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EXACTNESS OF THE NUMBER OF POSITIVE SOLUTIONS TO
A SINGULAR QUASILINEAR PROBLEM

GIOVANNI ANELLO, LUCA VILASI

ABSTRACT. We study the exact multiplicity of positive solutions to the one-
dimensional Dirichlet problem
—(Ju' P72 = 2T — g™ in )0, 1]
u(0) = u(l) =0,
where r € ]0,1[, p € ]1,400[, r < s < p and A\, u € |0, +00[. We shed light, in
particular, on the case r € |0, min{s,p/(p + 1)}, completely determining the

bifurcation diagram and solving some related open problems. Our approach
relies upon quadrature methods.

1. INTRODUCTION

In this article we focus on the singular one-dimensional Dirichlet problem
_(|u/|p—2u/)/ — )\’U,S_l _ Mur—l in ]0) 1[
u(0) = u(1) =0,

where r € 0,1[, p € |1, +00[, 7 < s < p and A, u are positive real parameters. This
model has captured a lot of attention over the latest years, both in the semilinear
and in the quasilinear case (see for instance [4] 5] [7, [0 [10] and their references). In
the framework of chemical reactions the nonlinearity in assumes the meaning
of a strong absorption (or endothermic) process with respect to the diffusion (see
[7] and the references therein).

Our aim is to explore the exact number of positive classical solutions to by
means of quadrature methods. Such a number, established as one of the parameters
of the problem varies, depends solely on the profile of a suitable integral function,
as clarified later (see, besides the above references, also [T}, 2], B [§] for applications
of this procedure to several classes of one-dimensional problems).

Along this line of research, in [9] the authors studied the exact multiplicity of
positive solutions to

(1.1)

—u" =B —u""' in|-L,L[
u(—=L) =u(L) =0,
with 8,L > 0 and 0 < r < 1. This can be viewed as a particular case of (1.1} in

which p =2 and s = 1 (observe that, after a suitable change of variables, problem
(1.1) can be always rescaled so that the parameters appear only in the endpoints

(1.2)
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of the interval, see Theorem [2.9). In this paper the authors complemented the
analysis carried out in [4], answering some open issues posed there and proving
that, for an explicitly determined Ly > 0, if 0 < r < 1/2 there is no solution to
when L < Ly and there is a unique solution for L > Ly. For 1/2 < r < 1
there exists Ly, < Lo such that, for L < L, there is no solution to , for
L = Ly, there is a unique solution, for Ly, < L < Ly there are exactly two
solutions and for L > Ly there exists exactly one solution (cf. [9 Theorem 1]).
The picture depicted above basically reveals the existence of a critical exponent
r* := 1/2 below which one has uniqueness and above which one has multiplicity,
and that two is the maximum number of possible positive solutions to .

The semilinear case with s # 1 was investigated in [I0], where the author de-
termined all possible bifurcation diagrams that can occur for different values of s
and r, giving a short survey of the known results and pointing out the situations
where the exact multiplicity of the solutions is not known. The main result is quite
similar to the one obtained for problem ; in this context the “limit” situation
occurs when s = 2 — 2r: for s € |1,2 — 2r| the bifurcation diagram is a monotone
curve, while for s € ]2 — 2r, 2| there exist an upper branch of positive solutions for
L > Ly and a lower one stopping at L = Ly > L,y (see [I0, Theorem 3.2]). The
case 0 < s < 1 is left open; the monotonicity of the time-map associated with the
problem is in fact proved only for s € |1,2[ (see [I0, Lemma 3.1]).

The quasilinear counterpart was the object of an in-depth study in [7],
which generalizes the results of [6] to the singular framework. As clearly shown in
this paper, when approaching via quadrature methods, two different situations
arise, depending on whether

=
-

s dt
———37 = t© (1.3)
/0 (—F(t)»

/6 S 7 < 100, (1.4)
0 (—F(t)"

for some § > 0 small enough, where

or

1 1
F(t):=-t°——t" forallt>0. (1.5)
r

S
The validity of either or (1.4) depends on the relationship between r and
#; indeed, (respectively,) holds if and only if r > p"ﬁ (respectively,
0 <r < E;) (see [7, Lemma 2 and Proposition 4]).

