,
and

)

N
ot~ 27 )

Hence the series is divergent, since f/|f| is not integrable at —oo. By con-
tradiction we deduce that
(3.20)

lim G(u) = lim (7,25'2 + §2) = lim ((rf(u) + sint)® + cos? 1) = 0.

U—r—00

Then we get (3.2) and (3.3). O

(3.19)

Remark 3.1. Assumptions (0.4), (3.1) are satisfied in particular by f(u) =
—elvl* for any positive k, by the powers f(u) = |u|?"'u for any ¢ > 0, by
f(u) = —log(1 + |u|), etc ... ; similar assumptions were introduced in [A].
When f satisfies (0.3), (0.4) and is convex or concave, then the assumption
f/f? € L' (=00, a) is equivalent to: f2/f3 € L'(—o0,a), since

G2y [ ()@= (f1r) w2 [ (7157) @

u
—00
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and then (f/f2) =f/f?=2f2/f% € [*(—o0,q).

Remark 3.2. Under the assumptions of Theorem 3.1, we have obtained
(3.20). By integration we get from (3.4), (3.5) the following relation on
(—00,a) :

(3.22)
r2§'2+(§— r2f(u)) +4/

dt =rf —2/ r2f(t)€ dt

2u)+2/ 7”2

1—g2

Hence with (3.2) we deduce the estimates

(3.23)
|§|=|coswr§<z(f'/f2)<>+f(/ (F/1%) @y e )/><1+o<1>>,
(3.24)
] 1/2
lrf(U)—1|§<(f/f2)(U)+f</ (4117) @y ae) ><1+o<1>>-

When f is convex for large |u| (which means that z — |f(—z)| is concave
for large z > 0) we deduce from (3.22) that

(3.25) max ([€], |rf(u) = 1) £ V2 (f /12) ()1 + o(1)).

When f is a power we can give more accurate estimates and prove that, in
case of convexity, the singular curves u — r(u) cannot admit a vertical point
on (—oo,a); in the linear case we find again the result of [F5] by another
method.

Theorem 3.2. Suppose N =2 and f(u) = |u|? u for any real u. Then:
(i) If 0 < q £ 1, any singular curve can be expressed as a function
r — u(r) as long as u < 0.
(ii) For any q > 0, the singular curves u — r(u) satisfies the following

estimates near —oo, with ¢ = |q — 1]1/q/8(q+ 1) :

(3.26) !UIi“ (1+0(1)) < cosyp < ?le;fu +o(1)),
(3.27) llul* = 1/7] £ (g + ¢)r'/*(1 + o(1)).

Proof. When ¢ = 1, then W = 0, G is nonincreasing from 0, hence non-
positive. From (3.4) we have &(u) 2 0 for any u € (—o0,a). If () =
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for some T < 0, then £(@) = 0, G(@) = 0 and G = 0 on (—oo,); that
means that 7 = 0 and 7f(u) 4+ 1 = 0 on (—o00, %), which is impossible. Hence
&(u) = 7(u) > 0 and the curve can be represented as a function r — u(r) as
long as u < 0.

Now consider any g > 0. Let ¢ > 0; from (3.2), (3.22) we have for large
|ul

628) - ol [ St

< (gr|ul™™1)? + 2glg — 1 (1 + 6)/_ ﬁ}%‘zdt

From Hoélder inequality we deduce that, for any a > 0,

(3:29) ©E (€ — Y + ({2 - dla - tlat+9) [

52
oo It]
glg—1(1+e) 1

2a(q+1)  |ul2lerD)’

dt

< (ar®ul" ™) +

taking a = (or any o > 0 if ¢ = 1) we get

lg — 1|(1 +¢)?

€1 (6 — )7 £ (grtfupe 4 S g e L
! = 8(¢+1) PECER

hence the estimate (3.26); and

ré| = |rlul? — VI= €] < (q+|q /57 )iulqﬂwo( ),

but /T — &2 — 1 = 0(1/|uf>9*Y)), hence (3.27).
_ Suppose now that ¢ < 1. From (3. 5), if there is any u < 0 such that
G(u) = 0, then at this point

(3.30) g/\/l —&2=—(1-gq) /2|u} <0,

and if |u| is large enough, ¢ = — 1 4 o(1)). This is impossible from

2|u |q+1(
the estimate (3.26), since ¢ < (1 — ¢)/2. Then for large |u|, G is decreasing,
negative, and ¢ is positive from (3.4). In fact G is decreasing and negative
on (—o00,a), since it is decreasing as long as ¢ > 0 and nonnegative when
& = 0. Then £ is also positive on (—o0,a) and the curve can be expressed in
terms of a function of r on this interval. (
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We cannot extend our previous results to the case N > 2, because the
derivative of the function G defined in (1.10) contains the new term
— (N - 2)r§éz/ v/ 1 — &% which has the sign of £ and is not necessarily inte-
grable. However, we can give precisely the behaviour of those of the singular
solutions which have no vertical point near —oo; we prove also that when f
is convex (for example f is a power less than one), such a solution has no
vertical point whenever u < a :

Theorem 3.3. Suppose that N 2 2 and f satisfies

(3.31) (f')'/f2 € L'(—00,a).
Then:
(1) Any radial local solution v — u(r) of (0.1),(0.2) satisfies
(3.32) lim 7 f(u) = —(N ~ 1),
(3.33) li_r)%u'(r) = +00.

