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Abstract
For p>1,n>2and 1 < s <n we consider the weighted Hardy inequality

Vu(x)P wlz)|P o
/Bc(|a:|—(1))l—l)dx>c(p’n’s)/3c(||x|(—)|1)sd$’ Yu € C°(BY),

in the complement of the unit ball. We first show that there is a critical value

n*(p), that corresponds to having a bounded analytic to analytic connection of the

ODE ,
dy _n—1 (1+p(l—22)y+(p—1)y[77)
de  2p z(1—2) ’

This value is such that, for space dimensions n < n*(p) the best constant is equal

(S

n+1
2

O<z<l.

We next show that for n > n*(p) there exists a new parameter 1 < s1(p,n) <
which corresponds to having a bounded analytic to analytic connection of the ODE

gy~ =Dy + =14 p2=5y 4 (p— 1)yl 7]
— = , O<z<l.
dz z(1 —x)

Whenever s € (1, s1]U[n+1—s7,n) the best constant is still given by (0.1), whereas
for s € (s1,n+1—s1) the best constant takes on a smaller value. We also establish
the following symmetry result

C(p,m S) = C(pa n,n + 1- S)
Our results extend for p > 1, the ones obtained for p = 2 in [8].
AMS Subject Classification: 35A23,34C37, 34B16, 35J92, 49R05, 35J20, 26D10.
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p—Laplacian.



1 Introduction and main result

Let p > 1, n > 2 and ) be a proper domain of R"™. Under some rather weak regularity
assumptions on the boundary 92, there exists a positive constant Cq such that the
following Hardy inequaliy holds true

P
/ |VulPde > CQ/ |Z}Ldaz7 V,u e C(Q)
Q Q

where d(z) = dist(z,09), z € Q, see e.g. [, 6, 7, 17, 13, 2|. Under proper geometric
P

assumptions on ) one can identify the best constant Cq to be equal to (%) . For

instance this is the case when  is convex, cf [14, 2] or even under the weaker assumption

of weakly mean convexity, that is, domains that satisfy
—Ad(z) >0, x €€,

in the sense of distributions, see [3, 2|.
More general weighted Hardy inequalities are also considered
[Vul?
o d7P

P
dzx > 0379/ @d:c, Yu € C(Q), (1.1)
Q

see e.g. |20, 16, 1, 2, 9]. Under convexity assumption on the domain € cf [1], or under
weakly mean convexity assumption cf [18| the best constant Cj o is shown to be

Coq = (’S;HY, (1.2)

for s > 1.
When s < 1, in [2] section 3.4.3, was shown that

Coo> (!s—1|>p
5,0 = )
p

provided that € is such that ¢ is a weakly mean convex domain. Under mild regularity
assumptions on Jf2 (in fact in a neighborhood of a point of the boundary is enough), one
may test inequality (1.1) with a function that behaves like 47 e (x) near the boundary
of Q and passing to the limit € — 0T, one can easily conclude that Cs o < (%)p
when s # 1, see |14, 3] for similar arguments. It then turns out that for the complement

of a weakly mean convex domain there holds

— 1\7P
Cog = <w> , s <1, (1.3)

and therefore the constant of inequality (1.1), established in [2], is sharp.
In case s > n, it was shown that

N P
Cs,Q > <8 n> y
p

without any geometrical assumption on €2, besides 2 # R", cf [1, 9]. In general the

p
lower bound (%) is not sharp; see e.g. Theorem 1.5 below. If however we suppose
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that ¢ is bounded, then testing with a function behaving near infinity like a5 (z)
p
and passing to the limit € — 0T, one has that Cy o < <%) . In particular,

NP
Cogy = (Sp"> , s> n. (1.4)

and the constant of inequality (1.1), established in [1] is sharp in case ¢ is bounded.

In this work we focus in the case where €2 C R” is the complement of the unit ball,
that is, 2 = Bf. This case was considered in [14, 4, 10]. By the proceeding comments
when either s < 1 or else s > n the best constant is given by (1.3) or (1.4) respectively.
Therefore for p > 1 and n > 2, we concentrate in the range of the parameter 1 < s <n
and we study the best constant ¢(p,n,s) of the following Hardy inequality

M X C n.s M T U 00 c
/Bf (o] - 1yrr 7 = >/Bg<x|—1>sd’ Vue CF(By). (15

In the special case p = 2 the best constant was explicitly computed recently in [8].
The main result there, is the following
Theorem A Let n > 2 and s > 1. The best constant of the Hardy inequality,

|Vul? / u? _
————dx > ¢(n,s ——dx, Yu € C°(BY),
o o= e > ) [ )

(i) in the case n = 2,3, and 1 < s < n, is given by
—1\2 .
(). 7 1<ssog,

c(n,s) = ) ,
(), i <s<n

and s not realized in the proper energy space,
(ii) in the casen >3 and 1 < s < n, is given by

—1\2 . _

(*z5)", if 1<s< 3,

—2)(n—s—1)(s—2 ¢ 3n=> 2_3n+4
o(n,s) = ¢ Ao gy b g ¢ mioind

—s\2 2_

(25)%, i MR < s <.

Moreover, when
3n—5 _ n?—3n+4
n—1 n—1

n >3 and

the best constant is realized by the function

(n=2)(s—2)
n—3

u(@) = |27 (|z] = 1) =l > 1,

whereas in the other cases it is not realized in the proper energy space,
(iii) in the case s > n, is given by




and is not realized in the proper energy space.

By the proceeding discussion, testing inequality (1.5) either by a function behaving

s—1 n—s
like (|| —1)"7 *° near the boundary of Bf or like (|| —1)” » ° near infinity, we

on<om (52 (52))

As we shall see the best constant of (1.5) is related to the existence of positive radial
smooth solutions of the Euler Lagrange equation in (1, c0).

P2 L
(T O

conclude

!/
) +c(p,n, s) 0, r>1. (1.6)

When 1 < s < ”TH we define 6 to be the unique solution of
c(p,n,s) =61 (s — 1= 0(p — 1)), (L.7)
in the interval [%, ;%}) Changing variables by

-1 p—1 /\p—2 4! 1
y(a) = ep)l ﬁ:wi Low=o > (1.8)

y is defined for all x € (0,1) and satisfies the following singular ODE

dy —(n—1)ay + 8—1—0(p—1)+(n_5)y+9(p_1)|y|#}

dr 20— 2) , O<ax<l1.
(1.9)
e e _ n+1 . _ S_l p _ n_l p . .
We initially study the case s = "3=, with c(p,n,s) = (T) = (W) in which
case 0 = ”2—;1. The change of variables (1.8) leads to the study of solutions of the ODE
D
— — — -1
dy _n—1 (1+4p(1—2x)y+(p—1ly[>-T) O<z<l (1.10)

dx 2p z(1—x) ’

It turns out that for all values of the parameters p > 1, n > 2, there are analytic at
(z,y) = (0, —1) solutions, that is, solutions y(x) with y(0) = —1 and y(z) is analytic in
a neighborhood (0, €), for some € > 0. For fixed p > 1 we are interested in the values
of n (which we treat as a continuous parameter), for which the analytic solution exists
for all z € (0,1) and connects to (1,1), that is y(1) = 1. In a similar fashion, for all
values of the parameters, one can produce solutions which are analytic at (1,1). As will
shall see there is a unique value of the parameter n, that we denote by n*(p), with the
property that the analytic at (0, —1) solution is also analytic at (1,1), see Theorem 3.1.
In particular, n*(p) is a continuous and strictly increasing function of p with n*(p) > 2
for p > 1, cf Lemma 3.6. As shown in [§], n*(2) = 3, c¢f Theorem A. Our first result
then reads

Theorem 1.1. Letp > 1, 2 <n <n*(p). Then

(5)
c(p,n,s) =
)

n—s
p

p

V)

if 1<s<ndl

p

)
, if M <s<n.



We next consider the case where p > 1, n > n*(p) and 1 < s < 2 and we

2 [Z
variables (1.8) leads to the following ODE

P
investigate when there holds ¢(p,n, s) = (S_l) , in which case § = =1, The change of

_p_
ay  —(n=Day+SE[1+piSty+ (0 - Dyl
- = , 0<ax<l.
dx z(1—1x)

For x = 0 the equation

(n —s)

D _p_
H(y):=1+=—"y+ - Dl =0,

has two negative roots satisfying

n—s\P1
p2<—< ) <-1<p <O.

s—1

There exists an analytic at (0, p2) solution. We are interested in these values of the
parameter s for which the analytic at (0, p2) solution connects to (1,1). As a matter of
fact there exists precisely one value of the parameter s, that we denote by s1(p,n), with
1 < s1(p,n) < 2L, for which the analytic at (0, p2) solution connects to (1,1) and at
the same time it is analytic at (1,1) as well, cf Theorem 4.7 for the existence as well as
for further properties of s1(p,n). It turns out that the best constant ¢(p,n,s) retains

p
the value (%) as long as s is below s1(p,n) but it drops thereafter. More precisely,
we have

Theorem 1.2. Let p > 1, n > n*(p). Then

s—1\"
C(p,’I’L, S) = ; 1<s < Sl(pvn)
p
s—1\" n+1
C(pan’ 8) < ( > ) Sl(p’ n) <s< i .
P 2
By Theorem A, s1(2,n) = 37?:15. Concerning the case ”T‘H < 8 < n we have

Theorem 1.3. (symmetry of the best constant) Let p > 1, n > 2 and 1 < s < n. Then,
the best constant satisfies

c(p,n,s) =c(p,n,n+1—3s).