The analysis in the first case was performed and completed in [7, Theorem 2(a)—
(e)]. It can be summarized as follows: there exist A\; > Ag > 0 such that problem
(1.1) admits:

(i) no positive solutions if A < Ag;
(ii) a unique positive solution if A = Ag;
(iii) two positive solutions if A € ]Ag, A1] and one of those corresponding to A
is a compacton, i.e. its first derivative vanishes at t =0 and t = 1;
(iv) a positive solution and a continuum of non-negative solutions compactly
supported in ]0, 1] if A > Aq.
The item (iv) is particularly interesting as it states that the lower branch of the
positive solutions can be continued to obtain non-negative solutions with compact
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support in 0, 1[. Such a family of solutions, which vanishes on a positive-measured
subset of ]0, 1] called the “dead core”, turns out to be generated by the compacton
arising when A = \; (see [7, Theorem 2(e)] for an explicit expression of the members
of this family).

We also point out that the positive solutions u of (ii), (iii) and (iv), excluding of
course the compacton, satisfy Hopf’s condition on the boundary, that is u/(0) < 0
and u/(1) > 0.

Condition is more delicate to handle and the authors obtained only the
following partial result: the fact (iv) continuing to hold, for A € ]\, A1[ there exists
d > 0 such that there is a unique positive solution if r € |0, d[ and there are exactly
two positive solutions if r € }# — 4, # [ They were able to establish the exact
number of positive solutions only when s = 2r and this amounts to one if p < lzfr,

two if p > 2= (see [7, Theorem 2(f)]). The reason of the success in the latter
case relies on the fact that the derivative of the auxiliary function ¢ defined by
(2.2) at the unique zero to of F' can be expressed in closed form in terms of the
Euler Beta function (see [7, Proposition 4]). And the knowledge of the sign of
' (o), as explained later, is crucial to draw the bifurcation diagram of when
0<r<ty

Driven by the analogy with the semilinear case, it is quite reasonable to con-

jecture the existence of a unique exponent r* € |0, #[ such that one has exactly
one solution for 0 < r < 7* and exactly two for r* < r < # (see, in particu-

lar, the survey paper [5]). In this article we give a positive answer to the above
conjecture, proving the uniqueness of the zero of the equation ¢’(¢o(r)) = 0 when

r € ]0,min{s, ;25 }[ (Theorem 2.8) and determining therefore the exact multiplicity
of solutions to (L.I)) when (T.4) holds (Theorem [2.9). Our results are illustrated in
the next section, preceded by some preliminary facts.

2. RESULTS

Let F be the function defined by (1.5). Denoting by F*), i € NU {0}, the i-th
derivative of F' (as usual, F(©) := F), it is easy to prove the following property (cf.
[2, Lemma 2.1]).

Lemma 2.1. There exist to,t; € |0, 400, with to > t1, such that, for each i = 0,1
one has )
FOM) <0 ift€]o,t],

FO@) >0 ifte|t;,+oof. @1)

For the sequel, it will be useful to know the behavior in ]0, 1[ of the real functions
of the next three lemmas.

Lemma 2.2. Let © > 0. The function j(t) := 110_%3 is increasing in )0, 1], with
1
lim j(t) = —~.
SR =—y

Proof. One has
() = =11 —t*) + at*Llogt _ o (t7* — 1) +xlogt
(1—1t=)2 t(1 — )2 ’
Putting

for all ¢t € 10, 1].

jit):=(@t"*—=1)+zlogt, forallte]0,1],
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one has j(1) = 0 and
J) = —at™ ot =at7 (1 —t7") <0, foralltec]0,1].
Hence, j(t) > 0 for all ¢ € ]0,1[, and so is 5(t). The limit follows by an immediate

application of L’Hopital’s rule. (I
Lemma 2.3. Let 0 < x < y. The function k(t): = A= is decreasing in )0, 1],
with

lim k(t) = —2—.

t—1- y—x

Proof. One has
oyt =) = (L=t (et —ytv )

K'(t) @ o)

= (t:i;)g((y — o)tz —yt!™),
for any ¢ € ]0,1[. If we define
E(t) == (y — 2)tY + & — ytY~, for any t € ]0,1],
we get k(1) = 0 and
F(t)=yly—a)t' ™ —yly —2)' " = yly — )t 71 (" — 1) <0,
for all ¢ € ]0,1[. As a result, k(t) > 0 for all ¢ € ]0,1[ and so ¥(t) < 0 for all
telo,1]. O
Lemma 2.4. Let y € |0, +o0o[ and t € ]0,1[. The function l(z) := #=7; is increas-
ing in [0,y[ and