(ii) When f(u) = 0 on (—o00,a), u can be extended as a function of r on
whole (0,7(a)), and satisfies on this interval the estimates

(3.34) 0<é=costp <2rif(u)/(N —1),
N+1 N-1  rf(u)
(3.35) —2\/—N——__—Irf(u) <|f(w)] - ——< T

(iii) When f(u) = (N — 1)|u|""'u (g > 0), then u satisfies near the origin
the estimates

(3.36) 0 < &< (24 ch)rlath/a(1 4 o(1)),
ct
(3.37) [l =1/r] £ T2Er/1(1 4+ o(1),

where ¢t = (g —1)"/q/8(q + 1).

Proof. 1st step. By hypothesis the singular solution is a function r — u(r)
near 0, which means that £(u) > 0 near —oo. Consider the function G defined
in (1.10) by

2, N-1
Gu) = €+ ~—5—

5 £ —r?f(u)¢;

from (1.11) we get

(3.38) Gw) 7 (f) (e
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From (3.31) we can define the function

(3.39) V(u) = / r? (f)_ (w)¢ dw;

and the function K = G — V is nonincreasing, and bounded near —co :
from (1.7) (1.9) we have |ré(u)| < 2N — 1 and lim,, o, 7?f(u) = 0, since
r2f(u) £ Nf(u)/f?(u). Then K has a finite limit £/2 at —oo; hence defining
v by (3. 10) we get, as in (3.11),

(3.40) uEI}loo (7«25'2 + (N - 1)52) = lim ((%)2 + (N - 1)8) = 4.

V——00

Since £ > 0 near —oo, we have lim, , o & = \/£/(N — 1) and lim,_, gé— =
v

0; if £ # 0 then u'(r) = /T —&2/¢ has a finite limit, which is impossible
since u is singular. Hence £ = 0 and we get (3.33), (3.34) from (1.9).
2nd step. Suppose f(u) < 0 on (—o0,a). From Proposition 1.1 the curve
can be extended as a function r of u on (—00,a). Here the function G is
decreasing near —oo, with lim, , o, G(u) = 0. It remains decreasing and
negative and ¢ remains positive on (—oo,a), as at the end of the proof of
Theorem 3.2. We get (3.34) from (1.11), and also

P N1 (ﬁ_ rf(u )) PRI HON

2 -1 2(N -1y’
hence ()
. N-1 rf(u

¢ = lrwl - T=vime| < 2

: d
now § = —5\/1 — &2, then, from the convexity of f,

bl

"pf(ulp))dp  ; r
JI—& -1 / £ <
C-1< | TR s Fuln) s =
hence (3.35).
3rd step. Suppose f(u) = (N —1)|u|"*u (¢ > 0). Let € > 0. From (1.10),
(1.11) and (3.22) we extend (3.28) under the form

(3.41)

r2g2 2 1=1n2 L o N =2 [ ré€? 4 ™ &
_ - 2 d i

e I C RS s By sy > LU wrupl) BT

<@l 2t - [ ot

dt
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hence we get (3.36) (3.37) as in Theorem 3.2. [l

Remark 3.3. As in the linear case the estimates (3.36), (3.37) have to be
compared to the very accurate estimates concerning the singular solution U
constructed in Theorem 2.1: from (2.1) it satisfies

(3.42)

¢=cosp=(1402(n) "

= qrlatD/9(1 — mr2@tV/e(1 4 o(1))),
and

(3.43) |U|? = 1/r = —prl7™2/9(1 + 0(1)),

where m = ((3N +1)¢*> + (N +5)g +2)/2(N — 1) and p = q(g(N + 1) +
2)/2(N —1).

4. Some global properties.

Here we give a global existence result extending those of [CF3], [B2], [APS]:
we shall suppose that a = 0 in (0.3), more precisely that

(4.1) f is increasing on R from —oo to +oo, with f(0) = 0.
The assumption (2.3) can be written under the form

(4.2) f(u) = (N = Duf(u), for any u <0,

a slightly weaker assumption on f (whenever f(0) = 0) is

(4.3) (N —1uf(u) 2 NF(u), forany u <O0.

Theorem 4.1. (i) Under the assumptions (0.4), (4.1), each regular or sin-
gular solution of the parametrical system (0.11) can be uniquely extended as
a function u — r(u) up to a real @ 2 0.