In particular, if p > 1 and n > n*(p) then

_ p 1
c(p,n,s) < (nps), n;r <5< so(p,n) :=n+1—s1(p,n),

n—s
p

c(p,n,s) = <

P
) , sa(p,m) <s<n.

By Theorem A, s2(2,n) = %. A depiction of the best constant ¢(p,n, s) in case

n > n*(p) is shown in fig. 1. See also fig. 3 in section 4.
Concerning the existence or nonexistence of minimizers for (1.5) we have



Figure 1: Case p > 1, n > n*(p), s > 1. A depiction of the best constant ¢ = ¢(p, n, s)
(in red) for inequality (1.5).

Theorem 1.4. Let p > 1.

(i) If either2 < n <n*(p) and 1 < s < n orelsen > n*(p) and s € (1, s1]U[n+1—s1,n),
then the best constant c(p,n,s) is not realized in the proper energy space .

(ii) If n > n*(p) and s; < s <n-+1— sy, then the best constant c(p,n, s) is realized by
a unique minimizer (modulo a multiplicative constant) which is radial.

We finally consider the case of the complement of an infinite circular cylinder. Let
n>2,m>1and

{(z,y) €ER" xR™, |z| >1, y € R™} = B x R™ |

Theorem 1.5. Forp>1,n>2, m>1 and 1 < s <n, the following Hardy inequality
holds true

V u(zx,y)|P p( )

where the constant ¢(p,n, s) is the one in (1.5) and it is sharp. This time however, the
best constant is never realized in the proper energy space.

In our approach the change of variables (1.7), (1.8) plays a very important role.
The choice of € in (1.7) is suggested by the asymptotic behaviour of the solution of the
Euler Lagrange equation (1.6) near the boundary, see Remark 2 after Theorem 5.2. The
change of variables (1.8) normalizes the solution ¢(r) and leads to a relatively simple
ODE (1.9) that we analyse in detail. Through these change of variables two important
parameters in the problem emerge, namely, n*(p) and s;(p,n). For these values of
the parameters, the corresponding ODE (1.9) admits solution y(z), = € (0,1) which
is analytic at both ends, x = 0 and = = 1, see Theorem 3.1 and section 3 for various
properties of n*(p) and Theorem 4.7 and section 4 for various properties of s1(p,n).



2 Preliminaries

Proposition 2.1. Let Q C R™", n > 2, p > 1, s > 1. Suppose that for some positive
costant ¢ we have a positive smooth function 1p = (x) that solves the Euler Lagrange

—2 -1
V- ('va VQ’Z)) +c il 0, x € €. (2.1)

5P ds

Then, for the same value of the constant ¢ we have the inequality

T
/g ds—P(x) dr 2 /Q s (z) dz, Vu € C°(Q). (2.2)

Proof: Let any smooth vector field F in 2 and v € C°(Q2). In a similar way as in
Theorem 4.1 of [3], starting from the quantity fQ Vu-F dx, an integration by parts and
then Holder’s inequality yield the following inequality

[Vu(z)[?

e /Q (V- F@) ~ (o~ a5 [F(@)]77) fu(n)|? da.

We choose for F, ,
_ V(@) P VY(z)
B0 =)

Using the fact that v satisfies (2.1), F is easily seen to satisfy

C

~V-F o (p— Ddrt [F]7 4 2 =0,

from which the desired inequality follows.

g

Remark 1 In fact, it is well known that the converse of Proposition 2.1 holds true.
That is, if inequality (2.2) holds true for some ¢ > 0 then the corresponding Euler
Lagrange equation (2.1) has a positive smooth solution in €.

Remark 2 In general there are several positive constants ¢ for which (2.1) has a positive
smooth solution. Our aim is to find the largest possible constant ¢ for our problem at
hand, where Q = BY .

Remark 3 Since our domain is radial we study radial solutions of the Euler Lagrange.
As we shall see in section 6, this is enough to get the best constant in the general case.

Forn >2,p>1and 1 < s < nitis easy to establish that for some positive constant
c we have the inequality

“+00 / “+o00
ne1 U (r)P / o1 |u(r)P 1
r dr > c r dr, Yu € C,(1,+00).
/1 (r—1) 1 (r—1)° ( )

We also set . P
00 np—1 |u(r
T 2 dr
¢(p,n,s) = inf ! (G

ueCillieo) [0 pn 1 G dr




()P
o0 1 (1)

1/p
As a consequence, |u|| = ( 1 N dr> is a norm and we denote the

completion of C(1,+00) under this norm by VVO1 P%(1, 4+00). In particular

+oo p—1 |[W/(r)|P
R e e dr

c(p,n,s) = inf (2.3)

1,p,s +00 pn—1 [u(r)[?
weWs? (Lkoo) [y P dr

We next have

Theorem 2.2. Letn>2, p>1and 1l <s<n. If

c(p,n,s) < min{(s p 1>p, <"; S>p}7

then, there ezists a radial positive minimizer of (2.3) in Wol’p’s(l, +00), which solves the
corresponding FEuler Lagrange.

The proof follows by quite similar arguments as in [4, 15, 19]. Alternatively, one can
adapt the arguments in [12].

3 [Existence and properties of n*(p)

In this section we cosider the case n > 2, p > 1 and s = ”7“ Although our interest is
in the case where n > 2 is a natural number, in sections 3, 4, 5 and 6 we treat n as a
continuous parameter in [2, +00). We will study solutions of the ODE (1.10) which we
recall:

dy _n—1 (1+4p(1—2x)y+(p—1y[>T)
dx 2p z(1—x) ’

0<z<l, yelR (3.1)

Elementary Calculus shows that
1+p(l—22)y+(p—Dly[7 T >1—|1-2zfP >0, =z€(0,1).

For x = 0, the quantity
_b_
L+py+(p—Dlyl-1 =0,

has a double root at y = —1 and is strictly positive for y # —1.
Similarly, for z = 1, the quantity

_p
L—py+(p—1)yl>—T >0,

has a double root at y = 1 and is strictly positive for y # 1. In conclusion, the critical

point of (3.1) are (0, —1) and (1, 1). Moreover solutions of (3.1) are monotone increasing.
Our main interest is in the existence of bounded solutions of (3.1), that connect the

points (0,—1) and (1,1) that is solutions y(z) with the property lim, o+ y(z) = —1

and lim,_,;- y(x) = 1. To this end we define

Definition: By AA connection we mean a solution y(z) of (3.1) which is analytic in

a neighborhood of x = 0 with y(0) = —1 and at the same time is also analytic in a
neighborhood of z = 1 with y(1) = 1; by AN connection we nean a solution which is



analytic in a neighborhood of x = 0 with y(0) = —1 and is not analytic at = 1, and
similarly for NA.

For later use we denote by F(p,n,z,y) the right hand side of (3.1), that is

n—1 (1+p(1—2z)y+ (p—1)[y|71)
2p z(1—x) ’

F(p,n,z,y) = O<z<l,

We have the following monotonicity properties

n—1(@1- |77 + [y|7 In [y7°7)

<0, 1, z€(0,1),
2p2 l’(l _ :C) ‘Z/’ 7& T ( )

(3.2)

0
—ZF =
ap (p,n,x,y)

as well as

_Db
1+ p(l—2x)y+(p—1)yl>—?
2px(1 — x)

o
o, Lz y) = >0, |[yl#£1, ze(0,1). (3.3)

We define

N(p) = {n>2: there exists an AN connection
between (0,—1) and (1,1) of ODE (3.1)}. (3.4)

Our main result in this section is

Theorem 3.1. Let p > 1. N(p) is a nonempty open bounded interval. We also define
n*(p) := sup N (p).

Then 2 < n*(p) ¢ N(p) and for n = n*(p) the ODE (3.1) has a unique AA connection
between (0,—1) and (1,1). Moreover, n*(p) is a continuous and strictly increasing
function of p with the following upper bounds

(a) if 1 <p<2thenn*(p) <3,

(b) ifp > 2 then
n*(p) <2p—1+2y/(p—1)(p—2).
In addition we have (all connections refer to the ODE (3.1)).

(i) for2 <n < n* there exist a AN connection y;, between (0,—1) and (1,1) and a
NA connection ya between the same points, such that yp(x) = —y.(1 — x),

(ii) for n = n* there is a unique solution yo connecting (0,—1) to (1,1) which in
addition is an AA connection and satisfies yo(x) = —yo(1 — x).

(iii) for n > n* there are no connection between (0,—1) and (1,1). In particular the
analytic solutions to either (0,—1) or (1,1) blow up at some finite x.

See fig. 2. In the rest of the section we will present a series of Lemmas that will
eventually lead to the proof of Theorem 3.1.

Lemma 3.2. Letn > 2 and p > 1.



Yo Yo /

/4 /
-1 -1 -1

(a) (b) (c)

Figure 2: (a) Case 2 < n < n*(p): existence of both AN and NA connections, (b)
case n = n*(p): existence of a unique connection, which is AA (c) case n > n*(p):
nonexistence of connecting orbits. All connections refer to the ODE (3.1).