1
lim I(x) = — .
xlig (@) t¥logt

Proof. One has
V() = (F° — 9) 2 (— (" — ) — (y — 2)t" log )
(- )R — 1 (y— ) log),
for all # € ]0,y[. Fix z € [0,y[ and put I(r) == 1v=% —1 — (y — x)log 7, for all
7€]0,1[. One has [(1) = 0 and I'(1) = 77 (y — x)(1¥~* = 1) < 0 for all 7 € 0, 1.
Therefore I(1) > 0 for all 7 € ]0,1[ and so I'(x) = (#* — t¥)~2t%{(t) > 0 for all
x €]0,y[. The limit is a consequence of L’Hopital’s rule. ([

The essential part of our approach is the analysis of the following function asso-
ciated with (L.1)):
7 dt
1/}(0') = / )
o (Fo)—F(t)'/r
In [7] the authors proved the following basic facts concerning the profile of ¢ (cf.
[7, Propositions 1 and 4]).

for each o > 1. (2.2)

Lemma 2.5. Letr € ]0, [, p € ]1,+00], r < s < p and let :[tg, +oo] — R be
the function defined by (2.2). Then:
(1) ¥ € C%([to, +00)) N C*((to, +00));

(i) limy— 400 ¥(0) = +00;
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(iii) if s > L=, there exists § > 0 small enough such that

p+1’
0 <'(to) < +oo ifre]0,d];
. p p
—00 <Y (ty) <0 €|l - -6 —|;
o <ilte) <0 ifre]Eo bt
(iv) if s = 2r then
, . 2r
0 <Y'(tg) < +o00 zfp<1_r;
2r
1—7’

Y'(to) =0 ifp=

2
—o0o < ' (tg) <0 ifp> 1_Tr.

For s < p/(p+1), Lemma 2.5 gives no information about the sign of ¢’(to) when
r is near s. The next result provides this missing detail.

Lemma 2.6. Assume s < ;F5. Then, there exists 6 > 0 such that ¢’ (to) > 0, for
each r € s — 4, s[.

Proof. For any r €10, s[, we can write

Wt0) = 5 ()T s =) ),

where

t"' — ts tT — tS
For each t € ]0, 1], using L’Hépital’s rule, one has

i (20} 2= =)~ (o))
s\ — £ tr—t

_(_ 1 )1/P1—t5+(p—s)tslogt

N tslogt tslogt

= (—logt)" 5 t~*/P[1L —t~° — (p— 5) log1].
Moreover, thanks to Lemma [2:4] we have the estimate
(20) =90 ko)

t’l“its tT’itS

s—r\1/p s—r
= —r - 1—t° 2.3
(=) - - (2:3)

1-—t°
<t P(=logt)F (p -t o ).

and the function

1—t¢°
0,1[3 t — t*/?(—1 t‘%( — )
0,13 ¢ 17/ (=log ) F (p— " S
is summable in [0, 1].
Then, by Lebesgue’s dominated convergence theorem, the function ¢ admits
limit as r — s~ and

+1

lim ¢(r) = /0 (— logt)_th_S/p[l —t7% —1—(p—s)logt]dt := ¢(s).

T—S8



6 G. ANELLO, L. VILASI EJDE-2018/189

Let us to evaluate ¢(s). An integration by parts yields

1 p+1
b(s) :/O (—logt)™ » t75/P(1 —t — (p — s) logt)dt

1 1
= [ oty e et (o) [ (< logt) e
0 0
— [p(~logt) ¥ (#75 — #1775

ol et (1 SV (1 s Syt
p [ (o) (=D (s = 2y

1
+(p— s)/ (—log t)_%t_s/pdt
0

1
= / (—logt)"#(p— s(p+ 1)t~*"% dt > 0.
0
This completes the proof. ([

Now, we add a new piece of information on the shape of v showing that it
possesses at most one critical point in Jtg, +oo].

Lemma 2.7. The equation ¢’ (c) = 0 admits at most one solution in Jtg, +o0].

