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Abstract

The present paper is devoted to study the existence of a solution u for a quasili-
near second order differential equation with homogeneous Dirichlet conditions, where the
right-hand side tends to infinity at w = 0. The problem has been considered by several
authors after the 70’s. Mainly, nonnegative right-hand sides are considered and thus only
nonnegative solutions are possible. Here we consider the case where this right-hand side
can change the sign and not restrictions on the growth at u = 0 are assumed. We show
that a nonnegative solution in a sense introduced in the paper still exists. Moreover, this
solution is stable with respect to the right-hand side and is unique if the right-hand side
is nonincreasing in u. We also show that if the right-hand side goes to infinity at zero
faster than 1/|u| then only nonnegative solutions are possible. In another case nonpositive
solution or even solutions changing the sign are possible.

Keywords: Singular equations, monotone operators, existence, uniqueness, positive and non-
positive solutions.

Mathematics Subject Classification: 35J25

1 Introduction

The existence of a nonnegative solution for a singular semilinear second order partial differential
problem with homogeneous Dirichlet conditions such as

{ ~div(A(r)Vu) = Flz,u) in 0 (11)

u=0 on 0L,

is a classical problem which has been first considered by several authors. Here €2 is a bounded
open set of RV, A € L°(Q)V*N is uniformly elliptic and the right-hand side F' : Q2% (0,00) — R
satisfies

lim F(x,s) = 400, a.e. x € Q. (1.2)

s—0

In [8], it is shown the existence and uniqueness of a nonnegative solution assuming that the limit
in (1.1) is uniform in Q and F' = F(z, s) decreasing in s. Indeed, in [8] the equation is not written
in a divergence form and the solution is a classical solution, i.e. it is in C?(Q)NC%(QY), which is
strictly positive in £2. The authors also study the behavior of the solution at the boundary and



give some partial results about the existence of solution when F' is not necessarily decreasing
in s. In [7] it is considered the case where A is the identity and F' = F(z,s) = 1/s7 + (As)4
with v, A\, ¢ > 0. It is shown that for every v > 0 and every ¢ > 1, there exists ) e (0, 00) such
that a solution exists if A < A and there is not solution if A > . The existence and uniqueness
of classical solution for every A > 0 and p < 1 was before proved in [19].

Looking for solutions in a Sobolev space, the problem has been considered in [3], where it
is studied the case F(x,s) = f(x)/s?, with v > 0, f > 0 not identically zero, f € L"(2), for
some r > 1. It is proved the existence of a solution in H} () N W, (), which is strictly
positive in (). The authors also study the integrability of u and Vu depending on v and m. In
this paper the function u is a solution in the distribution sense, that is, taking test functions in
D(Q). Tt is proved in [1] that more general test functions can be considered and that there is
just one solution which can be obtained as the limit of the solutions corresponding to replace
F by F,(z,s) = fu(x)/(s + 1/n) where f, > 0 increases to f. Moreover it is studied the
homogenization result corresponding to replace A in (1.1) by a sequence of matrix functions
A,.

In [13], it is considered the case where F' satisfies

1
0< F(z,s) < h(z) <7+1), ae. x €€, Vs >0, (1.3)
s

with 0 < v < 1 and h in a certain space L"(2), » > 1. In this case, the authors provide a
new definition of nonnegative solution which does not need the use of the strong maximum
principle. It is shown that this solution is stable when we replace the function F' by a sequence
F,, converging pointwise to F' and satisfying (1.3) with h and 7 independent on F'. In particular,
this shows that these are the solutions we find by approximating the singular function F' by
non-singular functions. It is also proved the uniqueness of solution if F' is decreasing in s. The
results are used to carry out the homogenization when the open set € is replaced by a sequence
of open sets . satisfying similar conditions to those which appear in [6]. The extension of the
existence, stability and uniqueness results to the “strong singular” case where F' satisfies the
weaker assumption

>

OSF(ZE,S)S%, a.e. x €, Vs >0, (1.4)
with h as above and I' a Lipschitz function, strictly increasing, and such that I'(0) = 0 is carried
out in [14] (see also [16]). The corresponding extension of the homogenization result for varying
domains is considered in [15].

Excepting [8] where F(z,s) decreasing in s implies that F(x,s) can take negative values
for s bigger enough, the rest of the papers we have mentioned above consider a function F' :
Q2 x [0,00) — [0,00) in (1.1). Thus, by the maximum principle, if there exists a solution for
(1.1), it must be nonnegative. However, taking F' which can take nonnegative values introduces
several questions such as: Is there still a positive solution? Can we find nonnegative solutions
or even solutions changing the sign? To give an answer to these questions is the first motivation
of the present paper. Indeed, with respect to the existence of nonpositive solutions we must
refer for example to [9], [10], where it is considered the existence of nonnegative solutions for

!

—Au = \G(z,u) — Lﬁ in Q2
|u| (1.5)

u=0 on 012,

with A > 0, G nonsingular and strictly positive (some other conditions are needed) and 5 €
(0,1). Then, it is proved that a nonnegative solution exists if and only if A is bigger than a
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certain \ > 0. Replacing v by —u, this provides an example of a singular function

1
F(z,s) = P AG(x, )

satisfying (1.2) for which problem (1.1) has a negative solution.

In [11], it is also considered the case F(x,s) = g(z,s) + f(z), with |g(z,s)] < A|s[P71,
0<p<1, feL™Q),m > N/2. Assuming A symmetric, the solution is defined as a
minimum point for the functional

1/AVu-VualgU—/G(le,u)dac, G(x,s):/ F(z,t)dt,
2 Ja Q 0

and can change the sign. The definition of solution given by the authors uses test functions
which vanish at v = 0 and thus the equation is satisfied in Q \ {u = 0}. It is proved the
uniqueness for nonnegative solutions and g(z,.) decreasing.

In the present paper, more generally than (1.1) we deal with the problem

{ —diva(z,u, Vu) = F(z,u) in Q (1.6)

u=0 on 012,

with a : @ x R x RV — R a Carathéodory function satisfying usual assumptions in such way
that the operator
v e WyP(Q) — —diva(z,v, Vo) € W (Q), (1.7)

is pseudo-monotone in the sense of Leray-Lions ([17], [18]), for some p > 1 and it is such that
a(x,0,0) =0 (see (2.6), (2.7), (2.8) and (2.9) below for the exact assumptions on a).

In the first part of the paper we are interested in the existence of nonnegative solutions for
(1.6) although F' can take nonnegative values. We assume F' = F'(z, s) a Carathéodory function
from Q x [0, 00) into RU {oo}. It is nonnegative at s = 0 (being able to take an infinite value)
and has a growth at s — 400 at most of order p — 1. Namely, there exists v > 0 not too large
such that for every 6 > 0, there exists ks € L” (), ks > 0, such that

F(x,5) < ks(z) +vsP™!, ae 2€Q, Vs>0.

Observe that this assumption is guaranteed if F' satisfies (1.4). Since we do not assume F' to be
nonnegative, we also introduce a below estimate assuring that £~ (z, v) is in W=5'(Q) for every
v E VVO1 P(Q2) (see (2.15)). With these general hypotheses we show that a nonnegative solution
still exists. In fact, similarly to [13] and [14] we introduce a suitable definition of solution (it
is in particular a solution in the distribution sense) for which we show existence, stability with
respect to the right-hand side and uniqueness for F'(z, s) non increasing in s and a independent
of s. The estimates we use to get the result are inspired in [13] and [14] although we use more
general test functions. In particular, we observe that due to the nonlinearity of the operator
given by (1.7), some duality arguments used in the choice of the test functions in [13] and [14]
cannot be used in the present setting.

In the second part of the paper we consider the question relative to the existence of non-
positive solutions or even solutions changing the sign. Thus, the function F'is now assumed to
be defined in 2 x R. In Section 4 we show that if there exists §,7 > 0 such that

F(z,s) > —, Vse€(—04,0), (1.8)



then every solution of (1.6) is necessarily nonnegative. That is, although, now F can take
nonnegative values, the fact that it is very large near s = 0 is enough to preclude the existence
of solutions taking negative values in a portion of (2. Taking in particular F' of the form

—g(=), (1.9)

with f(z) > p a.e. in Q for some p > 0, and v > 1, we get that all the solutions for (1.6)
are nonnegatives. Now, the question is What happens if v < 17 As we said above, references
[9], and [10] show that it is possible to get nonpositive solutions. Here we give in Section 5 a
different example in the simple case Q@ = (0,1) C R, a(z,s,£) = & and F given by (1.9) with
f and g positive constants and v € (0,1). By a suitable change of variables, the problem is
transformed into

o L in
T ep ! 0.4 (1.10)
w(0) = w(l) = 0.

We show that although there is a unique strictly positive solution, there also exist nonpositive
solutions and even solutions changing the sign, but only if [ is large enough. In fact the number
of solutions increases with [ and tends to infinity when [ tends to infinity.

The paper is organized as follows:

e In Section 2 we show the existence of nonnegative solutions for (1.6) in the singular case
and the stability and uniqueness of these solutions.

e In Section 3 we prove the results corresponding to Section 2.

e In Section 4 we show that (1.8) implies that only nonnegative solutions are possible. The
proof of these results is given at the end of the Section.

e In Subsection 5.1 we state the results corresponding to the one-dimensional example. The
corresponding proofs are given in Subsection 5.2.