(ii) If w = 0, then lim,_,o7(u) = +00 and lim, o 7(u) = +o00.

(iii) If u > 0, then F(u) < 2, T = lim,_,z r(u) is finite and lim, o 7(u) =
+o00.

Let ry = r(0) be the intersection point with the r azis, and v, = ¢ (0) be
the incidental angle. When 1, € [7/2,7), the curve has a unique minimal
point u € (0,w). When ¢, € (0,7/2), the curve can be expressed as a function
r = u(r) on [ry,4+00), with lim, 4o u(r) = lim,_, o u'(r) = 0.

(iv) Assumption (4.3) implies ¢, < /2.
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(v) Moreover, when f satisfies
(4.4) af (u) 2 uf(u), forany u<0, where ¢>1/(N—1),
then v, can be estimated by
(4.5) cosyy > 2((N +q+ 1)((N = 1)g — 1))2/N(q + 1).

Proof. (i) From Proposition 1.1 each solution is defined as a function r(u) at
least on (—o0,0); now (0.12), equivalent to (0.11) as long as sin% > 0, can
be written as a system

(4.6)
(#(w), p(w) = (p, (N = 1)(1 + p)/r + F(u)(1 + p*)*/*) = H(u, (r, p)),

where H is continuous in u and C* in (r,p) on R x ((0,+00) x R); then
the solution has a unique extension to a maximal interval with upperbound
7 = 0. From (1.3) (1.4), F(u) — cosv decreases to a finite limit when u goes
to @, hence F'(u) is bounded and % is finite; then cos has a limit, 7 has a
limit A € [0, +00]. In fact A is infinite, because of the maximality.

(i1) Suppose © = 0. When u € (-1,0), we know that J(u) > J(-1) >
0 from (1.5) to (1.7); hence rV=! > J(—1)(1 + 7?) and lim, o7 = +o0,

lim,_,o 7 = +00, lim, (_i; =1 and lim,_,z s = +o00.

(iii) Suppose now @ > 0. For any u € [0,%) we have ¢ € (0,), since
J(0) > J(=1) > 0. Then
(4.7) F(@) —e < F(0) —costy, < 1,
hence ¢ = 1, lim,,z% = 0, F(%) < 2 and lim,_,z7 = +oo. If lim, ,gzr =
+00, then lim,_,z (J/J) (v) = (f/f)(®), and J is bounded, which is impos-
sible. Then 7 = lim,_,z 7 is finite. On [0,%) the curve v — r(u) can only
have one minimal point u, from (1.9); it is the case when v, € [7/2, 7).

Now consider the case ¥; < m/2. Then for any s =2 s, = s(0), the para-
metrical curve cannot have vertical points, since

(4.8) —cos < F(u) —cosy S —cosp; <0,

and the curve can be expressed as a function r — u(r) with r 2 r;, since

d
0 < cosyy < é < 1. Now (0.6), equivalent to (0.11), can be written as-a
system
(4.9)

(u'(r), 0/ (r)) = (w, ~(V = DL +w?)/r + F )+ w?)*?) = K(r, (u,w)),
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where K € C* ((0,+00) x (R* X R)). The solution has a unique extension
to a maximal interval [r,,r,) where u remains positive. First suppose that
Ty = +00; T is the unique extremum of u on [ry,+00), then u decreases
to a nonnegative limit A\, and F(u) — cos® has also a finite limit; hence
lim, 400 cosy = lim, ;1 u'(r) = 0, lim,_,;, u" = —f(\) from (0.6), and
lim, , o u(r) = 0; at last lim, , . s = 00 since &S 1, and the para-
metrical curve is completely described. Now supposerthat 5 is finite; then
u(rz) = 0 and 1, = (ry) satisfies 15| < 1, from (4.8); if 1, = 0, then
there would be an r € (7, 7;) such that (rN“lu’/\/l + u’2)l (r) =0, which is
impossible from (0.5). Near this point, (0.11) is equivalent to (0.12); then
from (4.6) we have local existence and uniqueness, and the curve can locally
be expressed in terms of r — u(r), since u'(ry) 7# 0. As above, it has a unique
extension to a maximal interval [ry,r3;) where u remains negative. By in-
duction, either u has a unique extension to [r;,-+o00) with a finite number
of zeros r; < ry < -+ < 1 and lim, o, u(r) = lim,, 1, u'(r) = 0; or we
can construct an infinite increasing sequence (r,),>; such that u(r,) = 0,
sign u(r) = (=1)"" on (rs,7n41), and |n]| = [1b(ra)| > [Yhpsa| > 0. If
limr, = +oo then the curve is completely described for s 2 s;, by the func-
tion » — u(r) on [r;, +00). If limr, = R is finite, v has a finite limit, since u'
is bounded from (4.8); then lim, ,gu = 0, cos® has also a limit from (1.3)
(1.4); then lim,_,gpu’ = 0, since u'(r,)u'(r41) < 0; and the function u = 0
is an extension of the solution on [R, +00); it is the unique extension from
(1.3) (1.4). The curve is again completely described on [s;, +00).