Proof. After a change of variables, we can write ¥ as
1 1
o dt
o) = dt :/ —
50 = || T remt |, o

for any o € [tg, +00[, where

(2.4)

1 1
(o) = ~(1 — t5)0*"P — (1 — t")o" P
S T

for all ¢ € [0,1] and for all o € [tg, +o0[. Then, the first two derivatives of ¢ take
the form

(o) = f% / 1<m<a>>—%—1(8 L —)orrt = L nyer et ar,

S r

_ 2
it ftr)aH’*l) dt
;

1 —
= [y (SR —p - - )

p

_T—p o 4T\ r—p—2
Lr—p-1)(1-t)0 )dt.

Now, fix K € [p+1—s,p+1—r[ and put
x(0) := 09" (o) + Ky'(0), (2.5)
for all o € [tg, +o0[. For any o € [tg, +00[ we can deduce the lower estimate
x> =1 [ (= pm g
P Jo S
T . P —p-1a - t’")or’p’l)dt
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K ' —3-1(3ZP s\ 5—p—1 r—p r\ . r—p—1

— o | on P (P o = R e ar
7]. ' _%_1 E _m— 48\ ,.s—p—1
=~ [l (PR -1 ) )

p—r

(K—p—1+r)(1— tr)o—r—p—l)dt

and the choice of K forces x(o) > 0. At this point, solving (2.5)) for ¢’, one has

(o) = 01K</ta K=y (1) dr + C)

for all o € [tg, +oo[ and for a suitable constant ¢ € R. In view of the positivity of
X, ¥ admits at most one zero in ]tg, +0o[ and the conclusion is achieved. O

Lemma [2.5|leaves the question whether 7 — ¢(to(r)) changes sign at most once
in |0, min{s, I%}[ open. In the next theorem, we answer this question affirmatively.
This allows us to completely compute the number of solutions to (Py,,) as the
exponent r varies and, in particular, to extend the result in [10] to the case s > 0.

Theorem 2.8. Let p € ]1,4+00[ and s € ]0,p[. Denote by ¢:]0, min{s, 27 }[— R
the function

O(r) i=¥/(to(r),  for cach r €]0, min{s, - P (2.6)

+1
Then
(i) if s > ﬁ, the equation ¢(r) = 0 admits exactly one zero, say r*, in
10, pil[ with ¢ positive in |0,r*[ and negative in Jr*, 2= [;

(i) if s < p+1’ the function ¢ is positive in |0, s|.
Proof. To obtain conclusions (i) and (ii) it is sufficient to show that ¢ changes sign at
most once in ]0, min{s, 27 }[. Indeed, if this is true, since ¢ € C°(]0, min{s, gl
conclusion (i) follows from (iii) of Lemma[2.5] and conclusion (ii) is a consequence
of Lemma

Taking (2.4) into account we obtain
¥(o) +/1 o(F(0) — tF'(at)) ,

i
g 0 p(F(o) = F(ot))»

1/1 p(F(o) = F(ot)) —o(F'(o ) — tF'(at)) .,

0 (

V(o) =

p F(o) = F(at)s
1Rt (L—t%) — ot (1)
- p/o (F(o) —F(at)) = “

for any o € Jtg, +oo[. Taking the limit as o — to(r) in the above expression and
bearing in mind that to(r) = (£)'/(*=") we therefore obtain
L[t B tg(r)*(1—t°) (r) (1 —1")
¢(T) = 7/ p+1
0 (=F(to(r )t))
L [T - B )
(r)»
0 (%

dt

dt

= —to(r pE1
s
p _ to(’l”)s r . ) P
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1 ()// (p—5)1-t) = (p-11-t)

Pl
pAr (tr —ts) »
1 75\~ 5 LEZS(] — ) — EEL(1 — 7
L) gy [ EOCO 0D,
p AT 0 (tr —ts) v

In light of the above manipulations, to conclude the proof it is equivalent to
show that ¢(r) = 0 has at most one solution in J0, min{s, ;25 }[, where

TEES(1— %) — =21 —¢t7
(T)::/o -t — =t

dt (2.7)

p+1

(tr —12)'5

for any r €]0, min{s, ﬁ}[. Now, the integrand function in (2.7) can be expressed
as

D=5 (] = g5) — E=I(1 — ¢7)