2 Existence, stability and uniqueness of nonnegative so-
lutions for the singular problem

The present section is devoted to the existence, in a sense which we describe below, of nonne-
gative solutions for problem

(2.1)

—diva(z,u, Vu) = F(z,u) in Q
u=0 on 0,

where F' = F(x, s) can take the value 400 at s = 0. We also give a stability result with respect
to F' for this kind of solutions. To finish, we show a uniqueness result when F' is decreasing
in s and a = a(x, s,£) does not depend on s and is strictly monotone in . The proof of these
results will be given in Section 3.

We assume the following conditions on Q, p, a = a(x, s,§) and F = F(z,s):

e For 2 and p we assume:

Q) is a bounded open set in RY, N > 1. (2.2)
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p € (1,00). (2.3)
Moreover, we define p* € (1, 00|, p’ € (1,00) and (p*)" € [1,00) by

pr = NN—_pp ifp< N
p* is a fixed number in (1,00) ifp=N (2.4)
p* = +o0 if p> N,
Pt )= (2.5)
e For the function a : Q x [0,00) x RY — RY we assume:
o The function a is a Carathéodory function, i.e.
{ a(.,s,€) is measurable in Q, V(s,&) € [0,00) x RY (26)
a(z,.,.) is continuous in [0,00) x RY, a.e. z € Q.
o There exist «, 7, ap such that
{ a>0,v>0, ag € L(p*)/(Q), ag > 0 27)
a(r,s,&) - € > alélP —ysP —ag(x)s, Y (s,€) €[0,00) x RN, ae. z €.
o There exist 3, b such that
g>0,belP(Q), b>0,
{ la(z,s,8)] < B¢+ s+ b(x))pil, V(s,€) €[0,00) x RY ae. x€Q. (28)
o The function a is monotone in the second variable, i.e.
(a(z,s,€) —alz,s,n)) - (E=n) >0, Vse[0,00), VEneRY, ae z €. (2.9)

Moreover, we define A by

A = lim inf min {% cv € WyP(Q) )\ {0}, /(CL(I‘,U,VU) - Vo +7|v]P)dz = R} . (2.10)
Q Q

R—o0
e For the function F : Q x [0,00) = RU {400}, we assume:
o The function F' is a Carathéodory function, i.e.

F(.,s) is measurable in Q, Vs € [0,00), F(z,.) is continuous in [0,00), a.e. z € Q. (2.11)

F(z,0) >0, ae. z€Q. (2.12)

o There exists v > 0 such that for every 6 > 0, there exists ks satisfying
ks € LP)(Q), ks >0, F(x,8) < ks(x) +vsP™!, Vs >0, ae. x €. (2.13)
o The constants v in (2.7), v in (2.13), and A defined by (2.10) are related by

T+ <A (2.14)
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30 >0, ke LPY(Q), k>0

F(z,s) > —/%(x) —os?, Vs> 0, ae. x e
Vm eN, Ik, € LY(Q), kn >0,

F(z,8) > —km(x), Vs € [0,m], ae. z€Q.

Itp <N, {
(2.15)

Ifp>N, {

Remark 2.1. The minimum in (2.10) is well defined, thanks to (2.7).
If a does not depend on s and satisfies the homogeneity condition

a(z, t&) =t ta(z,€), VEERYN, V>0, ae z€Q,

then X agrees with, the first eigenvalue of the operator v € Wy (Q) — —div a(z, Vv), defined by

\— min Joa(z, Vv) - Vudz

vew(i;”(n) fQ ]U|de

Moreover, if \, denotes the first eigenvalue of the p-Laplacian operator, then, we have
aX, <A (2.16)

This inequality can be proved as follows: We take a sequence R, tending to infinity and a
sequence u,, € H}(2) such that

R
— . P : n
R, = /Q (a(x,un, V) - Vi, + |, )dx, nhm —fg D =\ (2.17)

In particular ||uy,|| ey tends to infinity while the first equality, (2.7) and the definition of X,
grve
a|Vu,|P — aglu,|)dz
A > limsup fﬂ( | | oltnl) > a\,.
n—>00 Jo lun|Pda

From (2.16) we deduce that a sufficient condition to have (2.14) is to assume

v Hv < al,.
Remark 2.2. Condition (2.7) on a implies
a(z,0,0) =0, a.e. x€ Q. (2.18)
In fact, taking in (2.7) s =0, replacing & by t§ with t > 0, and dividing by t, we get
a(x,0,t€) - € > at! P, VEESRY, Vi >0, ae €.
Letting t tend to zero, this provides
a(r,0,0)-£>0, VEERY, ae x€Q,
and then (2.18).

The definition of nonnegative solution for the singular problem (2.1) is as follows



Definition 2.3. For a bounded open set 2 C RY and functions a, F satisfying (2.6),..., (2.9),
(2.11),...,(2.15), we say that v : Q@ — R is a nonnegative solution of (2.1) if it satisfies

u e L (Q) (2.19)

u>0 ae. in (2.20)

(u—208)t e WP (Q), Vé>0 (2.21)

Vugp e PN, Yoe WP (Q)NL=(Q) (2.22)
F(z,u)te? € LNQ), Vo e WyP(Q) NL®(Q), ¢ >0 (2.23)

/Qa(x,u, Vu) - V(h(u)gP) do = /QF(x, w)h(u)? dz (2.04)

Yo e W P(Q)NL®(Q), ¢ >0, Vhe WH(0,00).

Remark 2.4. Assumption (2.15) on F and (2.19) imply that F(x,u)~ belongs to L'(Q) for
every nonnegative solution u of (2.1). By (2.23), this proves

Fz,u)g” € L'(Q), Yoe WP (Q)NL2Q), ¢ >0. (2.25)
Moreover, using
V(h(u)g”) = I (u)Vu e +ph(u)p" Ve,

and assumptions (2.8), (2.22), we also have that a(x,Vu)V(h(u)p) is in L'(Q) for every ¢
and h in the conditions of (2.24). Thus, the two integrals which appear in (2.24) have a sense.
Assumption (2.21) in combination with (2.20) gives

0<u<d ond), Vé>0,

which gives a sense to the boundary condition uw = 0 on Of).

Following proposition shows that in (2.24) we can enlarge the set of test functions by intro-
ducing
W= {w eW™(Q), Jpe W Q) NL®(Q), ¢>0ae. inQ,
\Y
lw| < ¢P a.e. in Q, |—wl|x{<p7g0} € LP(Q)}.

P

(2.26)

Observe that contrarily to the test functions used in (2.24), this set does not depend on the
solution u. We have preferred to give the definition of solution taking test functions of the form
h(u)gp? with ¢ € WaP(Q) N L®(Q), ¢ € WP (Q), h € WH(Q), instead of functions in W, in
order to compare with the definition of solution given in [13] and [14].

Proposition 2.5. The space W is a vectorial subspace of Wol’p(Q). It contains the space of
functions in WIP(Q) N L>(Q) with compact support in 2 and satisfies

wv €W, YweW, Yoe WH(Q) N L>®(Q). (2.27)

If a function u : Q — R is a nonnegative solution of (2.1) in the sense established in (2.3),
then it also satisfies

F(z,u) =0, a.e. in{u=0} (2.28)

|VulP~\Vw| € LYQ), YweW (2.29)

/ a(z,u,Vu) - Vwdxr = / F(z,u)wdzx, YweW. (2.30)
Q Q
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Remark 2.6. Proposition 2.5 proves in particular that every nonnegative solution of (2.1) in
the sense given by Definition 2.3 is a solution in the distribution sense, i.e. we have

—diva(z,u, Vu) = F(x,u) in D'(Q). (2.31)

By (2.22), we also know that u is in I/Vllof(Q) and then, for every open set w strictly contained
in Q, we have that diva(z,u, Vu) is in W5 (w) while by (2.23) F(x,u) is in L'(w). It is
well known that then (2.31) implies that F(x,u)v belongs to L*(Q) for every v € WHP(Q) with
compact support and

/ a(x,u, Vu) - Vuodr = / F(z,u)vdr, Yve& W' (Q) with compact support in . (2.32)
Q Q

The following theorem provides a stability result for the nonnegative solutions of (2.1) when
the right-hand side varies.

Theorem 2.7. We consider a bounded open set Q C RN, a function a : Qx[0,00) x RY — RV,
satisfying (2.6), (2.7), (2.8) and (2.9), and a sequence of functions F, : Q@ x R — R U {oo}
such that (2.11), (2.12), (2.13) (2.14) and (2.15) hold, with constants v, and functions ks, k
and ky, independent of n. We also assume the existence of F: Q x R — RU {o0} such that

For a.e. x € Q, we have: t, >0, t, -t = F,(z,t,) = F(z,t). (2.33)
Then, if u, is a sequence of nonnegative solutions of

—div a(z, uy, Vuy,) = F,(z,u,) in Q
(2.34)

up, =0 in €,

there exists a nonnegative solution u of (2.1) such that for a subsequence of n, still denoted by
n, we have

up, = u in LY(Q), Vqg<p* (2.35)
U, —u in LP (Q) (2.36)
(Up — )T = (u—208) in W, P(Q), Vd>0. (2.37)

Thanks to Theorem 2.7 we will deduce the existence of nonnegative solutions for (2.1) which
is given in the following theorem.

Theorem 2.8. Let Q be a bounded open set of RN. Then, for every function a : € x [0, 00) x
RY — RN which satisfies (2.6), (2.7), (2.8) and (2.9), and every function F which satisfies
(2.11), (2.12), (2.13), (2.14) and (2.15), there exists a nonnegative solution of problem (2.1)
in the sense of Definition 2.3.