(a) There exists a unique analytic solution yq(z) of (3.1) near (x,y) = (0, —1). Moreover
for some € > 0 and any x € [0,¢) there holds

n— n— 1)
Yo(x) = =1+ (n— 1)z + 5 ! <El(p _11) —(n— 2)> 2% 4+ O(z?). (3.5)

(b) If for some e € (0,1) there exists a solution y(x) of (3.1) in (0,¢) that in addition
satisfies

IN

Y(@) < yalx) for z€ (0,¢) and limgypry(s) = —1,
then necessarily y(x) = yq(z), € (0,¢).
Similarly,
(c) There exists a unique analytic solution yy(x) of (3.1) near (z,y) = (1,1). Moreover

for some € >0 and any x € [1 —¢e,1) there holds
(n—1)°
Alp—1)

(d) If for some € € (0, 1) there exists a solution y(x) of (3.1) in (1—¢,1) that in addition
satisfies

yb(x):1+(n—1)(a:—1)—|-n_1((n—?)—

5 )(x—1)2+0(($—1)3). (3.6)

y(@) > (@) for v€(1—2,1) and limy-y(z) =1,
then necessarily y(z) = yp(x), z € (1 —¢,1).
(e) The two analytic solutions are connected via
yp(x) = —yo(1 — ), xe(l—egl). (3.7)
Moreover if yq is an AN connection then y, is NA connection, equality (3.7) holds for
all z € (0,1) and in addition
yp(x) > ya(z), x € (0,1),

implying in particular that the root x, of y, satisfies x, > %

10



Proof: (a) We write the ODE in the following way

P
n—1 (1+p(1—-2z)y+ (p—1)|y|>-*
xy (z) = o ( ( )1_30( )yl ):: fz,y), 0<z<l.

We next apply Proposition 1.1.1. p. 261 of [11], in a neighbourhood of the point
(x =0,y = —1). Since f(0,—1) =0 and %(O, —1) = 0, which is not a positive integer,
we have the existence of a unique analytic solution in a neighborhood of the point
(0,—1). The asymptotics follow easily.

(b) Suppose on the contrary there is another solution y satisfying y,(x) > y(z) in
(0,¢) which tends to —1 as @ — 07. We define ¢(z) = y,(z) — y(z) > 0. Clearly

lim, .o+ ¢(z) = 0 and using the convexity of |t|11%1 we have
» p_ D »
)15 2 @) + Ll @) T @) 0(0) ), @ € 0,9)

This implies that for x close to zero, ¢ satisfies,

1
n—11-=2z—|y.(z)|*—*

/
<
o) < Mg S o),
whence, after integration
1
o(e) net pe 12t lya(OIPTT g,
—L <Le 2 e t1-9 , x€(0,¢e). 3.8
o (0,¢) (3.5)
Using the asymptotics of y, we have that
1
1—-2t— t)|r-1 -1
i O, n=1
t—0+ t(1—1t) p—1

implying that as z — 07 the left hand side of (3.8) goes to infinity whereas the right
hand side is finite, thus leading to a contradiction.

Parts (c) and (d) are quite similar and we the proof. The equality in part (e) follows
from the uniqueness of the analytic solutions, whereas the inequality is a consequence
of parts (b) and (d).

0
For completeness we also consider the limiting case p =1
Lemma 3.3. Consider the ODE
d -1 1+(1-2
v_z (1 x)y), 0<z<l. (3.9)

de 2 z(1—x)
(i) for1 < mn < 2 there exist an AN monotonic connection yi, between (0, —1) and

(1,1) and a NA connection yo between the same points, such that ya(z) = —y1(1 — z),

(ii) For n = 2, the function yo(x) = 2x — 1 is a monotonic AA connection between

(0,—1) and (1,1).

(iii) for n > 2 there are no monotonic connections between (0,—1) and (1,1).

11



Proof: Part (ii) is an easy calculation.

For part (i) we note that yo is a supersolution of (3.9). In addition the analytic at
(0, —1) solution has asymptotics y,(z) = —1 + % + O(2?). Since % <2, Yq
starts below yo and therefore stays below yg for x € (0,1), it increases monotonicaly to
(1,1) and it is not analytic to (1,1). In fact the analytic at (1, 1) stays above yy and is
a NA connection. The relation ya(z) = —y1(1 — x) is a consequence of the uniqueness
of the analytic solutions.

For part (iii) suppose that for n > 2 there is a monotonic connection y;(z). Then
y2(z) = —y1(1 — x) is another monotonic connection. They are either the same or
else the one is above the other. If they are equal then y;(1/2) = y2(1/2) = 0. If,
say, y2(z) < yi(x) then their roots are symmetric with respect to x = 1/2. Hence the
solution y(x) of (3.9) with y(1/2) = 0 is such that y2(z) < y(z) < y1(z) and therefore
it is another monotonic connection. In all cases, there is a monotonic connection with
y(1/2) = 0. By a simple comparison argument with n = 2 we see that

1
y(x) > 2z —1, x € (5,1). (3.10)
We next distinguish two cases, n > 3 and 3 > n > 2.
Suppose first that n > 3. Differentiating (3.9) we obtain
n—1 1

y'(x) = m[(n—iﬁ)(l—21‘)(1—}—(1—2x)y(:c))—4:v(1—x)y(x)] <0, =ze¢€ (5, 1).

It follows that () is strictly decreasing and therefore lim, ,;- ¢/'(z) =1 € [—00, 00).

If | = —oco we have an immediate contradiction, since we assumed y to be increasing. If
[ > —o0, using L'Hopital rule in (3.9), we arrive at
n—1-2-1 n—3
l= & —(n—-1)= l

which is impossible for n = 3 whereas when n > 3 it gives I < 0 and contradicts the
fact that y increases.

Now 3 > n > 2. Applying Proposition 1.1.1, p. 261 of [11], in a neighbourhood of
the point (z = 1,y = 1) since the ODE (3.9) can be written as

n—1 (1+(1-2x)y)
2 x

(o= 1)y (2) =

with f(1,1) =0 and

= f(xa y)

af n—1

aiy(lvl): 9 ¢N,

we conclude the existence of an analytic solution at (1,1), that we denote by yq(z).
We claim that the connection y(z) is in fact y,(z). If not, then o(x) := y.(x) — y(x)
satisfies near (1,1)

n—1 (1-2z)o(zx)

o'(@) = 2 r(l—z)

and therefore

o=k@(l-2)"7,  keR"
Suppose that & > 0. Then,

n—1

Yo (x) — o () = ki (1 = 22)(2(1 — 2)) "7,

12



and it follows that y'(z) — 400 as x — 17, which contradicts (3.10). If & < 0 then
y'(z) — —oo as * — 1~ which is impossible since y is increasing. Hence in all cases
y(@) = ya(2).
The slope of y =y, at (1,1) is % On the other hand from (3.10) the slope of
Yo should be smaller than 2, that is % <2 & n <2 which is a contradiction.
O

We next have

Lemma 3.4. Let p > 1. Forn = 2 there exists AN connection of (3.1) between (0,—1)
and (1,1) and in addition the set N'(p) is an interval, open in its right end. Moreover
for 1 < p < q we have the following monotonicity property N (p) C N(q).

Proof: We initially establish that for n = 2 and any p > 1, there exists an AN connection.
Because of (3.2) the function y(z) = 2x — 1 is a supersolution of (3.1) for n = 2.
By standard arguments, at (0, —1) there exists an analytic solution with asymptotics
ye(x) = =14 2+ O(2?), therefore y,(x) < y(x) near z = 0. By comparison ¥, () stays
below y for all z € (0,1). The function y.(x) is not analytic at = 1, since if it were
the analytic, then we would have y,(z) < 22 — 1 which implies y, (1) > 2. But this is a
contradiction, since the slope of the analytic solution at (1, 1) is one.

Let n € N = N(p) and y; the corresponding AN connection. If yo is the NA
solution then by Lemma 3.2 we have that the root of y; is at a point z, > % In fact
this characterizes the AN connections.

Next we show that the set N is open in the relative topology. Let n € N and y,
the corresponding AN connection that becomes zero at x.(n) > % We use continuous
dependence of the analytic solutions at (0, —1) in the interval (0,z.(n)) to get for n’
close to n we have that z,(n’) > 1 and therefore is y,, is not analytic at (1,1).

We now establish that A is connected. To this end we use the monotonicity of F'
with respect to n, cf (3.3), which implies that if for some n we have an AN connection
yn then for 2 < 7 < n y, satisfies y,, > F(p,n,2,yn), * € (0,1). On the other hand
the analytic at (0, —1) solution satisfies yz(x) = —1 + (7 — 1)z + O(z?) and therefore
Yn(x) < yn(x) near x = 0. It follows by comparison that y5(z) < y,(z) for all x € (0, 1),
and therefore y5(x) is an AN connection. Hence 1 € NV.

Finally we establish the monotonicity property. Let 1 < p < ¢, n € N(p) and y,
the AN connection. Then, as before, we obtain

y,(x) > F(g,n,z,y,(x)), xe€(0,1).

Using the asymptotics of y,(z) for x close to 0" from Lemma 3.2, as well as the fact
that y, is a supersolution, we conclude that y,(x) < yp(x) for all z € (0,1). Hence y,
is an AN connection and as a consequence n € N(q).

O
Lemma 3.5. For p > 1, the set N'(p) is bounded above. In particular

(i) for1 < p <2 an upper bound for N (p) is 3,
(i) for p > 2, an upper bound for N'(p) is 2p —1+2y/(p— 1)(p — 2).

Proof: Part (i) follows from the fact that A (2) = [2,3) and the monotonicity property
of N(p), cf Lemma 3.4.

13



(ii) We will show that for any
n>2p—14+2/(p—-1)p—-2) & —1<7(n D’ (3.11)

there is no connection between (0, —1) and (1,1). A consequence of the first inequality
is that n > 3.