— ¥z = (1) rg(t,r)
(1)
for all t € ]0,1[, where
g(t,r) = h(t,r)(p - h(t,r)P)
s—r
and . .
— 15 14
h(t,r) := (t,. — ts) : (2.8)
By an easy calculation we get, for all ¢ € ]0, 1],
oh h(t log t
R
or D 1—ts—r
and therefore
dg oh p—r
—(t = —(¢ — h(t,r)?
2(tr) = o) (B — h(t.r)")
p—=s pflaih
() (=~ phE P g )
h(t,r)  logt /p—r
=— . — h(t,r)P
D 1—ts—’"<s—r (’T))
p—35 p logt
+ h(t,r)((s R = =
_(p+1\ logt pt1
- ( P )1 —tsf”h(tw)
p—r logt p—8
— . — h(t,r).
(p(s—r) 1—ts—r (s—r)z) (t,7)
Now, consider the function
r 1 1, 1-—t°
t):=(1—— —(14+-)——, te]0,1].
Ot() ( p)sfr ( +p)tr7ts’ E]’ [
In view of Lemma [2.3] o is strictly increasing in ]0,1[ and one has
tlir(gl+ a(t) = —oo,
1 1
lim a(t):(l—f) —(1—1—7) i

1 p's—r p's—1



EJDE-2018/189 SOLUTIONS TO A SINGULAR QUASILINEAR PROBLEM 9

Two possible situations, related to the range of s, occur.

(a) If s > 27, then a(t) <0 for all t €]0,1];

(b) if 0 <'s < i, then a(t) < 0 for all ¢ € ]0,1[if p — (p 4+ 1)s < s and
p—(p+1)s <r < s, while the equation «(t) = 0 admits a unique root in
10,1[, say ¢(r), provided that 0 < r < min{s,p — (p + 1)s}. Moreover, « is
negative in |0, ¢(r)[ and positive in |¢(r), 1[.

Notice that in case (b), by the implicit function theorem the function |0, s[ 3 r —

t(r) is continuous in |0, min{s,p — (p + 1)s}[. Moreover, when p — (p + 1)s € ]0, s,

it is easy to see that

lim t(r) =1. (2.9)
r—p—(p+1)s—
Next, define M (r) := 1, for all r €]0,s[, if s > JE7; for s < _E7 set instead

s—r)lo T . .
M(r) = 7% if 0 <7 <min{s,p— (p+1)s}
1 ifp—(p+1)s<sandp—(p+1)s<r<s.
As a function of the variable r, M turns out to be defined in the whole interval

10, s[ and it is continuous there as, by (2.9) and Lemma one has

lim M(r)=1, whenever p— (p+1)s €]0,s|.
r—p—(p+1)s~

Also, observe that again by Lemma [2.2] we can infer that

M(r) > 1, forall r€]0,s], (2.10)
and that the function
_ M(r) logt
s—r 1—ts7’
satisfies the same properties (a) and (b) as the function . Hence,

a(t)B(t) > 0, for all but at most one ¢ € |0, 1][. (2.11)

Therefore, taking ([2.8)) into account and denoting for brevity h(¢, ) by h, we obtain
p+1 dyg

M t,r) — —(t

()t - S.r)

:_p-i-l(M(r) n logt )h”“
p s—r 1—ts—r

t €]0,1],

p—r log ¢ p—s (p+1)(p—r)
+(p(s—r)'1—t34_(s—r)2 M(r) p(s—r)? )h
B 1,/ M(r) logt \1—1¢° ry 1 logt
’[_(14%3)(3—7« 1—ts—r)tr—ts+( _E)s—r'l—its—r
+(8_17,)2(M(7’)(p—7")—(p—3))+(1_;)(;\4_(:))2}h
M(r lo — 18 r lo
:{7(1+%§)<3—(2 l—fst_r)tl’"—tts ( 75)517“(1—7?;_7"
M(r)y [ M(r)(p—r)—(p—3)
+s—r>+ (s —1r)? }h
M(r) logt 1, 1—1¢° ry 1
:{(s—rJrl—i—"){i(lJr;))t”—ts+(1717))3—r]
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n M(T)(p—r)—(p—S)}h’

(s —r)?
Noticing that by (2.10]) one has

M) p—r)—(p—s5) 1
(s —1)2 T s—r

and recalling (2.11)), we can continue the previous chain of computations to finally
arrive at