We finish this section with the following comparison result for the nonnegative solutions
of (2.1) when the operator a = a(z,s,{) does not depend on s. It proves in particular the
uniqueness of nonnegative solutions when a is strictly monotone in & and F = F(x,s) is
nondecreasing in s. In the case when a depends on s it is also possible to extend some uniqueness
results for pseudomonotone problems (see e.g. [2], [4], [5]), but the corresponding proofs are
more complicated.



Theorem 2.9. Let Q be a bounded open set of RN and let a : 2 x [0,00) x RN — RN be which
does not depend on s and satisfies (2.6), (2.7), (2.8) and

(a(x, &) —a(z,86)) - (61— &) >0, VEL,&HERY, ae €. (2.38)

We consider two functions Fy and Fy which satisfy (2.11), (2.12), (2.13) and (2.15). We also
assume

i € {1,2} such that Fi(x,-) is nonincreasing, a.e. x € Q (2.39)
Fi(2,8) < Fy(x,€), YEERY ae € (2.40)

Then, if uy, us are nonnegative solutions of

—diva(z, Vu;) = Fi(z,u;) in Q
i=1,2, (2.41)

u=0 1,

we have
u; < ug a.e. in €. (2.42)

3 Proof of the stability, existence and uniqueness results

Let us prove in this section the different results exposed in Section 2 relative to the existence
and properties of the nonnegative solutions for the singular problem (2.1).

Proof of Proposition 2.5. In order to show that W is contained in VVO1 (), we consider
w e W and ¢ € W,?(Q) such that

\Y
weW, e WyP(QNLX(Q), ¢>0, |w|l<¢Pae inQ, |p—wl|x{w¢0} e LP(Q). (3.1)
o

Then, taking ¢, € WP(Q), ¢, > 0, with compact support which converges to ¢ in W, ?(Q)
and is bounded in L*(£2), it is immediate to show that the sequence

wy, = [wV (=pP)] A gt € WyP(Q),

converges to w in W'?(Q). This proves that w is in W,”(Q).

Now, we consider w € VVO1 P(Q)N L (Q) with compact support. Let us prove that w is in .
It is enough to observe that for every ¢ € C}H(Q) with ¢ > ||w|| (@) in supp w, the functions
w and ¢ satisfy (3.1).

Let us prove that W is stable by addition. For this purpose, we take wi, ¢ and wsy, @9
which are related as in (3.1), then taking into account that for ¢ = 1,2 Vw; = 0 a.e. in
{w; =0} C {g; = 0} it is simple to check that wy + wa, p1 + @2 also satisfy (3.1).

To show (2.27), we take w € W and v € W'(Q) N L>=(Q), which we can assume not
identically zero, then we observe that for ¢ satisfying (3.1), we have

> |V (wo)] V[, 5 [Voly
wol < (ellvllmi)”s —m——Xpr0y < o1 Vo) + 5 | Xioroy € L7(9).
||U||L§<>(Q)90p_1 HUHLZO(Q)

Assume now u a nonnegative solution of (2.1) in the sense of Definition 2.3 and consider a
function ¢ € WyP(Q) N L®(Q), ¢ > 0 a.e. in Q. For S. : [0,00) — R defined by

S.(s) = (1 - S) V0, V¥s>0, (3.2)

9



we take h = S in (2.24) to deduce

1
- / a(xz,u, Vu) - Vu pPdx —|—p/ a(z,u, Vu) - Vo Se(u)p? ' d
{u<e} Q

:/F(:E,u)Sa(u)gopdx.
Q

In the first term of this equality we use (2.7) and (2.18) to deduce
1
—/ a(z,u, Vu) - Vu pPdx > g/ |VulPePde — / (v~ + ag)pPdx
€ J{u<e} € J{o<u<e} {0<u<e}

and then

1 1
lim sup —/ a(x,u, Vu) - VupPdr > alimsup —/ |VulPPdr.
e—=0 €& {0<u<e} e=0 €& {O0<u<e}

For the second term, we observe that (2.8), (2.22) and Hélder’s inequality imply that the
function a(z, u, Vu) - Vo ¢! belongs to L'(2). Using then that S.(u) converges a.e. to X{u—o}
and (2.18), and the Lebesgue dominated convergence theorem we deduce

lim [ a(z,u, Vu) - Vi S.(u)p? 'de = 0. (3.4)

e—0 Q

For the third term in (3.3), we use (2.25), which allows us to apply Lebesgue dominated
convergence theorem to get

lim F(x,u)Sg(u)gppd;E:/ F(x,0)¢Pdx.

Therefore, taking the limit in (3.5) when ¢ tends to zero we obtain

1
0> / F(x,O)gopdx—l—alimsup—/ |VulPpPde,
{u=0} e=0 € J{o<u<e}

which by (2.12) shows (2.28) and
1
lim — \Vul|PePdz =0, Yoe WP (Q)NLe(Q), ¢ > 0. (3.5)
€700 & Jio<u<e)}

Let us now prove (2.29) and (2.30), for w € W. Decomposing w = wt +w~, where both w™
and w~ belong to W, we can assume w nonnegative. We take ¢ such that (3.1) holds. Using

\Y
|VulP~ V| < <|Vu|p_lgop_1> (Lppfullx{‘#o}), a.e. in

and taking into account (2.22) and (3.1) we conclude that (2.29) is a simple consequence of
Holder’s inequality.
For € € (0,1), we define Z. € Wh*(0, c0) by

Z.(s) = (— - 1)+ Al (3.6)



Then, for § > 0, we use (2.24) with

o ((% - 1)+/\1> (w+0)r € WP(Q)NLX(Q), h=_Z.

Observing that
h(u)@? = Z(u)(w + 9),
we get
/ a(z,u, Vu) - Vw Z(u) dx + 1/ a(z,u, Vu) - Vu (w + ) dx
Q

€ J{e<u<2e}

_ /Q Fla,u) (w+8)Z.(u) da.

Since Z.(u) vanishes on the set {u < ¢} and (2.21), (2.13) and (2.15) hold, we can pass to the
limit when ¢ tends to zero, to get

1
/ a(z,u, Vu) - Vw Z(u) dx + —/ a(z,u, Vu) - Vuwdr = / F(z,u)wZ.(u) dz.
Q Q

€ {e<s<2e}

Thanks to (2.25), (2.8), (2.29), (3.1), (3.5) and Lebesgue dominated convergence theorem we
can pass to the limit in this equality to deduce (2.30). g

Proof of Theorem 2.7. The first part of the theorem is devoted to obtain some a priori
estimates for u,,.

Taking into account the definition of A given by (2.10) and (2.14), we can fix in the proof
Ry, e > 0 such that

(v+7) /Q [vfPdr < (1 —¢) /Q (a(z,v,Vv) - Vv + v[v]P) dx .

Yu e WyP(Q) with / (a(z,v, Vv) - Vv + v[v[’) dz > Ry.
0

For 6 > 0, we take (u, —0)" € W, with § > 0, as test function in (2.34). Taking into
account that for every t > 0, there exists C; > 0 such that

2P < (1+t)(x—90)P +Cié?, Va>d>0, (3.8)
and defining the Sobolev constant Cq by (Cq does not depend on Q if p < N)
[0l ) < Call Vollzng), Vv e WgP(Q), (3.9)

we have for every ¢t > 0

/ a(z, uy, Vuy,) - Vu, de = / Fo(z,un)(u, —6)" dx
{ Q

up>d0}
< /(k + vl ") (u, — 6)da < LHk i - %/ |Vu,|Pdx 3.10
-~ Ja ’ " " Tt *leey @) D Jiu,>6} ! (310)
+v(1+1) / (un, — 90)Pdz + vCo?|Q|.
{un>6}
If
/ (a(x, Up, VUuy) - Vu, + ’yufl) dr < Ry, (3.11)
{un>6}
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then, thanks to (2.7) we easily get
(un — ) is bounded in W, (). (3.12)

In another case, using (3.7) with v = (u, — §)™ we deduce from (3.10)

(1—(1—¢)(1+1)) /{ >6a}(x,un, Vu,) - Vu, dx

tC?
ks || )+ pﬂ/ \Vu, |[Pdx + vC,67 |9,
{

—= | @) (Q
tp L Un>8}

which using (2.7) and taking ¢ small enough to have

a(l —(1-9¢)1 +t)) —

proves that (3.12) is also true when (3.11) does not hold.
Observe that decomposing u,, as u, = (u, A1) + (u, — 1)T, estimates (3.12) and (3.9) also

imply

trCy =0

u, is bounded in L (). (3.13)

We have obtained an estimate for Vu,, on the set {u, > 0}. Let us now obtain an estimate
on the set {u, < 8}. For this purpose, we take (6 — u,)"¢? with ¢ € Wy?(Q) N L®(Q), ¢ >0
a.e. in 2, as test function in (2.34). We get

- / a(x, Unps vun) ' Vun @pdw + p/ CL(Q?, Up, vun) ’ VQO (ppfl((s - un)erx
{un <8} @ (3.14)

= / Fo(x,un) (6 — up) TP de.
0

Taking into account (2.7), (2.8) and Vu, = 0 a.e. in {u,, = 0}, we deduce

g p pd /F+ 1_% + pd
5/{u <(L}Vun| x + n(:zc,un)< 5) oPdx

= / (y0P ™ + ag)pPdx + B (V| +5+b)p_1\V90\g0pfldx (3.15)
{Un<(5} {Un<5}

+/ F(x,u,)ef de,
{un<d}
which using (2.15) easily implies the existence of C' > 0 such that

1 p
5 vurerde s | B (1= 3) ar <O (Iell + 1961 0)

Vo e W P(Q)NLPQ), ¢ >0ae inQ, Vde/(01).