(iv) Here we suppose (4.3) and prove that 9, < n/2. If ¢; 2 /2 then
there is a unique maximal point & < 0 on the curve such that 7#(u) < 0 on
(,0) (if 4; = Z, then 0 is a minimal point). Let ¥ = r(%); integrating (0.6)
between any r € [r;,7] and 7, we get from (1.7)

(4.10) i
PN tsing = [ f(w)ldp < 5(@)] 7Y - )/ N
<P |F @,
which implies
(4.11) |f(@)| < Nr~'sinep, Vr e [r,7).
Then from (1.3) (1.4),
(4.12) - F(a) £ F(0) — cosy, — F (1)
— _(N-1) /0 Si’;”b du < —(N — 1)af(a)/N,

o~

u
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which gives a contradiction. Then 9, < /2.

(v) Suppose that (4.4) holds. Consider the Pohozaev function ¢5, , defined
by (1.12) (1.13); it is nonincreasing whenever u < 0, and its derivative is
nonidentically zero. We have ¢;_,(uo) = 0 for the regular solution starting
at uo; and, from (1.7), limsup,_, _, ¢s,,¢(u) < lim,, o 7™ (6 — cosyp) =0
for any singular solution. Then @5, ,(0) < 0, which means cos; > d,, that

is (4.5). ]

Remark 4.1. As a consequence of Theorems 3.3 and 4.1, when f(u) =
|u|?"'u with ¢ £ 1, the singular solution r — U(r) constructed in Theorem
2.1 has a unique extension as a function of r on whole (0, +00), see Fig. 1,
2. The question is opened when ¢ > 1.

Remark 4.2. When f satisfies (4.4) with a ¢ =2 (N + 2)/(N — 2), then
for any singular or regular solution we have @ = 0 : the curve cannot cross
the axis u = 0. Indeed, at it was proved in [APS] for the regular case,
considering ¢; (v42)/(v—2) as above, we would get cosy; > 1 when crossing
the axis, which is impossible; see also (B3] for nonradial solutions.

In the general case, the problem is to determine if u is oscillating or not
is still opened, even for a power. Let us recall what we know up to now:
Suppose f(u) = |u|"*u (¢ 2 1/(N — 1)). From [PuS], either the solution
is oscillating, with an amplitude of the order of 7—2(N=1/(4+3) or keeps an
constant sign, and v = 0(r~%(=V) o' = 0(r~@+V/(e=1) at +oo. Since
lim, o u'(r) = 0, equation (0.1) appears as a small perturbation of the
equation

(4.13) Au + |u|'ru = 0;

and in fact we can prove that the behaviour near infinity is the same for the
two equations: when u keeps a constant sign, either there is a ¢ > 0 such
that lim,, o, 7V "%u(r) =¢, or

Jim /0 Du(r) = - (2N - (N = 2)q)/(q - 1))/
(which implies ¢ > N/(N — 2), see [B3]).

When g £ N/(N-2) (or N = 2) the curve necessarily oscillates around the
axis u = 0, see [NiS1]. However from (4.5) when N 2 3 and ¢ = N/(N —2)
the incidental angle is quite small: 9; < 9.6° when N = 3,4, and less for
larger N.

When N/(N —2) < ¢ < (N +2)/(N —2) the question is opened. Numeri-
cally it seems that all the curves cross the axis, see Fig. 6, 8. But if it is the
case, the angle v, is very small from (4.5): ¢; < 3.9° when N =3, g =4,
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P < 1.8° when N = 3, ¢ = 4,5; and 1; goes to zero when ¢ increases to
(N +2)/(N -2).

Serrin [S2] noticed that regular solutions with |ug| small enough must
oscillate: indeed their slope is small and (0.1) is again a perturbation of
(4.10), which has no ground state in this range. We can give a more precise
result:

Proposition 4.1. Let f(u) = |[u]* tu with N/(N-2) < ¢ < (N+2)/(N-2).
Then any regular solution of (0.11) is oscillating for large v, whenever

(4.14) luol™ S (g + 1)(N +2— (N = 2)q)/(N +q+1).