M) £ atr) - Ger)
M(r) logt 1 1—¢° ry 1 (2.12)
Z(s—r >{ T -8 (1_];)5—T}h

= Bt)a(t)h > o

for all but at most one ¢t € |0, 1[. Multiplying (2.12)) by (1 — ts)_% and integrating
between 0 and 1, we obtain

7p+1 ~’I"—"/’f’
G =) >0

for any r €]0, min{s, ;25 }[. If we set

M(r)
p+1 - 7

LT ) - (r 2.13

L) = 0 (213)

and solve ([2.13|) for ® we get, for a fixed r €]0, min{s, %}[,

- 41 pr M(o) r +1 o M),
¢(7")*epp Jro =7 de (—/ w(o)e” R da+c>

7o

w(r) = M(r)

for some ¢ € R. Since w > 0, ¢ may vanish at most once in ]0, min{s, 57t and
the proof is complete. ([

Using all the information obtained up to now, it is not difficult to derive the
following result concerning the exactness of the number of positive solutions to

D).
Theorem 2.9. Let r* € ]0, ) [ be as in Theorem 8 and let

pe [ /p—1\1/P /fo dt ple=n)
e 22 (o @« , 2.14
=0 OE) ) Sra) (219
Then:

(i) if s = 47 and r €]0,77], or if s < k5, problem admits no positive
solution for A < A1 and a unique positive solution for A > A\i;

(ii) if s > p’ﬁ and r € ]r*, 1%[’ there exists Ao € 0, A1[ such that problem
admits no positive solution for A\ < Ag; a unique solution for A = Xgy;
two solutions for A\g < A < A1 and one solution for A > A1.

Remark 2.10. As pointed out in the introduction, the solution corresponding to
A1 in case (i), and one of the solutions corresponding to A; in case (ii), are of
compacton-type. In both cases the compacton generates, for A > A1, a continuum
of non-negative solutions to compactly supported in ]0,1[. In addition, the
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positive solutions, excluding the compactons, satisfy Hopf’s condition at t = 0 and
t=1.

Proof of Theorem[2.9 Let L > 0 and consider the problem

_(|u/|p72u1)/ — usfl _ urfl in ]O,L[

u(0) = u(L) = 0. (2.15)
It is not difficult to verify that the rescaling
1wx)=:(%)g%;v(uﬂﬁfﬁxﬂ%¥ﬁx) (2.16)
turns any solution u to into a solution v to (2.15)), with
L= prt o \otem (2.17)

and vice versa. Therefore let us focus on problem (2.15)). It is well-known that any
positive solution u to (2.15)) is symmetric in [0, L] and therefore

L
o= ||ulleo = U(E)

Multiplying the first equation in ([2.15) by «' and integrating from = € ]0, L/2] to
L/2 we arrive at

gi%ﬂwwzﬂw—Fm@» (2.18)

If we plug the value = 0 in the above relation, we deduce that F(¢) > 0, and, in
light of Lemma [2.1] that ¢ > ¢;. Being u increasing in |0, L/2[, from (2.18) one has
! _ p 1/p . 1/p

W)= (17) " (Flo) ~ Fu)) (2.19)
and therefore

: u'(y) 1/p
/0 (F(o) — F:(gu(y)))updy = (%) x.

Putting u(y) = t we get

u(x) dt p \1/p
= 2.20
[ o= GE) (2.20)
which evaluated at x = L/2 yields
L P 1/p

Hence the number of positive solutions to (2.15)) amounts to the number of solutions

to (2.21), as L varies in ]0, +oc0|.

Starting from these premises, let us prove (i). If s > ~£5 and r € ]0,77], or if
s < #7 thanks to Theorem 1 is increasing in a right neighbourhood of ¢
and, by Lemmas and it cannot admit any maximum. So the number of
solutions to is zero if L < Ly := 2(%71)1/1%@0), one if L > Ly. Now, let us
pass to (ii). If s > -25 and r € |r*, 227, again due to Theorem and Lemmas
and 1 has a global minimum in ], +00[. So will admit no solution

1/p
for L < Lo := 2 (”%) miny,, 4%, one solution for L = Lo and L > L; and

two solutions for 0 < Ly < L;. The conclusion then follows using the rescaling

(2.16)-2.17. 8
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