We will first establish that there exists & > 1 and close to one as well as A <n — 1
and close to n — 1 such that

y(z) = Az —1) + &, z € (0,1), (3.12)

is a subsolution of (3.1). In fact we will choose A to satisfy

An _73010 i R (3.13)
Q(np_ D (3.14)
o4 2 _n2)(g e (3.15)

8(n—1)*(p—1)
13+ 2) A < n-—1, (3.16)

and k to satisfy

1< k < ;<)\—\/)\(A—2(n;1))>, (3.17)
1< k < (n = 3] (3.18)

2(n—3+2(p—2)(n—2))’
A(n—3+2p—\/(n—3+2p)2_8(”_1)j(1’_1)>
bos 4p—1)(n—1)

For later use we note that since A > 2, if k satisfies (3.17), it easily follows that

1 < (3.19)

E—X<—1. (3.20)

Similarly, if k& satisfies (3.18) or (3.19), we also have (3.20). Hence under assumption
(3.13)— (3.19), inequality (3.20) holds true.

Before proceeding to the proof we check that the stated inequalities are well defined.
To this end we first establish that the range of A is nonvoid. Indeed for (3.14) we note

n — — n — 2
= n22(]1? . <n-l< p_1<4(1(n—1;)’

which is (3.11). The nonvoidness of (3.14) follows, since p > 2. For (3.15) we need

Alp =2)(n = 2) (n— 1)
3 <n—1<:>p—1<4(n_2).

2+
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For (3.16) we need,

8(n—1)2(p— 1)

(=31 ) <n—1<« (n—1-2(p—1))*>0;

the inequality is strict because of (3.11).
We next check the nonvoidness of the k inequalities (3.17)— (3.19). The square roots
are well defined by (3.14) and (3.16). For (3.14) we note that

1 2(n—1) n—1
1<2<)\—\/)\(>\—p)> = ( 5 —2>/\+2>0.

This is immediate for 1 < p < ”T_l, whereas in the case where p > "T_l the above

2 2 o
721,,(2,1). 721,7(5;71) > n — 1 which is

— 1. The last inequality follows from (3.13) since

inequality is equivalent to A < It is enough to have

(n—1)°

equivalent to p —1 < 57—

(n—1? (n—1)?
4n—2) " 2n—-2)

The nonvoidness of (3.18) follows from (3.15). Concerning (3.19),

A(n—3+2p—\/(n—3+2p)2—8("1);(p1)>

4(p—1)(n—1)

1<

is equivalent to

)\\/(n—3+2p)2 _8n= 1)5(}’_ Y o =34 2p) —4(p—)(n—1).

The right hand side of this is positive because of (3.16). Squaring both sides, the last
inequality turns out to be equivalent to A < n — 1.
We now proceed to the proof that y(z) = Az — 1) + &, z € (0,1) is a subsolution of
(3.1). To this end we will show
n—1

Az(l—x) < o (1+p(1 = 20)y(2) + (p— Dly@)|77), =z € (0,1),

Changing variables by t = A(z — 1) + k this is equivalent to
n—1 k n—3 (2k n—2
= —k(1-2 = _1)t- 2
A(t) % k ( A) +—5 ( © >t ot

1p-1_ o
n2 P= 5 >0, k-A<t<k (3.21)
P

By straighforward calculations we have

— 2k 2(n —2 -1 -2
A’(t):”23<)\—1>— (n)\ )t+"2 =P 1 t, te(k—\E),

2(n —2) n
A + 2(p

(p—2)

lt|” =1, te(k—A\k)\{0}.

A// (t) —

—1
_1)
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Function A is convex in the intervals (—to,0) and (0, tp) and therefore in (—to, to), where

p=1
. A(n—1) p=2
-0 -1/)
We note that A ) )
to>1 < A> (n=2)(p = ),
n—1
which is true by (3.13). We also have
n—1 k2
A(0) = —k+ —
(0) o FT

A0) = ”;3@"”—1).

Because of (3.14) and (3.17) we have that A(0) > 0 and A’(0) <0

We next study A(t) in k — XA < ¢ < 0. Since A(0) > 0, A/(0) < 0 and A is convex
n (—tp,0) and concave in (—oo,—tp) it follows that A is nonnegative provided that
A(k — X) > 0. But

:2m;1)@+p%—A%HP—UW—AVZ)ZQ

Ak —X)
Finally we study A(t) in 0 < ¢ < k. We first note that

Aww=ﬂﬂ;”(1—mwwp—nwv“)>&

If A is decreasing in [0, k| then clearly A(¢) > 0 in [0, k]. If on the other hand function
A has a minimum for some & € (0, k) then A’(¢ ) 0. Straightforward calculations yield
n—1 k2 -3 (2k (p—2)(n—2) 4
A(g) = — -1 — £
=" v (e

To proceed we define

_ 2 _ _ _
B(t) =" LN S 3<2f—1>t+(p2;f\n2)t2, t>0.

2p +)\+2p

The minimum of B is taken at the point

(n — 3)(\ — 2k)

[T

As a consequence of (3.18) we have that ¢; > k. Function B is convex and
B(0) = A(0) >0,

B(0) = ;A’(0)<0

It follows that B(t) is decreasing in the interval (0, k). Hence A(¢) = B(§) > B(k). We
will show that B(k) > 0. We have

_n—-1_ n—3 (p—1)(n—1) ,
B(k) = o < o >k—i—p}\ k=.
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The smallest root of this trinomial is in fact the right hand side of (3.19), and the
positivity of B(k) follows. Hence for 0 < ¢ < k we have A(t) > A(§) > 0. This
completes the proof of (3.21), and consequently of the fact that y, as given by (3.12),
is a subsolution of (3.1). a

It remains to show that under condition (3.11) there is no connection between (0, —1)
and (1,1). Under condition (3.11) we have seen that there exist choices of k, A satisfying
(3.13) - (3.19), so that y as given by (3.12) is a subsolution of (3.1). Since y(0) = k—\ <
—1 any solution tending to (0, —1), including the analytic at (0, —1), stays above y and
therefore blows up for some finite € (0,1). Similarly any solution tending to (1,1),
including the analytic at (1, 1), stays below y and blows up for some finite x € (0, 1).
Therefore there is no connection between between (0, —1) and (1,1).

U
We next have

Lemma 3.6. For p > 1 and n = n*(p) the ODE (5.1) has an AA connection between
(0,—1) and (1,1). Moreover n*(p) > 2, is a continuous and strictly increasing function

of p.

Proof: We first show that for n = n*(p) equation (3.1) has an AA connection. It follows
from (3.3), that if n, n’ € N(p) with n < n/, the analytic at (0, —1) solutions ¥, and
Yy respectively, satisfy

—1 <yp(x) <y)(z) <1, x e (—1,1).

Morever the analytic at (0, —1) solution depends continuously on the parameters n and
p in the compact intervals of [—1,1). As a consequence the analytic at (0, —1), solution
Yn*(p) 1S & connection between (0, —1) and (1,1). Since N(p) is open by Lemma 3.4,
Yn+(p) 1s also analytic at (1,1).

As a consequence of the monotonicity property of N(p) of Lemma 3.4, we have
that if 1 < p < ¢ then n*(p) < n*(¢). We will establish that we actually have strict
inequality. Suppose on the contrary that n*(p) = n*(¢). We will study the analytic at
(0, —1) solution of (3.1) when the parameter is g, say, yg(z). Because of (3.2), y,«(p) is
a supersolution of the (3.1) with ¢ in the place of p.

Using the he asymtotics of the analytic at (0, —1) solution near x = 0, from Lemma
3.2, we get that

p)

Yn*(p) (T) > yg(z), (3.22)
initially near zero. Since y,-(,) is a supersolution of (3.1) the above inequality holds for
all z € (0,1). We will show that y§ is not analytic at (1,1) and therefore n*(p) € N(q).
Indeed, if it were analytic at (1,1), then the asymptotics of yg near x = 1, implies that
Yq () > Yn+(p)(z) near x = 1, which contradicts (3.22). This shows that n*(p) < n*(q).

We finally establish the continuity of n*(p) with respect to p. Because of the
monotonicity of n*(p), the following limits exist and we will show that
lim n*(r) =n*(p) = lim n*(r).
r—pt r—p—
Suppose that
lim n*(r) =1>n*(p).
r—pt
Using the monotinicity (3.3), the analytic at (0, —1) solution of (3.1) with n = [ has
asymptotics yf'(z) = =1+ (I — 1)z 4+ O(2?) and y{'(z) > yp+(y)(x) as long as y{* exists.
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We will show that yj* blows up at some x € (0,1). Indeed, if it connects to (1,1) then
it is not analytic at (1,1), as one can see using the asymptotics of the analytic at (1, 1)
and therefore | € N(p) = | < n*(p) which is a contradiction. Using the continuity
of the analytic solutions with respect to r and n we conclude that for |p — r| + |n — |
small, the analytic at (0,—1) solution y; . blows up as well. By the definition of the
limit when r is close to p then n*(r) is close to [ and this leads to a contradiction.
Suppose now that
n*(p) > 1= lim n*(r).
r—p—

Let y, the AA connection of

y;)(I‘) = F(pvn*(p)7$7yp($))7

and yj', () the analytic at (0, —1) solution of

y'(x) = F(p,1,z,y(x)).