Proof. Consider the function ¢; , defined in (1.12):

lujrtt N usinw>
g+1 qg+1 7

’

by g(u) =7 <1 —cosy +

then, from (1.13),
N-1
(g +1)singy

Now from (1.3)(1.4), for any u > ug, F'(u) —costp < F(ug) — 1. Then (4.14)
implies that cos ) > ((N—1)g—1)/(N+g+1); and ¢, , is increasing whenever
u < 0. Suppose that u keeps a constant sign; then u(r) = 0 (r~*/(¢=1)) and
singp = 0 (r~ /@) at 400, hence ¢y ,(u) = 0 (r{(N-2a=NV+2)/(a=1))
Then lim, o ¢; ,(u) =0, and ¢ ,(uo) = 0, which is impossible. O

b1 ,(u) = (_N;l)_q;l> _

(N +q+1)(1—cosv) <cos1,b— Niqil

Remark 4.3. The next question is to determine what happens when
f(u) = |u|tu, with 0 < ¢ < 1/(N —1). Since 1/(N — 1) £ 1 the singular
solution U has no vertical point, hence ¥; < 7/2. On the contrary for regular
solutions we can see numerically that 1, can be greater or lower than /2,
depending on the initial data ug, or on the value of ¢, see Fig. 1.

To end this paragraph we give some results about the maximal diameter
of the regular curves, and other related questions, which extend [CF3], [F3],
[F6]. From Proposition 1.2, the maximal diameter is twice the radius r, of
the first maximal point u, under the axis u = 0 (whenever it exists, that is
when uy < TUp). For simplification we only consider the case of a power.

Proposition 4.2. Let f(u) = |u|?"'u, where ¢ > 0. Then
(i) There is a uniform bound for the diameter r, of all the regular solu-
tions.
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1/(q+1)
(it) On the interval (— (q(N —1)? /\/ZN - 1) ! ,0) any regular so-
lution can have at most one maximal point and one minimal point.
(iii) When ¢ > 1/(N — 1) then more precisely
(4.15) ra < N/ (8,(q+ 1)(N — 1)),

where 8, is given in (1.14). Moreover, on the interval
(= @alg+ D)V = 1)V o),
any regular solution can have at most one minimal point.

Proof. First suppose that ¢ > 1/(N —1). Consider the function ¢s_, defined
in (1.12). It is negative and decreasing. Then at the point u, we have, from
(1.7),

8y + |ual™ /(g +1) < Nlug|/(q + 1)ro < N**Y9/(q + 1)rL+i/e,

hence r,, is uniformly bounded by N/(8,(g + 1))#/¢*1. More precisely, there
is a unique inflexion point 7, = 7(u,) on the curve, such that u, € [u,,0)
and cos®, < 0. At this point, we have r,|u,|? = (N — 1)sin¢, from (1.9)
and ¢s, 4(u,) < 0; then

dq + | cos | + |us|"™ /(g + 1) < Nlue|sintp, /(g + 1)rs
= Nlus|*"" /(g + DV - 1),

hence
(4.16) Jq(q + 1) (N = 1) < Jup|™™ < Jug|™;

then above u, any regular solution can have at most a minimal point; more-
over 14 < N/|uq|?, hence we get (4.15).

Now consider the general case. Here we follow the proof of [CF3]. Since
To|f(ua)| > N — 1 and 7(uo)|f(uo)| = 0, there is a unique point r, = r(u.)
on the curve, such that u, € (ug,uq), 74|f(uy)| = N — 1, and sinyp > 0
on (u,,u,); then on this interval r|f(u)| > N — 1, and there is no inflexion
point, from (1.9), hence ¢ > ... Consider the positive increasing function J
defined in (1.5): we have J(u,) > 0, and consequently

(4.17) sint, > (N —1)/N.

But on (u,,u,) the curve lies under the “basis curve”, hence at the crossing
point, tg 1, < |u,|9 /g(N — 1). Then from (4.17),

(4.18) g(N 1) [VAN =T < fu,|**,
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and (ii) follows. Moreover r, = (N —1)/|u,|?, then

(¢+1)
(4.19) r, < Ry, = ((N — 1)V \aN — 1/q>q/ "

Moreover from (1.5)(1.6),

Ta N
Tua) = Ju) +q [ Sl g,
but J(uy) = 7Yt —rNuy|?/N < rY=1/N, and tg1) > tg1p, on (ry,r,); then
from (4.17),
,,,N~1 > q N -1 "

a2 rN[uf”_l dr;
ON —1 /s,

on this interval, we have N — 1 < r|u|? < N, hence from (4.19)

(4.20) rN=1

v

N+1/q N+1/q
CN,q (7Q la— RN,q )

where ¢y, = q(N — 1)>7Y7/(N +1/q)v/2N —1 when ¢ 2 1, and ¢y, =
q(N — 1)N*"Y4/(N 4+ 1/q)v/2N —1 when ¢ < 1. And (4.20) implies an
uniform bound for r,. O

Remark 4.4. From (4.15) we establish that for large ¢, the maximal
diameter of the curves is small, which could be foreseen numerically, see Fig.
4,5, 7.

Appendix A. The fixed point theorem.

Proof of Theorem 2.1. Tt is the direct generalization of the proof of [CF1].
Let

(1) c=(qg(N+1)+2)/2(N —1), and k=2+1/q.