(3.16)

From this inequality, (3.12) and (2.13) applied to F,,, we deduce in particular
|Vu,|¢ bounded in LP(Q), F,(z,u,)"¢? bounded in L'(Q), YV € WP () N L=(Q). (3.17)

Taking into account (3.12), (3.13), (2.33), Rellich-Kondrachov’s compactness theorem and
Fatou’s lemma we deduce the existence of a subsequence of u,, still denoted by u,, and a
function u such that

{ we L’ (Q), u>0ae inQ, (u—208)*eW,;?Q), Vd>0

3.18
Vu|p € LP(Q), F(z,u)To € LY(Q), Ve WP (Q)N LX), (3.18)
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and such that (2.35), (2.36) and (2.37) hold.
Returning now to (3.15) and using (2.15) applied to F),, (2.33), (2.12) and the Rellich-
Kondrachov compactness theorem we deduce

1 N+
lim lim sup (—/ |Vu,|PPde + /F;(x,un)<1 - u_) gopdx) =0, (3.19)
0—0 n—o00 {un<5} Q 5
for every ¢ € WOL‘”(Q) N L>(Q), ¢ > 0.
Let us now prove that u is a nonnegative solution of (2.1). By (3.18), it just remains to
show (2.24). Even more, let us prove (2.30).

Taking into account (3.17) and (2.8), we can assume the existence of o € L¥

P ()N, such
that

a(z, tn, Vi) P = a Pt in P ()N, Yo e WP (Q) N L¥(Q), ¢ > 0. (3.20)

Taking w € W as test function in (2.34), we get
/ a(z, up, Vuy,) - Vo dr = / Fo(z,u,) wdx. (3.21)
Q Q

In the left-hand side of this equality we use

CL(I, Un, Vun) -Vw = (CL(I, Unp, Vun)gpp_1> ’ (;,l_Ul>X{§D7£O}7

with ¢ € W, P(Q) N L>®(Q) associated to w following Definition (2.26) of W. Thanks to (3.20)
we can then pass to the limit when n tends to infinity, to get

lim [ a(z,un,, Vu,) - Vwdr = / o-Vwdz. (3.22)

In the right-hand side of (3.21), we use (2.36), (2.37), (3.19) and assumptions (2.13), (2.15)
applied to F), to also obtain

lim Fn(x,un)wdx:/F(x,u)wda:.

Therefore, we have shown
/U-dex:/F($,u)wdx, YweW. (3.23)
Q Q

To finish, let us prove
o =a(z,u,Vu) ae. in €, (3.24)

which combined with (3.18) and (3.23) will prove that u is a nonnegative solution of (2.1).
Taking m > 0 and (u, A m)yp, with ¢ € C°(Q) as test function in (2.34), we have

/ a(z, up, Vuy,) - Vu, pde + / a(z, un, Vuy,) - Vo (u, Am)dx
{ Q

Up<m}

:/Fn(x,un)(un/\m)wdx,
Q
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where we can pass to the limit thanks to (2.35), (2.36), (2.37), (2.33) and (3.19) to get

lim a(m,un,Vun)-Vun<pdm+/a-V<p(u/\m)dx:/F(a:,u)(u/\m)gpdm.
Q

On the other hand, using w = (u A m)y in (3.23), we have

/ U-Vucpdx—i-/U~Vg0(u/\m)dx:/F(m,u)(u/\m)cpdx.
{u<m} Q Q

Thus, we have proved

lim a(x, up, Vuy,) - Vu, pdr = / o-Vuepdr, ¥Ym>D0.
1700 S {un<m} {u<m}
This equality allows us to use the Minty rule (see e.g. [17], [18]) to deduce (3.24). O

Proof of Theorem 2.8. For every n € N, we define F,, : © x [0,00) — R by
F.(z,s) =[F(x,s) V(—n)]An, VseR, ae ze€ll
Then, we extend F, to Q2 x R and a to Q x R x RV by taking
Ey(x,8) = F,(r,0), a(x,s,€) =a(x,0,£), V(5§ € (—00,0) x R, ae. €

Taking into account that F), is a Carathéodory function and |F,(x, s)| < n a simple application
of the Schauder fixed point theorem and the theory of monotone operators provides a solution
U, of

—div a(z, uy, Vu,) = F,(z,u,) in Q
(3.25)

u, € Wy().
Multiplying (3.25) by —u,,, we have

/ a(z,0,Vu,) - Vu, dr = / F.(z,0)u, dz,
{un<0}

{un <0}

which using (2.7) and (2.12) proves u,, > 0, i.e. u, is a nonnegative solution of (3.25). Applying
Theorem 2.7 to this sequence we deduce the existence of a subsequence of u,, which converges
to a nonnegative solution of (2.1). O

Proof of Theorem 2.9 For §,k > 0, we consider the function
z = [(u1 — Uy — 5)+ A k:f,

which satisfies
Vz= 2(“1 — Uy — 5)V(U1 - UZ)X{u2+5<u1<k+u2+5}

and therefore
IVz| < 2((ur — 8)" A k) (|[Vur] + [Vug|) ace. in Q.

By w1, us nonnegative solutions of (2.41) and properties properties (2.21) and (2.22) of the
nonnegative solutions, we get that z is a nonnegative function of W,*(Q)NL>®(Q) and therefore
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2P belongs to the space W defined by (2.26). Taking 2 as test function in the difference of the
equations satisfied by u; and uy, we get

2]7/ (a(z, Vur) — a(z, Vug)) - V(u1 — us) (Ul — Uy — (5)2p_1d:v
{ug+d<ui <k4us+d} (3 26)

= /Q (Fi(z,w1) — Fa(z,u2)) [(ur — ug — 5)+ A k] P da.

Let us first assume Fj(z,.) non decreasing, then using Fi(x,us) < Fp(x,uz) a.e. in 2, we
have

Qp/{ (a(z, Vur) — a(z, Vus)) - V(ug — us) (ug — up — 5)2p_1dx

ug+o<ui <k+uz+40}
< / (Fy(z,wr) = Fi(w,u0)) [ (us — ug — 5)+ A k]zpdﬁ‘
Q

Here, we observe that
U < Uy = [(UI—U2—6)+/\I{?] :O,

while by F; non decreassing we have
uy > uy = Fi(x,uy) — Fi(x,up) <0,
Therefore, the right-hand side of (3.26) is nonpositive which, taking into account (2.38), proves
Vu; =Vuy ae in{us+d <uy <k+uy+4d}, Vd>0, Vk>D0,

and then
Vu; = Vuy ae. in {us < uy},

or equivalently, V(u; — ug)™ = 0 a.e. in . This proves that (u; — ug)™ is constant in every
connected component of Q, which combined with (u; — 8)* € Wy ?(Q) for every § > 0,4 = 1,2,
proves u; < up a.e. in .

Assume now Fy(z,.) non decreasing. Using Fi(x,u;) < Fy(z,u1) in (3.26) we get

Zp/{ (a(z, Vur) — a(z, Vus)) - V(ug — us) (ug — 6 — u2)2p71dat

ug+o<uy <k+uz+5}

< / (Fa(z,u1) — Fo(z, u2)) [(ur — us — 5)+ A k] *du.
Q

This allows to repeat the above reasoning to deduce again u; < usy a.e. in Q. U

4 Nonexistence of a solution taking negative values when
F' is too large near s = 0.

In Section 2, we have proved the existence of a nonnegative solution for problem (2.1) when
the function F' = F(x, s) on the right-hand side can take the value plus infinity at s = 0. In
the present section we prove that if F'(x,s) is bigger than 7/|s|, 7 > 0, when s is close to
zero, then every solution of the semilinear problem is necessarily nonnegative. This result is a
consequence of the following lemma.
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Lemma 4.1. Let Q be a bounded open set of RV, p > 1, and a : Q@ x R x RY — RY be a

function which satisfies

{ a(.,s,€) is measurable in Q, V(s,£) € R x RY

a(x,.,.) is continuous in R x RN, a.e. x € Q.
o There exist o, v, ag such that

{ a>0,v>0, ag € L(p*)/(Q), ag >0

alw,5,6) - € > alglP = ylsl? — ap(@)lsl, V(s,6) € RxRY, ae. z € Q.

o There exist 5, b such that
f>0,beLP(), b>0,
{ la(z,s,€)] < B¢+ |s| + b(x))p_l, V(s,&) ER xRN, ae v€Q.
Let w and H be two measurable functions in ) such that
(u+0)" € WyP(Q), Vé>0
HeL'({fu<—6}), Vé>0

T

Jul

371,60 >0 such that H > a.e. in{—dy <u<0}

/a(x,u,Vu)-Vvdx:/Hvdx
0 0

Yo e WyP(Q)NL2(Q), such that 36 >0 with v =0 in {u > —§}.

Then, we have
u>0 a.e in €.

(4.1)

(4.2)

(4.8)

The previous Lemma implies that any solution of problem (2.1) cannot take negative values

when F(z,s) > 7/|s|, 7 > 0, for s small. More exactly, one has:

Theorem 4.2. Let Q be a bounded open set of RN and p > 1. We consider a function
a: QxRxRY — RN which satisfies (4.1), (4.2) and (4.3) and a function F : QxR — RU{oo},

which satisfies

F(-,s) is measurable in Q, Vs € R, F(x,-) is continuous in R\ {0}, a.e. x € Q

30p, 7 > 0, with F(x,s) > ﬁ, Vs € (—dp,0),
and

(

dvs >0, ks € Ll(Q), ks >0, V§ >0

|F (2, s)| < ks(x) + ve|s
‘ ks € LYQ), ks >0, YmeN, Vd >0
if p ;

\

P Vs with |s| > 6, a.e. x €

if p < N, {

|F(z,s)| < kms(z), Vs withd < |s| <m, a.e. x el

Then, any measurable function u : 2 — R which is a solution of
—diva(z,u, Vu) = F(z,u) in Q\ {u=0}
u >0 on 0,
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in the following sense:
(w406~ e WyP(Q), Vé>0

/Qa(x,u, Vu) - Voudr = / F(z,u)vdz (4.13)

Q
Yo e WyP(Q)NL2(Q), such that 36 >0 with v =0 in {|u| < d},

satisfies
u>0 ae. in . (4.14)

Remark 4.3. Problem (4.12) is non standard since the equation takes place in the set Q\ {u =
0} which depends on the solution w. In general this set is not an open set since u has not reason
to be continuous.