Using the monotonicity property of (3.3) and the asymptotics of the analytic solution
at (0, —1) we conclude that yj’,(z) < yp(z) in (0,1) and therefore yj' (2) is a connection
between (0,—1) and (1,1). It cannot be AA connection since then n*(p) = [ contrary
to our assumption. Hence it is an AN connection. But then yl‘fp(a:) becomes zero at

z+(p) > . By continuous dependence of the analytic solution yi,(x) at (0,—1) of

y/(x) = F(T7l7x7y(x))7

in the interval (0,z4(n)), we have that for » < p and close to p, yi',.(x) will be close to

yi,(z) and therefore z.(r) > % and as a consequence y¢,(z) is an AN connection. This
implies that [ < n*(r) which is a contradiction.

0

Proof of Theorem 3.1: The properties of the set N'(p) as well as of n*(p) are established
in Lemmas 3.4, 3.5 and 3.6. We next establish properties (i)-(iii).

The property of n*(p) of Part (ii) follows from Lemma 3.6 and the symmetry
property of yo follows from Lemma 3.2. Part (i) follows from Lemma 3.4 in connection
with Lemma 3.6. For part (iii) we note that if for some n > n*(p) we had a connection y
then we would also have either an AN connection or else an AA connection. Indeed by
Lemma 3.2 part(b) the analytic at (0, —1) solution y; stays below y and is a connection.
If it were an AN connection then we contradict the properties of A'(p). If on the other
hand it were an AA connection, and if we denote by yo the AA connection corresponding
to n*(p) then since we have

yi(x) = F(p,n,z,y1(x)) > F(p,n*(p),z,y1(x)), € (0,1),

in connection with the asymptotics of analytic solutions at (0, —1) imply that yo(z) <
y1(z), x € (0,1). However, this inequality violates the asymptotics of analytic solutions
at (1,1).

]

18



4 Existence and properties of s;(p,n)

In this section we consider the case n > 2, p>1land 1 < s < "T‘H We will study the
existence of bounded connecting orbits for the ODE (1.9) with the choice § = (s—1)/p,
that is:

_p
gy —(n— Doy + =t 14 p2=y + (p— 1)]y/77]

= 0 1. 4.1
dx z(1—x) ’ SEs (41)

For x = 0 the equation

p(n —s)

+( 1)| ’ pl O
— p—1 =
s—1 Yy~ p Y )

H(y):=1+

has two negative roots satisfying

n—s\P!
p2<—< ) <—-1<p; <O.

s—1
We easily establish the following monotonicity properties

9p2(p) Ipa(s) Ip2(n)
Op <0 0s >0, on

< 0. (4.2)
Similarly, for = 1, the quantity

_p
L—py+(p—1)|yl>—T >0,

has a double root at y = 1 and is strictly positive for y # 1.

There are three critical points of the ODE, namely (0, p1), (0, p2), (1,1), that will
be important to our analysis. There are other critical points, that is, points at which
the numerator of the right hand side of (4.1) is zero,

-1
—(n—l)my+STH(y):0, 0<z<l.

Clearly, they lie on the curve

x = P(y) ::p(sn_ll)H;sy)’ 0<z<1, (4.3)

which equivalently can be written as
z = P(y), p2 <y < p1.

If there is a pair (zg, yo) with z¢ € (0,1) and yo € (p2, p1) such that
s—1
—(n —1Dzoyo + TH(ZUO) =0,
then the solution of the ODE with y(xg) = yo is such that for all x € (0, z() there holds

-1
—(n—1)zy + i

H(y) <0,
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and therefore y is decreasing in (0, zo) with lim,_,o+ y(x) = p1. On the other hand for
x € (xo, 1), y(x) is increasing for as long as it exists.

We are primarily interested in the existence of bounded solutions of (4.1), that
connect the points (0, p2) and (1,1). To this end, similarly to the previous section, we
define

Definition: (i) y is a connection between (0, p2) and (1,1) when y(z) solves (4.1) in
0,1) with the property lim, .o+ y(x) = p2 and lim,_,;- y(x) = 1.
ii) y is an AA connection between (0, p2) and (1,1) when it is a connection between

0,p2) and (1,1) and in addition is analytic near x = 0 and near z = 1.

(
(
(
(iii) y is an AN connection between (0, p2) and (1,1) when it is a connection between
(0, p2) and (1,1) and in addition is analytic near x = 0 but it is not analytic at x = 1.
(iv) We similarly define NA connections as well as connections between (0, p1) and (1, 1).

If we denote by F(p,n,s,z,y) the right hand side of (4.1) we have the following
monotonicity properties

_p_ _p _pb_
Cs=1 A=yl T +[y[rTInfy[r-T)
p? z(1—x)

<0, |yl #1, z€/(0,1),
(4.4)

0
F =
ap (p,n,s,x,y)

as well as

_p
L—py+(p—1)ylr—?
pr(l —x)

3}

5L (P8, 2,y) = >0, y#1, ze€(0,1).  (45)
Lemma 4.1. Letn >2 and p > 1.

(a) There exists a unique analytic solution y.(x) of (4.1) near (z,y) = (0, p2). Moreover
for some € >0 and any x € [0,¢) there holds

Ya(x) = po + ax + B2* 4+ O(2?), (4.6)
with
0 - (n—1)ps _ (nj11)02 7
n—s—1—(s—1)|pg|r-1 1= =2=H'(ps)
B = (n—2)a— 2(2;—11)\92“%172@2

1
n—s=2—(s=1)|pa|~

(b) If for some ¢ € (0,1) there exists a solution y(x) of (4.1) in (0,¢) that in addition
satisfies

lim y(.fU) = P2,

z—0t

then necessarily y(z) = yqo(z), € (0,¢€).
(c) There exists a unique analytic solution yy(z) of (4.1) near (x,y) = (1,1). Moreover
for some e >0 and any x € [1 —¢&,1) there holds

(s—1)(n—-1)

—£C2 xr— 3. .
ST | A0y, (47

() = 1=(n-1)(1 )+ (- 2) -
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(d) If for some ¢ € (0, 1) there ezists a solution y(x) of (4.1) in (1—¢,1) that in addition
satisfies
y(x) > yp(x) for v € (1—e,1) and lim,_1-y(z) =1,

then necessarily y(x) = yp(x), x € (1 —g,1).
Proof: (a) We write the ODE in the following way
—(n = Dy + *=LH(y)

1—=x

2y (x) = =: f(z,y), 0<zx<l.

We next apply Proposition 1.1.1. p. 261 of [11], in a neighbourhood of the point
1

(x =0,y = p2). Since f(0, p2) = 0 and %5(0,[)2) =(s—1) (2:11 - |p2|PTl) < 0 we have

the existence of a unique analytic solution in a neighborhood of the point (0, p2). The

asymptotics follow easily.

(b) Suppose on the contrary there are two such solutions yi(xz) > yo(x) in (0,¢). We
define ¢(z) = y1(z) —y2(z). Clearly lim, ,o+ ¢(x) = 0 and is easily seen that ¢ satisfies
the following ODE for some & such that yi(x) > &(x) > ya(z),

~(n - Dadle) + =L (E()()
z(l—1z) ’

O<x<e.

¢'(z) =
From this we easily derive

o)  le)  am1prHE) g

= p Je t(1-t)
-1 (1—emn1°

O<x<e.

Taking the limit x — 0% we arrive at a contradiction: the left hand side tends to zero
and the right hand side tends to infinity since H'(£(t)) — H'(p2) < 0.

(c) It is similar to (a). This time g—g(l, 1)=0.

(d) Suppose on the contrary there is another solution y satisfying y(x) > yp(z) in
(1 —&,1), which tends to 1 as x — 17. We define ¢(z) := y(z) — yp(z) > 0. Clearly

lim, ,;- ¢(x) = 0 and using the convexity of \t\# we have
i _p_ P p__9
y(x)[7=1 = |ys(x)[7=T + ﬁ\yb(w)lp‘l yp(2)(y(x) —w(x)), =€ (l—gl).
Hence, for x close to one, ¢ satisfies,

—(n— D)z + (n—5) + (s — Dy ()77
z(1—x)

¢'(z) > ¢(z),

whence

1

Ty [f ) e DO,
1 (1) 1 t(1—1t)

As x — 17 the left hand side tends to —oo whereas the right hand side is finite since,

using the asymptotics of y,

p =Dt (=) + (s D@ (= 1)p— )
1 t(1—1) p—1

leading to a contradiction.

)

We next prove some auxilliary Lemmas.
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Lemma 4.2. Letn > 2, p>1. If

p(n—1)(n—2)

0<s—1< P
1+pn—2)+(p-1)(n—2)rT

then
p2 < —(n—2).

Proof: Tt is a consequence of the fact that under our assumption on s, one easily
computes that H(—(n —2)) < 0.
O

Lemma 4.3. Letn > 2, n# 3 and p > 2. Then,

n—2< p(n—1)(n—2)

2 p Y
n=l T 1 pn—2) + (= D(n— 27

whereas for n = 3 we have equality.

Proof: Setting t = z%’ the above inequality is equivalent to

Q) =t(n—2?-2(n—-2"+2—-1t>0, 1<t<?2.