We write equation (2.1) as a system of unknown (u, v, g, ;) :

(2)
{ r) = =r 0k ot an(r)r
r ~1 r—(a+1)/q +k( +a1( ))rk—l’
(3)
{a1 = ao )+ k7 trag(r),
= 1) (Ju(r) |7 u(r) (1 +0*(r)* + ro(r) (1 + v2(r)) -
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We write it under the form

(4)
{al (r) = ao(r) +rap(r)/k,
rP (rk(rPag(r))") + 7’r*ao(r) = F(r),

where we choose

(5) y=VN=1/q, B=N/2+2(k—1);

and F is given in function of oy, a; by

(6) F(r) = (k—1)g 'r™* —k(k — )er* ™ + (B8 — 1)(B — k)ao(r)r*~2
+ k(28 — k) (r)r* 2 + ¥ (r)rF
— (V= 1) (Ju(n)[" u(r) (1 + 0(r)*2 + o(r) (1 + v (r))r ™) ,

where u, v are defined by (2). Now introduce the kernel of equation (3): set
a = (o, ;). Then the system takes the form

(7) a = T(a) = (To(a), T1(a)),

where

(8) To(a) =77 1r* /OT 7°F (1) sin . 1 1(7’1_’c —r=F)dr,

©) T

Ty (a) = (1 - Bk~ 1) To(a) + k‘lrl"ﬁ“k/ 7PF(7) cos 7 (r*7F — p1=%) d7.
1 0 | P—

Let o € (0,2(k — 1)) be fixed. For any M > 0 and any R € (0, 1] we set

(10) Bar = {a — (a0, ) € C° ([0, B}, %) | |l

= max |r™° SMy.
g o)+ g ()] £
We are going to prove that for any M > 0, there is an R = R(M) such that
T is a strict contraction of By, r(n)-

Notice first that for R(M) small enough, u(r) is negative for any o €
B r(ay- Then let us compute

(11)
F(r)=(k—1)gr ™% —k(k — Der* =2 + (B — 1)(B — k)ap(r)r*2

+ k(28 — k)au (r)r* % + P (r)r* + 77 H (a(r),ﬁ(k—l)) :
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H(o,t) = (N — 1)g 31 — pt)4(1 + mt + s*2)%% — (1 4 st)(1 + mt + s*t?),

(13) p=ct+ay, m=q2kctq+2key), s=qk(c+ ).
Then we develop H up to the order 3 in ¢ and obtain
(14)
H (o, r?*0) = (N = 1)g7* (m/2 — qp — 5)r**~
+ (N = 1)g7(s* + 3m?*/4 — 3mgp + q(q — 1)p* — 2ms)
7‘4(’“*1)/ 2+ 7'6('“_1)62(04, ),

where, for R(M) small enough, for any o € By gy and r € [0, R(M)],

9Q

15) Q)]+ | a(alr). )| + |22 (a(r),r)| < ),

3
and C(M) depends only on M; (15) comes from suitable estimates of —

O'H O'H
3a00t3 ’ 8011 ats '
and g, the coefficients of 7%, agr %, ;7¥~2 vanish, so that we get

(16)
F(r) = M2 4+ P(a(r))r* =2 + Q(a(r), r)r¥**,

o3’

When using (14) in (11), with our choice of parameters -y, ¢

where
(17)
A= —k(k—1)c+ (N —-1)(3¢/4+ (k—3)c— 6¢ " kc> + (¢ — 1)q *c*)/2,
(18)
P(a) = pag — 3(N — 1)qg " kapay + (N — 1)(qg — 1)g %3 /2,
(19)

p=(B=kB -1+ (N -1)q*2(q - 1)c — 3(2kqc +¢°)) /2.

Now we can estimate the right terms of (8) (9). For any function ¢ on



56 MARIE-FRANCOISE BIDAUT-VERON

:/OrqS(T)sink_

:/0 @(7) cos k z 1(Tl“k —r'=*)dr,

and get for any real p > —k the relations
(22)  C(r?) =77 (p+K)S (r7),
(23) S(rf) = 7—1([) + k) — ’7—2(9 +2k —1)(p+k)S (,r.p+2(k—1)) .

They imply the estimates

(24) S (r“) = ,),—l,rp+k +0 (Tp+3k—2) ,
(25) C (r*) = v~ 2(p + k)rPt2k=1 4 0 (rPtek=3)
Then