The fact that the equation takes place in Q\ {u = 0} is reflected in the (mathematically
correct) formulation (4.13) where the test functions v have to vanish on the set {u = 0}.

Remark 4.4. Definition 2.3 in Section 2 was concerned with nonnegative solutions. Thus, the
functions a = a(z,s,€) and F = F(x,s) were only defined for s nonnegative. It is clear that
Definition 2.3 could be extended in a natural way to the case where F is defined for s € R
and where the solution can take negative values. In this new setting, any such solution to (2.1)
would have to be nonnegative in view of Theorem 4.2 when the function F satisfies assumption
(4.10), reinforcing in this case the uniqueness result of Theorem 2.9.

Remark 4.5. If in Lemma 4.1 we replace assumptions (4.4), (4.5), (4.6) and (4.7) by
(u—08)*t e W, P(Q), V6>0, HeL'({u>6}), V>0,

37,60 >0 such that H < —— a.e. in {0 <u < d}

Jul
/a(x,u,Vu)-VU:/Hvdx
Q Q
Vo e W, P(Q)NL2(Q), such that 36 >0 with v =0 in {u < §}.

Then, instead of (4.8) we have that u < 0 a.e._in §2. The proof of this result just follows by
applying Lemma 4.1 to the functions a, u and H defined by

a(z, s, &) = —a(z,—s, =), u= —u, H=—-H.

Using this result one can also modify Theorem 4.2 to prove that the solution u of a nonlinear
problem with a singular right-hand side term F(x,u) such that

F(z,u) < —Z, if 0 <u <9, forsomed >0,
u

which is nonpositive on the boundary is necessarily nonpositive in the whole of §2.

The results stated in Lemma 4.1 and Theorem 4.2 are based on the fact that the sign of v on
the boundary is known. When no boundary conditions are given it is still possible to show
Lemma 4.6 below. It proves that the solution of a nonlinear problem with a singular term,
which is sufficiently large for u close to zero, cannot changes the sign.
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Lemma 4.6. Assume Q C RN, open, a : Q x R x RY — R satisfying (4.1), (4.2) and (4.5).
We assume there exist u € WLP(Q) and H € LL (Q) such that there exist 7,5y > 0 satisfying
one of the following conditions:

|H| > |%| a.e. in{0<u<d}
/a(x,u, Vu)-Vvdr = / Hvdx (4.15)
0 Q
| Vv e WP (Q) N L>(Q), spt(v) C Q compact, 35 > 0 with v =0 in {v < §}.
or
|H| > ﬁ a.e. in{—0y <u <0}
< /a(x,u,Vu)-Vvdx:/Hvdx (4.16)
0 Q
| Vv E WP(Q) N L>(Q), spt(v) C Q compact, 36 > 0 with v =0 in {v > —5}.

Then, one of the following assertions hold:

u>0 ae in or u<0 ae. in. (4.17)

Proof of Lemma 4.1. For ¢ < §y/2, we take

o= (1+2) ALeW"(@NL™(Q), Ve>o0. (4.18)
€
as test function in (4.7). We have
1
——/ a(m,u,Vu)-Vudx—/Hvsdx—/ Hdx + Hu, dx,
€ J{—2e<u<—e} Q {u<—d0} {—bo<u}
and thus .
—/ Hdx = —/ a(x,u, Vu) - Vudzr + Hu. dz. (4.19)
{u<—60} € J{—2e<u<—e} {—do<u}

By (4.6), we know that H > 0 a.e. in {—dy < w < 0}. This allows us to use the monotone
convergence theorem in the last term, which combined with (4.2), proves

limsupg/ \VulPdx +/ Hdx < —/ H dzx,
e=0 € J{—2e<u<—¢} {—do<u<0} {u<—d0}

and thus, taking into account (4.5), we get

1 1
He L'({u<0}), limsup—/ |Vu|Pde < —— H dzx. (4.20)
e=0 € J{2ecu<—c} & J{u<o0}
Now, we observe that thanks to (4.6), for 0 < 2e < dy, we have
1 1 1
—HxGQ: —25<u<—€}}§ —dr < = H dx,
2e {—2e<u<—¢} |U| T J{—2e<u<—e}

and then, by the first assertion in (4.20)

hml}{xegz —2e <u<—¢e}|=0. (4.21)

e—0 g
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Let us now take ¥ € C°(RV)N. Since v, defined by (4.18) belongs to W, ?(Q), we have

1
/vediV\Ifda::—/Vva-\I/dx:—/ Vu-VUdz. (4.22)
Q

Q € {—2e<u<—¢}

Taking into account (4.20) and (4.21), we have on the first hand

1
limsup—/ |Vu|| V| dx
e=0 € J{2e<u<—c}

1 v (1 v
< lim <—/ |Vul? daj) (—‘{x CEw: —2e<u< —E}D W] oo (yv = 0.
£

e20\ € {—2e<u<—e¢}

On the other hand, using the definition (4.18) of v. and Lebesgue’s dominated convergence
theorem, we have

lim [ v.div¥dr = / div ¥ dx.
Q {u<0}

e—0

Thus, (4.22) provides
0= / Xucoydiv¥de, VU € CX(RY)Y = Vyiucoy =0 in D'(RY). (4.23)
Q

This proves that y{,<oy is a constant function in RV, but {z € Q: u(x) < 0} C Q implies that
X{u<oy Vanishes outside 2. Therefore x(,<0) = 0 a.e. in RV, O

Proof of Theorem 4.2. It is easily deduced Lemma 4.1 with H(z) = F(z,u(x)). Namely,
we observe that (4.13) implies (4.4) and (4.7), while Sobolev’s embedding theorem and (4.11)
provide (4.5). Finally, assumption (4.6) follows from (4.10). O

Proof of Lemma 4.6. To fix ideas we assume in the following that (4.15) holds. The other

case is completely similar. The proof follows the ideas of Lemma 4.1.
We take o € WHP(Q) N L>(Q). Then, for € > 0, we define

V. = [(3—1)+/\1]

Taking v = v. in (4.15), we get

1
—/ a(m,u,Vu)-Vugpdx—l—/a(:z:,u,Vu)~Vgovsdx:/vagodx.
Q Q

€ {e<u<2e}

Then, using Lebesgue dominated convergence theorem we can pass to the limit when ¢ tends
to zero to deduce

1
lim — a(x,u, Vu) - Vupdr = / (ng —a(z,u, Vu) - ch)dx,
e~0¢ {e<u<2e} {0<u}
which combined with (4.2) shows
1
lim sup — / |Vul|Podr < +o0. (4.24)
e=0 € J{e<cu<2e}

On the other hand, for € < dy/2, we have

T

T eas< [ Hleds
€ Je<u<2e} {e<u<2e}
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and so,
1
lim — pdr = 0. (4.25)
=0 € {e<u<2e}

From (4.24) and (4.25) we then deduce similarly to (4.23) (observe that now the support of¥
is contained in €2).

/ divldr =0, Y¥ecCxQ)".
{u>0}

This shows that the distributional gradient of X (.0} is zero and so that x>0y is constant a.e.
in €, ie u>0a.e inQorwu<0a.e. in ). ]

5 A one-dimensional example of a singular equation with
many solutions which change sign.

In Section 2 we have proved the existence of a nonnegative solution for the semilinear problem
(2.1) where F' = F(x,s) is nonnegative at s = 0 and can take the value +o00. Later, in Section
4, we have shown that if F'(x,s) is bigger than 7/|s|, 7 > 0, when s is negative and close to
zero, then every solution of (2.1) is nonnegative. If contrarily, the right-hand side F' tends to
+o0o when s tends to 0 with a speed of order 1/|s|”, 0 < v < 1, then some examples in [9]
and [10] show that a nonpositive solution can also exist. This proves that condition (4.10) in
Theorem 4.2 is optimal in the sense that it cannot be relaxed by

-
|s[7

In the present section we explore the simple example in dimension N = 1 given by

F(x,s) > a.e. in {0y < s <0}, with p,7 >0, v<1.

" Y (5.1)

with L, f,~ positive constants and g € R. We will describe all the possible solutions.

Theorems 2.8 and 2.9 applied to (5.1) show the existence and the uniqueness of a nonnegative
solution for (5.1), for every f,v > 0 and g € R. For v > 1, Theorem 4.2 shows that every
solution of the problem is nonnegative. So, the solution given by Theorem 2.8 is the unique
solution to this problem. Also, if ¥ < 1 and g < 0, the right-hand side in problem (5.1) is
nonnegative and then, the classical weak maximum principle implies that every solution has
also to be nonnegative. Thus, we will assume in what follows

f,g>0, 0<~vy<l1.