Function @ is strictly concave for n # 3, with Q(1) > 0 and Q(2) = 0, whence the
result.

t
Lemma 4.4. Let n > 2, p > 1. In addition, we assume that
(i) if p>2 then0<s—1<2:i—j,
(ii) if 1 <p <2 then 0 <s—1< min <2(p_731(1n_2), p(n=1)(n=2) p>.
I4+p(n—2)+(p—1)(n—2)P~!
Then, y(x) =1 — (n —1)(1 — x) is a supersolution to the ODE (4.1).
Proof: We need to prove that
di  —(n—1Dzg+=LH(g
dy , Z(n =V i
dz z(1—z)
After straightforward calculations this is equivalent to
n—2 s—1 2(n—2 n—2 s—1)(p—1 _p_
Qp,y) = - T y+ y2—( X )Iy\p*1 >0,
n—1 P n—1 n—1

for —(n—2) <y < 1.
We next consider the cases

(a) p = 2. We compute
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(b) p > 2. In this case

2Q
Op

since g(t) :=1—t+tlnt >0fort >0,¢t# 1 and g(t) =0 for t = 1. As a consequence

Q(y,p) > Qy,2) > 0.

s—1 _p_ _p_ _p_
Nz (1= 177 + |17 m]yl77] > 0,

(¢) 1 < p < 2. We now have

GQ n—2 n—2 2-p
— = =2 —142——y—(s—1 -1
9 Ty ts 12—y — (s = Dlyly,
9%Q n—2 s—l‘ |2;11’
_— = _— = p—1L,
Oy? n—1 p—ly
By our assumption
2(p—1)(n—2
L 2-D-2)

n—1
As a consequence, @ is a convex function of y for y € [—1,1]. Now, since Q(p,1) =
%(pa 1) = 0 it follows that
0Q

?y(p’ y) < 0’ Q(p7 y) > 07 Yy < [—1, 1)

We next consider the case n > 3 and study @ in the interval [—(n — 2),—1). The
positivity of @) is equivalent to
1—y)? s—1)(n—1
By = 00 =D
L—py+(p—1ly[r-T p(n=2)
The derivative of R is
2-p _p_
(=) [~pyllyl> = 1) + @ = p)(yl7T = 1)]

R'(y) = —5— >0, for y<-1.
(I —=py+(p—1)|y|»—7)?

—(n—-2)<y<-—1.

Hence
(i — _ (n—1)2 (s—1)(n-1)
B > Ri—(n =) = B> BT

by our assumptions, and therefore

Q(p,y) >0, —(n—2)<y< -1

The proof of the Lemma in now complete.

Lemma 4.5. Let n > 2, p > 1. In addition, we assume that
(i) if p>2 then 0 < s —1 < 20=2

n—1’

(ii) if 1 <p <2 then0<s—1<min <2(p_72(1n_2), p(n=1)(n=2) p>.
1+p(n—2)+(p—1)(n—2)P~T

Then, there exists an AN connection between (0, p2) and (1,1).

23



Proof: By Lemmas 4.2 and 4.3, under our hypotheses there holds
p2 < _(n - 2)7

for any p > 1. By Lemma 4.4, function y(z) =1 — (n — 1)(1 — x) is a supersolution to
the ODE (4.1). By Lemma 4.1 there exists an analytic solution at (0, p2), y.(x) that in
addition satisfies y,(z) < §(x) near x = 0. By comparison y,(z) < g(z) for all x € (0, 1)
and therefore lim, 1 y,(x) = 1. We claim that y, is an AN connection, that is, it is
not analytic at (1,1). Indeed, using the asymptotics of the analytic at (1,1) solution
yp, see (4.7) we have that for = close to one,

Yo(z) <y(z)=1—(n—-1)(1—2) < yp(x);
for the last inequality we also used the fact that

2p— 1)(n—2)

—-1<
5 n—1

Consequently y, is not analytic at (1,1).

We define

n+1
+ and in addition there exists an AN connection

Spn)={s:1<s<
between (0, p2) and (1,1) of the ODE (4.1).} (4.8)

Lemma 4.6. Let n > 2 and p > 1. The set S(p,n) is a nonempty interval, open in its
right end.

Proof: The set S(p,n) is nonempty by Lemma 4.5.

To prove the openess we argue as follows: If for some s we have an AN connection
Ya(z) between (0, p2) and (1, 1) then for the same s there exists an NA connection yp(x)
between (0, p1) and (1,1). Let 7, be the unique point for which y4(7,) = 0 and similarly
for 7. Then necessarily 0 < 7, < 7, < 1. Using the continuous dependence of y, in
the interval (0, 7,), it follows that a small variation in s, will result in a small variation
in the root 7,. By a similar argument for y,(x), a small variation in s, will result in
an analytic at (1,1) solution, with root near 7,. We conclude that for small variations
of s the two solutions are distinct. Hence, the solution close to the AN connection yp,
remains AN and the set S(p,n) is open.

Let s1 € S(p,n) with y1, the corresponding AN solution, analytic at (0, p2) and 1 <
sg < s1 with ya, the analytic at (0, p2) solution for s = sa. Using the monotonicities of
the F' cf (4.5), as well as of py cf (4.2), we conclude by comparison that yi4(z) > y2.().
If we denote by y1p, y2p the corresponding analytic at (1,1) solutions, then for x close
to one, using the asymptotics of the y;;, i = 1,2, we have

You(z) > y1(x) > y1a(x) > you().

As a consequence, ¥, is not analytic at (1,1) and therefore so € S(p,n). Hence S(p, n)
is an interval.

0
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Theorem 4.7. Letn >2,p>1andl < s < "T‘H S(p,n) is a nonempty open bounded
interval. We also define

51(p7 TL) = supS(p, Tl,)
Then,

a m e case SNnNsn ere notas si n)—= ——, Mmoreover.
(a) in th 2 < n < n*(p), there holds s1(p,n) = "=, ,

i) if2<n<n*(p) and 1 <s <™ then there exists an AN connection.

(i) ifn=n*p) andl <s< %, then there exists an AN connection.
n*(p)+1
( 2

iii) if n=n*(p) and s = , then there exists an AA connection.

(b) in the case n > n*(p), there holds 1 < s1(p,n) < “t*; moreover,

(i) if1 < s < si1(p,n), then there exists an AN connection.
(ii) if s = s1(p,n), then there exists an AA connection.
(il) if s1(p,n) < s < ZEL, then there do not exist connections.
All the above connections are between (0, p2) and (1,1) and refer to the ODE (4.1).

(c) Whenever there exists such an AN connection, then, for the same value of the
parameters (p,n,s), there exists a connection between (0,p1) and (1,1). analytic at

(1,1).
See fig. 3. For the case n > n* see also fig. 4.

Proof: Part (a)(iii) is contained in Theorem 3.1. We prove (a)(ii). We denote by yo the
AA connection coresponding to the case (a)(iii) and for 1 < s < % we denote by
Yo the analytic at (0, p2) solution. From the monotonicity of pa we have y,(0) < yo(0)

and by continuity y,(x) < yo(z) near z = 0. Since %—f >0, cf (4.5), we conclude that

yo(x) is a supersolution of the ODE (4.1) for s < %, and by comparison it follows
that yo(z) < yo(z) for all x € (0,1). Hence y, connects to (1,1). We will show that it
is not analytic at (1,1). If y, was analytic then, using the asymptotics of the analytic
solutions at (1,1), we would obtain y,(x) > yo(x) near (1,1) which is a contradiction.
Therefore y, is an AN connection. We next prove (a)(i). We will use part (i) of Theorem
3.1. In particular, choosing so = ”TH and 2 < n < n*(p) there exists an AN connection
Yo. Since %—f > 0, cf (4.5), yo is a supersolution of the ODE (4.1) for 1 < s < s9. By
a similar argument as before the analytic at (0, p2) solution y, satisfies y,(z) < yo(z),
xz € (0,1). The asymptotics of the analytic solutions at (1,1) ansure that y, is not
analytic at (1,1) and therefore it is an AN connection.

For part (b), suppose on the contrary, that s; = ’%1 For s = ”Tl and n > n* it
follows from part (iii) of Theorem 3.1 that the analytic at (0, p2) = (0, —1) will blow
up. Using the continuous dependence on s of the analytic solution in [0, 1) we conclude

that for values of s smaller but close to %! the analytic solution will also blow up.

Consequently, s1 < ”7“ ’

Part (b)(i) is clear from the definition of S(p,n). We prove part (b)(iii). Suppose
there exists a connection for some sy > s; between (0, p2) and (1,1). By Lemma 4.6
it is not an AN connection, therefore it is AA connection, say ys,. Arguing as in the
proof of (a)(i) we establish that for any s; < s < so the analytic at (0, p2) solution say
ys satisfies ys(x) < ys,(x) for € (0,1) and connects to (1,1). Now ys(z) can not be

an AA connection, since the asymptotics near (1,1) would lead to ys(z) > ys, () for
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x near 1, which is a contradiction. This complete the proof of part (b)(iii). We next
prove part (b)(ii). We first prove that for s = s; there is a connection. If there was
no connection, then by a similar argument as in the proof of (b), we would have no
connection for s smaller but close to si, which is a contradiction. This connection is
necessarily AA by the openess of S(p,n).

For part (c), let y, be the AN connection and y, be the analytic at (1,1) solution
of (4.1). By Lemma 4.1(d), yp(x) > ya(x) for z close to one, and by comparison
yp(x) > yo(x) for all z € (0,1). It follows that y,(z) connects to either (0, p2) or (0, p1).
By Lemma 4.1(b) it cannot connect to (0, p2), since we would have y,(z) = y,(x) and
Y would have been an AA connection. Hence y;, connects (0, p1) and (1,1).

O

g — ntl 51 <8< "T“, No con.

s=s1(n,p), AA con.

| .
s=1 AN, connections n

-

*

n=2 n

Figure 3: Case 1 < s < %“ Regions of existence and nonexistence of connections for
Theorem 4.7. There are AN connections below the blue line, a unique AA connection
on the blue line and no connections above the blue line. As stated in Corollary 4.12,

P
the best constant c¢(p,n,s) for the Hardy inequality (1.5) is equal to <%) below or

on the bleu line and strictly less than this value above the bleu line.