,Y—l,,,—ﬁs (/\rﬁ+lc——2) _ 7—2)\,,,2(k~1) +0 (7,4(k—1)) ,
plpl=B-kC ()\Tﬂ+k—2) _ 7—2]{:*1(/8 + 9k — 2))\r2(k—1) +0 (TA(k—l)) :
moreover from (10) and (15) we deduce the following estimates, with new
constants C(M) :
|S (P(a)rﬁ+k_2)| + |C( ,B—Hc 2 ' é M),rﬁ-l—k 1+cr
S (Q(a,r)r“sk““)l +]C (Q(a, ﬂ+3k 4) )| £C ﬂ+3(k 1)‘
Then for any o € B, riays
(26)  |IT(@)l £ C(M) (RO D=7 + R(M)** + R(M)")
hence T applies Bas r(n) into itself for R(M) small enough. Then we esti-
mate ||T(a) — T(@)|| for any «, & € B r(m)- From (10) and (15) we get
IS ((c0 — @o)r® %) + |C ((a0 — Go)rP )| < C(M)rPH*14 o — &,
IS ((aoal - &0511)7"/”’0_2” + ]C ((aoal - aoﬁl)rﬂ+k“2)|
< C(M)r 17 la — &,
IS (a2 — @2)r® ™) | + |C ((of — a3)r"**72)| £ C(M)rPHe1+27||q — G|,
IS ((Q(a, 1) — Q(@,m))r" )| +|C ((Q(a, ) — Q(@, )"+
< C(M)rPHEDle — all;
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hence
(27) IT(e) = T(@)|| £ C(M) (R(M)*" + R(M)") ||« — @],

and T is a strict contraction of By p(n) for R(M) small enough. Conse-
quently it has a unique fixed point a. From (6) (8), ap = To(a) is in fact in
C*>([0, R(M)]), so that the function

(28) U(r) = —r~/7 + (c + ao(r))r*™/7,

where ¢ is given by (1), is a solution in (0, R(M)] of equation (2.1), which
ends the proof. U

Remark. With (16) we get the third term in the expansion of U (and the
others, as in [CF1]):

(29) U(r) = —r Y9 4 or? e 4 x\y=2p453/9(1 4 o(r)),
where 7, A are given by (5), (17).

Appendix B. Unduloids in dimension N.

The unduloids are rotationally invariant surfaces of constant positive mean
curvature H, without any double points and periodic in u. Hence they are
given by the periodic solutions u — r(u) of the equation

7 N -1 1

1 - =-—-NH.
(1) (1+7;2)3/2 T V1472

By integration we get

FN-1 N
2 —Hr" =A
2) Are =4
where necessarily 0 < A < (N — 1)V 'H'=N /NN Set
N -1 N-1 B
3) A=W v ey,

where k£ € (0,1). Denote by 1 the angle between a tangent to the curve and
the r axis, hence cosy =7 /\/1 + 72. Then from (1) (2), it is easy to verify
that k is the maximal value of |cos®)| on a periodic loop, attained at the

point r = /1 — k?(N —1)/NH.
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Let T = T(H, k) be the smallest period of the unduloid Q with parameter
k.

u A u N
T T r
T > 7\
;..*
|
|
|
|
|
u 4.
a
|
|
[
| k near 1 k near O
|
u,
B
|
! }

Then from (2) the curve is symmetric by respect to u = @+ T/2 where &
is any extremal point, and 7 is given explicitely in terms of an hyperelliptic
integral:

—1/2

4) T=2/Tﬂ ((HT+A7"1"N)_2—1) dr,

where r,, 75 are two extremal points, the two solutions of the equation Hr +
Ar'=N = 1. In order to study the period function 7" we use another way:
when N = 2 any unduloid is the curve traced by the focal point of an ellipse
when it is rolled on the u-axis. Hsiang and Yu extended this classical result
to the dimension N in [HY]: for any unduloid €2 there exists unique polar
coordinate graph I', 8 — p = f(6), such that Q is the trace of the origin by
rolling I' on the u-axis. Then I is a periodic curve of period 7, T is equal to
the arc length of I' between § = 0 and 6 = 7, and the extremals of r and p
are the same. From [HY], Theorem 3, there is a 3 > N?(H/(N — 1))2~2/N
such that

df\’ 2N .2
EE) = f(w — H)*'" —w?, where w =1/r.
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Then we get

()

(s ()2)”30

=2
:/ — BN (L= Hp)™N) T dp,

But p, = 74, ps = 75 are the solutions of the equation p?~2/N(1 — Hp)*/N =
B!, hence B = A~2/N | and we get a second formula for T :

1/2

(6) T =2 / (1 ANRIN2 (L Er) YY)

Now we can prove the following lemma, which extends the results of [F5] to
any dimension N :

Lemma B1. The period function of an unduloid Qy with curvature H and
parameter k is given by

(7) T(H,K)=1(k)/H,
where I is a continuous positive function on [0, 1].

Proof. For any k € (0,1), we make the change of variables r = (N — 1)(1 +
t)/NH in formula (6), and get (7), with

AN 1) e 12T
®) === ¢ K() )
where
(9) K(t) = 1+ 2/N(1 - (N = D)7,

and t,(k),t3(k) are the two solutions of the equation K(t) = 1 — k?, with
~1 <tu(k) <0< tg(k) <1/(N-1).