We first observe that a change of scale in the variables x and u allows us to reduce the
number of parameters. Namely, for r,¢ > 0 to be chosen, we define the new unknown function
w by

w(z) =ru(te), x € (0,L/t). (5.2)

The differential equation in (5.1) is then transformed into




Taking

1 1
g\" fﬁ L

r= (}) , = EESE l:?, (53)

g

problem (5.1) reduces to

—w":T%;—l in (0, 1) o
w 5.4

w(0) = w(l) = 0.

The main results of this section are Theorem 5.3 and 5.7 below. They show in particular
the existence of solutions to problem (5.1) which take negative values and even change its sign
when [ is big enough. Moreover the number of such solutions increases as [ increases.

5.1 Statements of the results concerning problem 5.4.

In the introduction to this section we were speaking about solutions of problem (5.4) and (5.1),
but we did not define what we understand by a solution of these singular problems. The
definition that we will use is the following one:

Definition 5.1. Let v be such that

0<y <l
A measurable function w : (0,1) — R is a solution of (5.4) if it satisfies
w e L*0,1) (5.5)
(jw| = 8)" € Wy'(0,1), Vé>0 (5.6)
1
— et l .
|U}|’Y S loc<07 ) (5 7)
1
n__ . /
—w" = wp 1 in D'(0,1). (5.8)

This definition could seem to be weaker than the one given by Definition 2.3 for nonnegative
solutions, but this is not the case because of the following Proposition.

Proposition 5.2. Let w be a solution of (5.4) in the sense of Definition 5.1. Then one has

w e WH0,1) N Hy(0,1), (5.9)
and then in particular
1
— € L'(0,1 ([0, 7). 5.10
wp € (0,0), we ([0, (5.10)
Moreover, defining ¢ > 0 by
c = |w'(0)|?, (5.11)
one has
|w'|* = b(w) +c in[0,1], (5.12)
where b : R — R s the function defined by
2 s
b(s) = ———— +2 R 1
(s) 1—7\3\7+ s, VseR, (5.13)
where b(0) is understood as zero.
Finally, when ¢ # 0 one has
1 1
we W1(0,1), — € L0,]), VYqg< —. 5.14
(0.0, o € L0, - (5.14)
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In the case where v = 1/2, we are able to describe all the solutions of problem (5.4) in the
sense of Definition 5.1. This is the most simple case of the main result of this section

Theorem 5.3. Let v be such that

1
v )
Define Ty by

TO = 2\/5’7'('

Then, the set of the solutions of problem (5.4) in the sense of Definition 5.1 is the union of the
following branches:

1. For every l > 0, there exists 1 solution of problem (5.4) which is positive in (0,1). This
solution is the unique nonnegative solution of (5.4).

2. For | = Ty, there exists 1 solution of problem (5.4) which is negative in (0,1). This
solution is the unique negative solution of (5.4).

3. For every | > Ty, there exist 4 solutions of problem (5.4) which are as follows: the first
one is negative in (0,1), and is the unique solution (strictly) negative on (0,1); the 3 other
ones change sign at every zero and are negative on 1 nonempty subinterval of (0,1) and
positive on 1 or 2 nonempty subintervals of (0,1).

4. Forl = 2Ty, there exists 1 solution of problem (5.4) which is negative in (0, Ty) U (Ty, 2T5)
but which vanishes at Ty.

5. For every l > 2Ty, there exist 4 solutions to problem (5.4) which change sign at every zero
and are negative on 2 nonempty subintervals of (0,1) and positive on 1, 2 or 8 nonempty
subintervals of (0,1).

6. Simlilarly, for every k € N, with k > 3, for every | = kT, there exists 1 solution of
problem (5.4) which is negative on Uf;ol(jTo, (7 + 1)To) but which vanishes at t = jTy,
jedl, .., k—1}

7. Similarly, for every k € N, with k > 3, for every l > kT}, there exist 4 solutions to problem
(5.4) which change sign at every zero and are negative on k nonempty subintervals of (0,1)
and positive on k — 1, k or k + 1 nonempty subintervals of (0,1).

Therefore when v = 1/2, problem (5.4) has ezactly
1+ 4k solutions if KTy <1 < (k+1)Ty, Yk >0, (5.15)
4k — 2 solutions if | = kTy, Vk > 1. (5.16)

Remark 5.4. Let us denote by Bi, with k € N, k > 1, and 7 = 1,2,3,4, the 4 functions
which to any | > k associate the 4 solutions of problem (5.4) in (0,1), which are negative
on k subintervals of (0,1), described in the latest point of Theorem 5.3, or more exactly their
extensions by zero to (0,00) of these 4 solutions. Since these 4 solutions are uniquely defined by
formulas (5.38) and (5.42) below, it is not difficult to prove that the functions B are continuous
on (kTy, +00) with value in L'(0,00) or even W,P(0,00) for any p < co. This proves that in
the case where v = 1/2, the set of all the solutions of (5.4) coincide with a set made of a
countable number of bundles of 4 continuous branches originating at every point | = KTy, with
k > 1 to which one has to add the branch of the nonnegative solution originating for | = 0.
A representation of these branches with the type of solutions corresponding to each branch is
gien in figure 2.
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Remark 5.5. As already said in the introduction of this section, problems (5.1) and (5.4)
are equivalent through the change of (independent and dependent) variables (5.2). In the case

v =1/2, since (5.3) implies that
A%
9= (f) )

C(ITh\?
M‘(T) ’

Theorem 5.3 implies that problem (5.1) has a unique solution (which is positive) when 0 < g <
M, and a unique negative solution when g > M. Moreover at every value g = ng, with
k € N, a bundle of 4 branches of solutions appears, so that problem (5.1) has exactly 1 + 4k
solutions for Mk < g < M(k+ 1)%, k>0 and 4k — 2 solutions for g = ME3, k> 1.

setting

Theorem 5.3 refers to the case v = 1/2. In the case v € (0,1/2) U (1/2,7) we do not know
the exact number of solutions of problem (5.4) and the structure of such solutions. However
we can still show some related results. For this purpose consider the function b defined by
(5.13), whose graph is given in figure 1. The following proposition gives some properties of this
function b we will need later to state and prove the results corresponding to the existence of
solutions for problem (5.4).

Proposition 5.6. For v € (0, 1), the function b defined by (5.13) satisfies

b is strictly increasing in (—oo, —1) and (1,00), b is strictly decreasing in (—1,1)
2 2
lim b(s) = —o0, b(—1) = ﬁ b(1) = —ﬁ, Tim b(s) = o0
1
b wvanishes al s = —————, s =0, s = ——.
N (1 =7) (1 =7)

(5.17)

o For 0 < c < 2y/(1 —7), the equation b(s) + ¢ = 0 has three solutions z(c), z2(c) and
z3(c) with z1(c) < —1, 0 < z(c) < 1, 1 < z3(c).

e Forc=2v/(1—~) the equation b(s) + ¢ = 0 has two solutions z,(2y/(1 — 7)) < —1 and
2(2y/(1 =7)) = 1.

o Forc>2v/(1—7), equation b(s) + ¢ =0 has a unique solution z(c) and z(c) < 1.

We define T~ : [0,00) = R and T : [0,2v/(1 — 7)) = R by

0 dt
T(c) = 2/ ) (5.18)
z1te) VO(E) + ¢
22(¢) dt 27
T (c :2/ N VCE{O,—). 2.19
¥ 0 Vb(t) + ¢ L=~ (5.19)
Then, we have
T € C'([0,00)), T*:= min 7 (c) >0, lim T (c) = o (5.20)
2

T e C’O<[0, —Py>>, T+ is strictly increasing, TT(0) =0, lim T%(c)=o00. (5.21)

1 - v c%%
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Using the function 7'~ defined by 5.18 we can now state our main result about the existence
of solution for problem (5.8) for v € (0, 1).

Theorem 5.7. Let v be in (0,1). Define T* by (5.20) and T by
To =T(0). (5.22)
Then, we have:

If T~ is strictly increasing in [0,00), then all the results in the statement of Theorem 5.3
still hold true.

If T~ is not necessarily strictly increasing, we have:

1. For every l > 0, there exists 1 solution of problem (5.4) which is positive in (0,1). This
solution is the unique nonnegative solution of (5.4).

2. For every | < kT*, k > 1, there is not any solution of problem (5.4) which is negative
on at least k nonempty open subintervals of (0,1) and vanishes on the boundary of these
intervals.

3. For every | > T*, there ezists at least 1 solution of problem (5.4) which is negative in
(0,1).

4. For every | = kTy, k > 1, there exists 1 solution of problem (5.4) which is negative on
U;:é(jTo, (j + 1)To) but which vanishes at t = jTy, j € {1,....,k —1}.

5. For every | > kTy, k > 1, there exist at least 4 solutions of problem (5.4) which are
negative on exactly k disjoint open subintervals of (0,1), they vanish on the boundary of
these subintervals and are positive on the rest of (0,1), which is composed by k — 1, k or
k + 1 disjoint open subintervals.

In particular, for v € (0,1), problem (5.4) has at least
1 + 4k solutions if KTy <1 < (k+ 1)1y, Yk >0, (5.23)
4k — 2 solutions if | = kT, Vk > 1. (5.24)
Remark 5.8. By Theorem 5.7, the number of solutions of (5.4) agrees with (5.15) or (5.16),

when the function T~ is strictly increasing. In the case where v = 1/2 this follows from the
next proposition which provides an explicit expression for T~. In the general case we do not
know when this is true or not. A numerical computation provides figure 5 showing the graph
for T for several values on . It seems to indicate the existence of ¥ < 1/2, close to 1/2, such
that T~ is not strictly increasing for v € (0,%), while it is strictly increasing for v > 7.