Lemma 4.8. Let p > 1 and n > n*(p). For (p,n) close to (p,n) there holds
n > n*(p).
As a consequence s1(p,n) is well defined.

Proof: By continuous dpendence of n*(p) with respect to p we have that given £ > 0
there exists & > 0 such that

p—pl<d = [n*(p) —n"(p)| <e.
For0<5<%*(p)andO<5§5wehavefor |p—pl+|n—n| <4,

n>n—0>n"(p)+e>n"(p).
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P1

P2
z = P(y)

Figure 4: Let n > n*. For 1 < s < sj, there exists an AN connection y, and a
connection between (0, p1) and (1,1), denoted by ¥, analytic at (1,1) . For s = s; the
two coincide to an AA connection between (0, p2) and (1,1). For s > s; there is no
connection between either (0, p1) or (0, p2) and (1, 1). All connections refer to the ODE
(4.1).

Lemma 4.9. Let p > 1 and n > n*(p). For (p,n) close to (p,n) s1(p,n) is well defined
by the previous Lemma. In addition we have

lim s1(p,n) = s1(p,n).
(P,n)—(p,n)

Proof: Suppose on the contrary that there exists a g > 0 and a sequence ((pg, 7x) such
that

_ _ 1 _
’pk_p’+|nk_n‘ < % and lsl(pkank)_sl(pvn” > €0, k:1727

Then for suitable subsequences we will have that at least one of the following inequalities
holds

s1(Pk, k) > s1(p,n) + g =: so, (4.9)
or
Sl(pk,ﬁk) < Sl(pa n) — €0 =: S0. (410)

In both cases we will reach a contradiction.
Suppose first that (4.9) holds. Since sy > s1(p,n) the analytic at (0, p2) solution of
(4.1) for s = sg say, Yapn(z) blows up. Therefore for some point zy € (0,1) we have
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that yq pn(zo) = 2. Using the continuous dependence of the analytic at (0, p2) solution
on the parameters (p,n), given € > 0 there exists a d; > 0 such that

p—pl+ln—nl<d = [apal®) = yapn(@)] <&z €[0,20],

which in particular implies that yq 5n(x), for € small enough, blows up as well and
therefore s1(p,n) < so, contradicting (4.9).

Suppose now that (4.10) holds. Since 59 < si1(p,n) then the analytic at (0, p2)
solution of (4.1) for s = 50 say, Ya,pn(x) is an AN connection. If yp , ,(2) is the analytic
at (1, 1) solution for s = 5y we have that yp . (2) > yapn(z), z € (0,1). By continuous
dependence of of the analytic solution y, p»(z) for z € [0, %], given ze > 0 there exists
a 09 > 0 such that

P—pl+n—n[<d = [Yapa(®) = Yapn()l <&, €][0,1/2].
By a similar argument for v, , ,(2), there exists a §3 > 0 such that
D—pl+|n—n|<ds = |ppa(®) —wpn(z)| <e, xe[l/2,1].

Hence, for £ small enough there exists § small such that
p—pl+In—nl<dé = wpa(l/2) > Yapn(1/2).

As a consequence yp, 5 7 (%) > Yapna(z), for € (1/2,1) and necessarilly y, 5 is an AN
connection. It follows that 59 < s1(p,n), contradicting (4.10).
]

Lemma 4.10. Letp > 1 and n > n*(p). Then, s1(p,n) is a strictly increasing function
of p.

Proof: Throughout the proof, n is fixed. Let ps > p1 > 1 and yg be the AA connection
corresponding to s1(p1,n). Using the monotonicity of F' cf (4.4) it follows that yo is a
supersolution of the equation y'(x) = F(p1, s1(p1,n),n,y(x)), therefore since pa(p2) <
p2(p1), see (4.2), the analytic at (0, p2) solution of ¥/ (z) = F(p2,si(p1,n),n,ya(z)),
satisfies y,(x) < yo(x) for all x € [0,1). Using the asymptotics of analytic solutions
at (1,1) it follows that y, is not an AA connection, hence it is an AN connection.
Consequently si(p2,n) > s1(p1,n).
]
We next consider the relation between the existence of positive smooth solutions of
the Euler Lagrange equation

rn—1|¢/|p—2¢/ / s—1 P rn—1|¢|p—2¢_
<(T_1)sp> +< P ) r—1) =0, r>1, (4.11)

and the existence of connections in the ODE (4.1). In particular we have

Theorem 4.11. Letp>1,n>2and1 < s < ”T“

(i) Suppose that equation (4.11) has a positive smooth solution in (1,+00). Then,
equation (4.1) has a solution yy(x), x € (0,1) which is analytic at (1,1) and connects to
either (0, p1) or (0, p2).
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(i1) Suppose that equation (4.1) has a solution yy(z), x € (0,1), which is analytic at
(1,1) and connects to either (0, p1) or (0,p2). Then, function

s /0l /)
¢W)—@m[ " é p— e, r>1, (4.12)

is a smooth positive solution of the Euler Lagrange equation (4.11), which in addition
satisfies for a positive constant k1,
r—1+ (r _ 1) »

Proof: (i) Let ¢(r) be a positive smooth solutions of equation (4.11). Then, function

(r— 1Pt ¢3¢ 1
y(l’) = (&)p_l |¢|p*2¢ ) xr = ;a T > 17
p

is defined for all z € (0,1) and solves (4.1). Consider now the analytic at (1, 1) solution
yp of (4.1). We will show that it exists for all z € (0,1) and consequently lim, o+ ys(x)
is equal either to p; or to pa. Suppose on the contrary that iy, blows up at some point
zo € (0,1). Then, the analytic at (0, p2) solution y, of (4.1) will by increasing and it
will blow up at a point x; € (0,1) since it cannot tend to 1 by Lemma 4.1(d). As a
consequence, any solution of the ODE blows up either forward or backward or in both
directions and therefore no solution exists for all x € (0,1) contradicting the existence
of y. Hence yy, is defined and it is bounded for all z € (0, 1).

There are two possibilities: Suppose first that y, is increasing for all z € (0, 1),
which in particular means that it does not meet the curve x = P(y); in this case it
tends either to p; or to pa. In the second case, y, meets the curve z = P(y) at some
point (zg,yo) with z¢ € (0,1), it changes monotonicity and it tends to p;. In either
case ¥, tends either to p; or to py as & — 0T,

(ii) The fact that ¢ solves (4.11) is a straightforward calculation. The existence of the
limit (4.13), follows by using the asymptotics of y at (1,1), cf Lemma 4.1(c).
U
The following is a direct consequence of Theorems 4.7 and 4.11 in connection with
Proposition 2.1.

Corollary 4.12. (i) Let p > 1 and suppose that either 2 <n < n*(p) and 1 < s < ”T'H
or else n > n*(p) and 1 < s < s1(p,n). Then equation (4.11) has a positive smooth
solution in (1,400) with

lim L)_l = k1, (4.14)
r—1t (’l"— 1) ?

for a positive constant ky. The best constant of the corresponding Hardy inequality is

given by
( ) <s—1)p
c(p,n,s) = .
p

(ii) Let p > 1, n > n*(p) and si(p,n) < s < L. Then, equation (4.11) has a
positive smooth solution ¢ in some finite interval (1, R) satisfying the limit (4.14), with
®(R) = 0. The best constant of the corresponding Hardy inequality satisfies

c(p,n,s) < <s_ 1>p .

p
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See fig. 3.

5 Existence of minimizers

In this section we consider the case where p > 1, n > n*(p) and si(p,n) < s < 2.
For these range of the parameters, by Corollary 4.12(ii), the best constant satisfies

c(p,n,5) < (‘T)p < <”; S>p, (5.1)

in which case, by Theorem 2.2, ¢(p,n, s) is achieved by a positive function ¢(r), r > 1,
in the proper energy space WO1 P2(1,4+00). In particular ¢ satisfies the Euler Lagrange

n— - ! n— _
(W) +e(p,n, s) W 0, r>1. (5.2)
We define 6 to be the unique solution of
c(p,n,s) = 0P s —1—0(p—1)), (5.3)
in the interval (%, %) Changing variables by
(O o 1
Ye(x) = = r=re z=_,0r > 1, (5.4)

Yye is defined for all x € (0,1) and satisfies

gy —(n=Day+ [s—1-0p—1)+(n—s)y+0p— 1)y

0 1.
dx z(1—1x) ’ ST
(5.5)
We will study solutions of (5.5) that exist for all z € (0,1).
For z = 0 the equation
s=1=0(p— 1)+ (n—s)y+0(p— Dlyl71 =0,
has two negative roots satisfying
p—1
n—s
< = < < 0. 5.6
p2 ( o ) p1 (5.6)
Similarly, for x = 1, the quantity
s=1-0(p—1)— (s = Dy +0(p—Vlyl>7 =0, (5.7)
has two roots, namely, 7 and 1, satisfying
s—1\!
0<7<|—— < 1. 5.8
' ( Op ) 8)

Now there are four critical points of the ODE, namely (0, p1), (0, p2), (1,7), (1,1) that
will be important to our analysis. There are other critical points, that is, points at
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which the numerator of the right hand side of (5.5) is zero. They lie on a two-branch
curve that we can be described as
n-s s—1-0(p-11 0(p—1)yliT

=P = — 0
z=Ply)=_——7+ — i y # 0,

For the branch with y < 0, the maximum value of P(y) is taken at the value

—1

y1:_<8109(p1)>p7

i 1
AP _pn,s).