Now the two functions t,,ts are differentiable in (0, 1), and we can write,
as in [BB],

k g2\ -1/2
W0 st ® = [ =t (1- =)

NS
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Then I is a continuous function on (0, 1), obviously positive. We have to
prove that I has positive limits at 0 and 1. Let for any ¢ € (0,1),

(11)

4 ,/——_2=<1 _ 1)r——_2

Wia) = gt~ @V =0 =2 K'(ta<q>> K@) V' T
then W is nonnegative. When N =2, W(q) = 2\/1——(1_ and we find agam
the result of [CF3], [F5]: I(k) = 2E(k), where E(k 2 V1 = k2 sin® w dw;
and I is decreasing from 7 to 2 on [0, 1]. Now look at the case N >
2 : we get easily limq_,oq Yt5(q) = —limy_0q 'ts(q) = 1/v/N — 1, hence
hmq_m W(q) = 2/v/N — 1. Now we have lim,_,; t,(q) = —1, lim,_,; t3(q) =
1/(N ) then hmq_,l(l/K’(tg( ))) = 0 since N > 2. We get

lim 2(1 — q)7/*WVTUW (q) = NV/IVED /(N - 1),
q—

hence lim,_,; W(g) = 0. The function W is bounded on (0, 1) and we can
apply the Lebesgue theorem, since (1 — 72)~!/? is integrable. We obtain
limy_,; I(k) = 2 and limy_,o I (k) = n/V/N — 1. O

Remark. From (5), Hsiang and Yu had given in [H, Y] an upper bound

for T, which means that I(k) < 2(w + 1). Here we prove that I has also a

positive lower bound in (0, 1). Incidentally one could expect the form (7)
-1

va ST N

reduces equation (1) into the equation of an unduloid of curvature N —1:

of function T, since the change of variables r(u) = u

d?s/dv? B/Z_N—l 1 —_(N-1):
(1 + (ds/dv)?) s VIt (ds/dv)?
N-1

hence T(H, l{?) = ——NFT(N - 1,k')
In the following lemma we construct an unduloid of comparison in dimen-
sion N, whose curvature is given implicitely, as in [F5], [I] when N = 2.

Lemma B2. Letb < a,v, < f and r, be small enough: such that

(12)

0<ry <(N—=1)/|f (va —NM/2|f(b)]), where M = krg[%)lcl I(k).
Then there ezists an unduloid Q0 with consecutive extremal points (v, Ts),
(vg,75), with vg < Vu, Tg > To and curvature |f(vg)|/N. Its parameter k is
given by the relation

(13) k* =1—K(=1+ra|f(v)l/(N - 1)),
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where K is defined in (9).

Proof. If 2, exists, its period is given by

(14) T(k) = 2(va = vg) = NI(K)/|f (vg)]-
For any k € [0, 1] there is a unique v(k) < v, such that
(15) 2(va —v(k)) = NI(k)/|f (v(k))]-

Indeed the continuous function v — y(v) = 2(v, — v) + NI(k)/f(v) is de-
creasing from (0.3), and lim,, ., y(v) = +oo and y(v,) < 0. Moreover
v(k) > v,—NI(k)/2|f(b)|; then from (12), t, = —1+7r,|f(v(k)] ( -1 <
Consequently 7, is a minimal point of € if and only if K(t,) =1 — k?. Let
us define for any k € [0, 1],

(16) O(k) = (1 — K(ra|f(0(k)I/(N = 1) = 1))/%.

Then from Lemma B1, O takes [0, 1] continuously into itself, and has a fixed
point &, and ) satisfies Lemma B2. 0
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u ﬁ - R=12.00
et . > e —
| >
3 > N = 2.00
< a = 0.10
u¢oy» = -16.0
L thick width = singular solution
| normal width = non singular solution
—"1
.
Figure 1.
u
/”""/"" \ R= 4.00
N = 2,00
a = 0.30
u<o> = -8.00
thick width = singular solution
nornal width = non singular solution

Figure 2.
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R= 0.10

N = 2.00
a = 2.00
uc<o> = -5.00
thick width = singular solution
nornal width = non singular solution
Figure 3.

—R2.4.00
N = 2.00
a = 1.00
u<oy) = -8.00

thick width

nornal width

Figure 4.

singular solution

non singular solution
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u
R= 1.00
N = 3.00
a = 3.10
u¢o> = ~3.00
thick width = singular solution
nornal width = non singular solution
Figure 5.
[ v

N =
a =
uco) =
thick

normnal

3.00
3.10
-3.00
width
width

singular solution

non singular solution

Figure 6.
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R= 0.10
N = 3.00
a = 4.00
uo> = -3.00
thick width = singular solution
normal width = non singular solution
.
Figure 7.
R=24.00
N = 3.00
a = 4.00
uco> = -3.00

thick width =

normnal width =

Figure 8.

singular solution

non singular solution
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