Proposition 5.9. Assume v = L. Then, the functions z; and z, defined by Proposition 5.6

2
are given by

21(e) = — (2 + g T VI 2c> L Ve>0, m(c)=2-— g VI3, Yee[0,2. (5.25)
The functions T~ and T defined by (5.18) are given by

V=200 - 2500
—z(c)

T=(c) =22 [ 7 — 2arctan +\/—zl(c)—2 —z(c) ], Ve>0,

(5.26)

TH(c) = 22 [ 2arctanh v/ 22(¢) — \/2\/,22(0) —2(c) |, Vse€[0,2). (5.27)
\/2\/22(0) — 2z5(c)

The function T is a strictly increasing function in [0, 00).
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5.2 Proof of the results corresponding to the one-dimensional ex-
ample.

The results exposed above are essentially a consequence of Theorem 5.10 below. First of stating
and proving this result, let us show Propositions 5.2 and 5.6.

Proof of Proposition 5.2. We start by observing that if w is a solution of (5.4) in the sense of
Definition 5.1, then, (5.7) and (5.8) imply that w is in W2 (0,1), and therefore w’ is in C*(0,1).
Multiplying equation (5.8) by w’, we get

|w/|2 /_ w' .
—( 5 = |w|v—w in (0,1),

and thus, there exists a constant ¢ € R such that

2
= — TP | +2w+c in (0,1). (5.28)
o Tw
Since w € L'(0,1), we deduce from this equality that |w'|? belongs to L'(0,1) and therefore
w € H'Y0,1). Then, (5.6) implies that w beongs to H}(0,1). In particular, w belongs to
C°([0,1]) and then (5.28) shows that |w’| is in C°([0,1]).
Integrating equation (5.8) in (0,1 — d), with § > 0, we also have

[w'*

-6
/ dr —w'(l —0) +w'(6) + 1 — 20.
é

jw|?

Since |w'[ in C°([0,1]) implies w’ in L*>(0,1), the monotone convergence theorem implies that

1

—— e LY0,1 2
ez, (5.29)
and then (5.8) proves that w is in W2!(0,1). In particular, this means that w’ is in C°([0,])
and by (5.28) that (5.12) holds.

If ¢ # 0, then, using that w € C'([0,1]) and that |w'(s)| = ¢* for every s € [0,!] such that
w(s) = 0, we deduce that 1/|w|” belongs to L9(0,1) for every ¢ < 1/ which combined with
(5.4) shows (5.14). d

Proof of Proposition 5.6. Statement (5.17) and the results about the number and position
of the zeros of the function b follow immediately by studying the sign of the derivative of b.

The continuity of the functions 7~ and 7" defined by (5.18) and (5.19) is simple to check.
Moreover, the definition of 7% and z3(0) = 0 implies 77 (0) = 0. Since for ¢ = 2v/(1 — ), we
have z3(c) = 1 and b(1) + ¢ =b'(1) = 0, we get

*(c) =

g o=z [
In order to prove that T'" is strictly increasing, we recall that Theorems 2.8 and 2.9 show

that problem (5.1) has a unique nonnegative solution for every [ > 0. Taking into account

Theorem 5.10 below (see (5.41)) this solution is necessarily obtained as the restriction to [0, (]

of a periodic function of period T~ (¢) + T (c), with [ = T (c¢) for some ¢ € [0,27/(1 — 7)).

Moreover, by (5.42), it is given by

Gll—2) ifee [5,1],

= 0. (5.30)

G Hx) ifre [O,

DN | =~

w(r) =

o~
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with G defined by (5.36). This provides the implicit definition of w

x = w(x)L itz e [O q
o AVb(t)+¢ "2
= dt = dt ) l

3::/0 \/b(t)+c+/w(z) NIOET: e [§’l]'

The uniqueness of w implies then that for every [ € [0, 00), there exists a unique ¢ € [0,2v/(1 —
7)), which satisfies 7" (c) = I. Combined with 77 (0) = 0, (5.30) and 7" continuous, this shows
that T is strictly increasing.

In order to study the values of T~ we consider the function R defined by

R(z) =T (27'(~2)), Vz€ (2(0),00), (5.31)

which is obtained by writing the function 7~ in the variable z = —z;(¢). Then, recalling
definition (5.13) of b and that z;(c) is the unique negative root of b+ ¢, we get that R is given
by

dr 1

R(z)=2 ) , V2> ——. (5.32)
/0 \/%(rlﬂ—zlﬂ) +2(z—1) (1—~)~

Now, for z € (0, 00) we define 9 : [0,00) — R by

__2 1=y 1=y 2
w(r)—l_v(r —AT) S Yr>o.
Then, using
1 1
p— / p— e
¢(2)—0> 7ﬁ(r)_Q(,r,y Z'V> 207 Vre (072]7

we deduce that ¢(r) < 0 for every r € [0, z|, which implies

(T =) 2 < (1 - zi) (z=m), Vrez),

and then, for every z > 1, we have

dr

/z > 1 /z dr 220+
e e B e e R

Taking into account (5.32), the function z — 27™!/(27 — 1) increasing for z > (1 + ’y)% and
1

(1-— 7)_% > (1+7)~ for 0 < v < 1, we deduce

2 1
R(z) > | ———, V2> —, lim R(z) = co.
(1 =7) (1=7)" o
Returning to the variable ¢ = z;'(—2), we have then proved
_ 2 e
T (c)>,|—, Ye>0, lim 77 (¢) = oo. (5.33)
(1= o
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Theorem 5.10. Assume that w is a solution of (5.4) and define ¢ by (5.11).

e If0 < c<2y/(1 =), then w is the restriction to [0,1] of a function in WX (R) (W2I(R),
for every q < 1/~ if ¢ > 0), still denoted by w, which is a solution of

1
—w"'=—-1 in R, (5.34)
jw]
periodic of period
T(c):=T (c)+T*(c), (5.35)

with T—, T defined by (5.18), (5.19). Defining G by

® dt
G(s) = /0 TOET Vs € [21(5), 22(9)], (5.36)
we have that one of the two following conditions hold:
@)
l=kT(c), k>1 or I=kT(c)+T (c), k>0 (5.37)
and for every j € 7, we have
G_l(jT(c) — {E) if v € [jT(c) - T;(C), T(c) + T;(C)}
w(z) = (0 T (0 (5.38)
Gz —(T(c)+T (c) ifze [jT(c) t— LG+ 1)T(c) — 5 ]
{ w(jT(c)) =w(iT(c) +T (c)) =0
(5.39)
w <0 in (jT(c),jT(c) + T (c)), w>0in (jT(c)+T (c),(j +1)T(c))
w is strictly decreasing in [jT(c) - TJ;(C),jT(C) + TQ(C)]
w is strictly increasing in [jT(c) + 2<C) LG+ 1)T(c) — T;(C)] 510
) " 5.
w(i@ + D) = a0, w((+ 070 - D) = w0
\ w(jT(c) + T_2(C) — 7“) = w(jT(c) + T_T@ + 7“), Vre [O, Téc)}’
b)
I=FkT(c), k>1 or I =kT(c)+T*(c), k>0 (5.41)
w(z) = z(x —T*(c)) with z satisfying (5.38), (5.39) and (5.40). (5.42)
o I[fc>2v/(1—7), then
=T (c). (5.43)

Defining G by (5.36) in [z1(c), 1], we have that w is the restriction to [0,] of a function in
Wz’q(R) for every q < 1/~ solution of (5.34) defined by

loc
M (1)

(5.44)
w(z) =G (z+1) ifze b,oo)

w(z) =

o~
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Moreover, w satisfies

w>0 inR\(0,), w<0 in(0,) (5.45)
( [ [
w 18 strictly decreasing in ( — 00, 5), w 18 strictly increasing in (5 ,oo>
(3) =20 w(zg=r)=u(z+r) vre@o
w(zy)=alc), wlg—r)=w(g+r) r , (5.46)
1 if c= 1%
lim w(z) = { -
r—300

; 2y
\ +oo  ife> T

Reciprocally, for every ¢ € R and | given by (5.37) or (5.41) if ¢ < 2v/(1 —~) and (5.43) if
¢ >2v/(1 —7), the above expressions provide a solution of (5.4).

For v = 1/2, the graph of the different types of solutions given by Theorem 5.10 is represented
in figures 3 and 4.

Proof of Theorem 5.10. We distinguish the different cases depending on the value of c:
Case 1: 0 < ¢ < 2y/(1 — 7).

By (5.12) and Proposition 5.6 we know that w([0,[]) is contained either in [z(c), z2(c)] or
[23(c), 00), but since z3(c) > 0 and w(0) = w(l) = 0, the last possibility cannot hold true.
Thus, we have

w(x) € [z1(c), 22(c)], YV el0,].
From w(0) = w(l) = 0, there exists r € (0,1) such that w'(r) = 0, which combined with (5.12)
implies w(r) = z1(c) or w(r) = z(c). To fix ideas we assume

dr € (0,1) with w(r) = z(c), (5.47)
the case w(r) = z3(c) is similar. Using (5.4) and z;(c) < —1, we have
w'(r)=0, w"(r)>0. (5.48)

This implies that for x close to r, w'(z) is negative if x < r and positive if z > r. Taking into
account (5.12), we then have

W' { —1  in the biggest interval («,r) such that b(w) +¢ >0 in («a,r) (5.49)

Vo(w) + ¢ 11 in the biggest interval (r, 5) such that b(w) +¢ >0 in (r,3).

Extending w as the solution of the differential equation (5.49) in the case a = 0 or 8 = [, we
can assume

w(a) = w(f) = z(c). (5.50)
Using that v'(z1(c)), V' (22(c)) # 0 we get that the function s — 1/4/b(s) + ¢ is integrable in
[21(¢), z2(c)]. Then, integrating in [x,r] of [r,z] in (5.49), and defining G : [2z1(c), 22(¢)] — R by
(5.36), we get

r—x—T_—@ if v € [T—T(@,T}
Glw(z)) = 2 2 (5.51)
x—r—TT@ if x € [r,r—i—@],
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with T~ (c) and T'(c) defined by (5.18), (5.35), i.e.

B = ' —dt = — z1(c
T(c)_2/21(c) e 2G(21(c))

e (5.52)
7() =2 i = 20() - 6 ),
Observe that
G(s) <0 if s € [z1(c),0), G(s) >0 if s € (0,2(c)],
implies
w<0 in (T_T2(6)7T+T2(c)>7 w0 in (T—T;C),T—T2(6)> U <T+T2(C)7T+Téc))‘

Equation 5.51 provides the function w in the interval [a, 8] = [r — T(c)/2,7 + T(c)/2].
Recalling (5.48) we can now extend the definition of w to [r — T'(¢),r + T'(¢)]. Continuing
with this process and taking into account that by assumption w(0) = 0 we conclude that w is
periodic of period T'(c) and its is given by formula (5.38) if w’(0) < 0 or by (5.42) if w'(0) > 0.
The properties of w stated in (5.40) easily follow from (5.38). The fact that [ must satisfy
(5.37) or (5.41) just follows from w(l) = 0.

Case 2: ¢ =2v/(1 — 7).

Using (5.28) and then that b+ c is nonnegative on the range of w, we deduce by Proposition 5.6
that w([0,1]) is contained in [z1, +00). By (5.28) and w(0) = 0, we get that in a neighborhood
of zero, the function w is the solution of one of the two following Cauchy’s problems

{w’: b(w) + ¢ o {w’:— b(w) + ¢

w(0) =0 w(0) =0 (5:53)

In the first case, defining G by (5.36), and using that the unique point bigger than zero, where
b 4+ ¢ vanishes is 1, we deduce that for every 6 € (0,1) such that in the interval (0,J), the
function w is increasing and less than 1, we have

G(w(x)) =« in (0,9), (5.54)

but for ¢ = 2v/(1 — 7), we have b(1) = b'(1) = 0, and thus

booat

G(1) /0 Nkl (5.55)
Then (5.54) would provide the expression of G in the whole interval [0, []. However the function
constructed in this way is positive in (0, 00) in contradiction with w(l) = 0. This proves that
only the second possibility in (5.53) can hold true. Using then that w'(0) < 0 and vanish on
0,1 we conclude that there exists r € (0,1) such that w'(r) = 0. By (5.28) and z; the unique
negative zero of b+ ¢, we must have w(r) = z;. Now, we can repeat the reasoning in the case
¢ < 2v/(1 — ) when we assumed (5.48). This shows that (an extension of) w satisfies (5.51)
where now, thanks to (5.55), we have

1
T = 2/ A
21(0) /() + ¢
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Then, (5.48) provides the expression of w in the whole of R. Since w(l) = 0, we get by symmetry
that = [/2 and we easily conclude (5.43), (5.44), (5.45) and (5.46).

Case 3: ¢ > 2v/(1 — 7).

Now, the unique zero of the function b + ¢ is z1(c) and by (5.28), we have that w([0,1]) is
contained in [1, 00). Taking into account w(0) = w(l) = 0, we deduce as above the existence of
r € (0,1) such that w'(r) = 0, w(r) = z; < —1 and then that (5.51) holds with the difference
that now, there is not any point zo bigger than z; such that b(z3) + ¢ = 0. Therefore T" must

be defined as - o
T=2 / — =00
a(e) VO(t) + ¢

Statement (5.51) then provides an expression of (an extension of) w in the whole of R. By
w(0) = w(l) = 0 we conclude again by symmetry that (5.43), (5.44), (5.45) and (5.46) hold
where now the limit of w at infinity is 400 and not 1. O

Let us now prove Theorem 5.7. Observe that Theorem 5.3 follows from this result and Propo-
sition 5.9. Thus, the proof of Theorem 5.3 will not explicitly given.

Proof of Theorem 5.7. By Theorems 2.7 and 2.9, we know that problem (5.4) has a unique
positive solution for v € (0, 1).

If I < T*, then we have T~ (¢) > [ for every ¢ > 0, but since w(0) = w(l) =0, w < 0
in (0,1), we get that Theorem 5.10 (see 5.39), (5.43)) implies [ = T~ (c). Therefore, it cannot
exist a negative solution of (5.4) in (0,) for I < T™*. Analogously, for I < kT™* it cannot exist
a solution of (5.4) which is negative in k£ nonempty open subintervals of (0,[) and vanishes on
the boundary.

Assume [ > T*. Since T~ is continuous and tends to infinity as infinity, we have that for
every [ > T™, there exists ¢ > 0 such that 7~ (¢) = [. Defining then w by (5.38) if ¢ < 27/(1—7)
or (5.44) if ¢ > 2v/(1 — v) we deduce the existence of a negative solution of (5.4). If T is
strictly increasing then T* = Ty and equation T~ (¢) = [ has a unique solution, and so there is
a unique negative solution for problem (5.4).

Assume [ > Ty. By Proposition 5.6, the function 7~ + T is continuous in [0,2y/(1 — 7))
and satisfies

min (T (c) +T%(c)) > T (0) +TH(0) = Ty, lim (T (c) +T%(c)) = +o0,

c€[0,2v/(1-7)) T

therefore, there exists ¢ € (0,2y/(1 — v)) such that T~ (¢) + T*(¢) = I. Equation (5.38) then
provides a solution of problem (5.4) which is negative in (0,7~ (¢)) and positive in (T (c), 1),
with 0 < T (¢) < I, while (5.42) provides a solution which is positive in (0,77 (¢)) and negative
in (T*(c),1). On the other hand, using also that T~ + 27" is continuous in [0,2v/(1 —~)) and

min (T (c¢) + 27" (c)) > T~ (0) + 271 (0) = Ty, lim (T (c) + 27" (c)) = +o0,

c€[0,27/(1-7)) cﬁ%

we can also find another number ¢ € (0,2v/(1 — 7)) such that T~ (¢) + 27" (¢) = I. Equation
(5.38) then provides a solution of problem (5.4) which is negative in (0,7 (c)) U (T(c),T(c) +
T~ (c)) and positive in (7~ (¢), T'(c)), with 0 < T~ (¢) < T'(¢)+T~ (c) < l. Joined to the negative
solution in (0,7) found above, this proves the existence of at least 4 solutions of (5.4) which are
negative in a nonempty interval of (0,1) and positive in zero, one or two nonempty intervals of
(0,1).

In the case [ > KTy, k > 2 a similar reasoning provides 4 solutions which are negative in k
nonempty intervals of (0,1) and positive in k — 1, k or k + 1 intervals.
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For | = kTy, k > 2, equation (5.38) with ¢ = 0 provides a solution which is nonpositive in
(0,1) but vanishes on jT, for j = 1,...,k — 1. Observe that by Theorem 5.10 and T (c) > 0
for every ¢ > 0, we get that this is is the unique solution satisfying this property.

If the function T~ is strictly increasing, then the function m7'~ +nT'" is strictly increasing
for every m,n € N, with m +n > 1 and then it is injective. Therefore the solutions described
above are the only ones which are negative in k nonempty intervals of (0,1). O

Proof of Proposition 5.9. We recall that z1(c) < z3(c) are the smallest solutions of the
equation b(s) 4+ ¢ = 0, with b given by (5.13). For v = 1/2 this equation reduces to

4y/—s+2s+c=0 if s <0, —4y/s+25s+c=0 if s >0,

whose resolution provides (5.25).
Let us now compute 77, i.e. the integral in (5.18), which written as function of

n=+/—z(c) &= c=—dn+ 21 (5.56)

reads as
0 dt
02 /2t + A=+ 202 — 47]’

or, using the change of variables t = —p? <= p = +/—t, as

n dpd d
pdp _2\/—/ pp ‘
0 /=27 +4dp + 20 — 4 VP = p* = 2(n—p)

Using a second change of variables

rn —n+2 _Ar(n—1)

2 2—2 — — —_ — — e = —
VI =P =200 —p) =r(n—p) = p=—537 P= i)

we can transform this integral into a rational integral. Namely, denoting

Ve = 2 (5.57)

r = )

U

we have

_4\f/1 - TNt 83— )/:07’_22dr+4\/§(2—n)/00 dr

(r2+1)2 (r2+1) n TP

where a primitive of r?/(1 + r?) is given by

/er_l/dld_r_l_lt
2+12" = dr 1) T Tapzr) T2t

Using (5.57), we then get

N
T~(c) = 2v/2r — 4v2arctan YL — 2" 1 9\ /22 — 4. (5.58)
0

By (5.56), this provides expression (5.26) for 7.

31



Let us now show that T~ is strictly increasing in ¢. By (5.58) and 7 =

increasing in ¢, we just need to show that the function

#(n) = —2v/2 arctan —‘77277_27]

+/2n? —4n
is strictly increasing in [y/—21(0),00) = [2,00). This just follows from

(2n—1Dn—2) >0, Vne(200).

gZﬁ(n):(n—l)\/m_
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Figure 2: Branches of solutions for v = 1/2.
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Figure 4: The

cases vy =

34
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Figure 5: The graph of T~ for v =0.2, vy =0.4, v =0.5, v = 0.7
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