S

and it is equal to

Lt P (i -1 -6 - 1)

n—1 n—1

P = _
(yl) n—1 n-—1

It is worth noticing that, by means of (5.1),
0<z:=P(y) <L

For future reference we also note that

ps—1-0(p—1))+(n—3)p2
(p—1)(n—1)p3 '

Similarly, for the branch y > 0, the minimum value of P(y) is taken at the value
p=1
s—1—-0(p—1)\ »
Y2 = 0 )

n—s 1
P_cvipn,s).

P'(ps) = (5.9)

and it is equal to

DTS P (gl 1 g(p—1)))F =
n_1+n_1(0 (s—1-06(p—1)))

j2) -
(12) n—1+n—1

It is easy to see that
0<xy :P(yl) < X9 :P(yg) < 1.
We also note that
_Op—(s—1)

P'(1) —

(5.10)

If there is a pair (xg,y0) such that 0 < zg = P(yo) with ps < yo < p1, then the
solution y(z) of the ODE (5.5) with y(z9) = yo is such that for all x € (0,x¢) there
holds 0 < z < P(y(z)) and therefore y is decreasing for z € (0,z9) and yo < y(z) < p1.
It is easy to show that lim, o+ y(z) = p1.

Similarly, if there is a pair (zg, yo) such that zo < xg = P(yo) < 1 with 7 < y9 < 1,
then the solution y(z) of the ODE (5.5) with y(x¢) = yo is such that for all = € (x¢, 1)
there holds x > P(y(x)) and therefore y is decreasing for = € (zp,1) and 7 < y(x) < yo.
Necessarily lim,_,;- y(z) = 7.

Finally we note that if for a pair (zg,yo) with 2o € (0,1) and such that

—(n—)woyo+5—1—0(p— 1)+ (n — s)yo + 6(p — D]yo| 77 >0,

then, the solution y(z) of the ODE with y(z¢) = yp is increasing until it crosses the
curve x = P(y). See fig 5.
Similarly to Lemma 4.1 we have
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Lemma 5.1. Let p > 1, n > n*(p) and s1(p,n) < s < ”TH
(a) There exists a unique analytic solution yq(z) of (5.5) near (z,y) = (0, p2). Moreover
for some € > 0 and any x € [0,¢) there holds

(n—1)p2

—x + O(z?). (5.11)
n—s—1—0plpa|r—T

ya(l') = p2 +

(b) If for some e € (0,1) there exists a solution y(x) of (5.5) in (0,¢) that in addition
satisfies
lim y(z) = p2,

z—07t
then necessarily y(z) = yq(z), = € (0,¢).
(c) There exists a unique analytic solution yy(x) of (5.5) near (xz,y) = (1,1). Moreover
for some e >0 and any x € [1 —¢,1) there holds

n—1

- 1+6p—(s—l)(l_x)+0(($_l)2)' (5.12)

y(z) =1

(d) If for some € € (0, 1) there ezists a solution y(x) of (5.5) in (1—¢,1) that in addition
satisfies

lim y(z) =1,

r—1-
then necessarily y(z) = yp(z), x € (1 —¢,1).
(e) If for some solution y there exists a point x1 € (0,1) such that y(xz1) > 1 then for
some xg € (x1,1) there holds limr_m; y(x) = +oo. Similarly if for some z3 € (0,1)
such that y(x3) < p2 then for some x4 € (0,x3) we have limx_mi- y(z) = —o0.

The proof is quite similar to the proof of Lemma 4.1. There is a difference in part
(d) due to the fact that the root 1 of equation (5.7) is simple with fp — (s — 1) > 0.
O

Theorem 5.2. Let p > 1, n > n*(p) and si(p,n) < s < ”T‘H If ¢ is the energetic
positive solution of (5.2), then ye defined by (5.4) is the unique AA connection between
(0, p2) and (1,1) of the ODE (5.5). Conversely, if ye is an AA connection of the ODE
(5.5) between (0, p2) and (1,1), then any positive function ¢ defined via the change of
variables (5.4) is an energetic positive solution of (5.2).

Proof: step 1: Suppose the ODE (5.5) has a solution y(x) existing for all x € (0,1)
Then, (i) the analytic at (1,1) solution y, connects to either (0, p;) or else to (0, p2)
(i) Similarly, the analytic at (1,1) solution y, satisfies y,(z) < yp(x) for z € (0,1) and
connects to either (1,1) or else to (1, 7).

We prove (i), case (ii) being quite similar. We consider the analytic at (1,1) solution
yp. Since the slope of y = P~1(x) (upper branch) at 2 = 1 is above the slope of 1,

n—1 S n—1
Op—(s—1) 1+0p—(s—1)

we conclude that y, is increasing and stays above the curve z = P(y) near (1,1).

We claim that yu(z) > pa for all x € (0,1). Indeed, if this is not the case then
there exists an x3 € (0,1) such that y,(x3) < p2 and by Lemma 5.1 solution y; blows
up at some x4 € (0,23). On the other hand the analytic at (0, p2) solution y, cannot

32



Figure 5: Case n > n*(p), s1(p,n) < s < "T'H There is a unique solution y, of the ODE
(5.5) connecting (0, p2) and (1,1) (blue trajectory) and it is analytic at both ends. All
solutions passing through either (0, p1) or (1,7) blow up (red trajectories)

cross yp and cannot tend to 1 by Lemma 5.1(d), so it has to exceed one and eventually
blow up at a finite point in (0,1). As a consequence, any solution of the ODE blows up
either forward or backward or in both directions and therefore no solution exists for all
z € (0,1) contradicting the existence of y. Hence yp(z) > po.

There are two cases: Suppose first that g, is increasing for all z € (0, 1), which in
particular means that it does not meet the curve z = P(y) in (0, x1]. In such a case it
tends either to p; or to ps. In the second case, y, meets the curve z = P(y) at some
point (zg, yo) with z¢ € (0, z1], it changes monotonicity and it tends to pj.

step 2: If y is a solution of (5.5) that is defined for all = € (0,1) then

Ya(®) < y(z) < yo(2), z € (0,1).

Suppose on the contrary that for some zg € (0,1) we have that y(zo) > ys(x0). Then
y(x) is increasing, it cannot tend to 1 as  — 1~ and therefore it will exceed one and
eventually will blow up before z = 1 contradicting the existence of y(x) in (0,1). By a
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similar argument we cannot have y(zg) < y, (o).

step 3: If y is a solution of (5.5) for which lim,_,y+ y(x) = p1, then any positive function
1 (r) defined via the transformation

(r = 1P~ () P2 (r)

y(x) = — — , x=—, T near oo,
o ) :
is not energetic near co, that is
Py () dr
/ r—1)° = +0o0

Suppose that lim,_,q+ y(x) = p1. Then, for € small and r large enough

(r = 1P [ ()P (r)
op=t | (r)P=2(r)

Solving this we conclude that for some positive constant ¢ > 0,

> p1—E.

bl 2 (=)

p—1
from which the statement follows taking into account that — (”9;8> < p1 which is
true by (5.6).
step 4: Similarly to step 3, if y is a solution of (5.5) for which lim, ,;- y(z) = 7, then
any positive function ¢ (r) defined as above for r close to 1, is not energetic at one, that
is

/1* r () dr
(r—1)s

Starting with lim,_,;- y(x) = 7, this time we end up with

vl (= )

p—1
and the statement follows taking into account that 7 < (%) which is true by (5.8).

step 5: Completion of the proof. We first show that if ¢ is a positive energetic solution,
Ye is an AA connection between (0, p2) to (1,1). Indeed, since ¢ is energetic at infinity,
lim, .o+ ye(z) = p2 and therefore y.(x) = yq(z). Since ¢ is energetic at » = 1 then
lim,_,1- ye(x) = 1 and therefore y.(z) = yo(x) = yp(x).

Now suppose we have an AA connection that is, y,(x) = yp(z). Then an argument
quite similar to the ones in steps 3 and 4 and the fact that

- n—s\*
P2 Qp ’
shows that ¢ is energetic at infinity. Quite similarly, because of

_1\P-1
<89p1> <1,
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Remark 1. Contrary to the above Theorem, in the case where n > n*(p), c(p,n,s) =
P
(%) , which corresponds to 6§ = % and s = s1(p,n), the AA connections of (5.5),

see Theorem 4.7 part a(iii) and b(ii), correspond through the change of variables (5.4)
to non energetic positive solutions ¢ of (5.2).

Remark 2. Using the asymptoics of y. one can establish the existense of positive
constants ky, ks such that, any positive solution ¢ of the Euler Lagrange equation
(5.2) satisfies

lim ‘Wl)g = ki, lim o(r) (r — 1) = .

r—1t (7’ — ) r—00

6 Symmetries

Throughout this section we consider the case n > 2, p > 1 and "T'H < s <n. Our aim
is to establish symmetry properties of the best constant ¢(p, n, s) as well as of solutions
of (1.7).

P P
We first investigate the case where the best constant ¢(p,n, s) = (%) < (%) .

In this case the Euler Lagrange equation

(FAY () R e e e

(r=1 PRVARNCEN

has a positive smooth solution in (1, 00).
Similarly to section 5, by making the change of variables
(r =17t P2 1
z) = , r=—-, r>1, 6.2
y( ) <u>p71 ’(z)‘p_Q(Zs r ( )

p

function y satisfies

_p_
dy —(n—l)wy+%[1+py+(p—1)|y!”*1}
dz (1 — ) ’

0<z<l. (6.3)
As usual we are interested in the points at which
n—s p_
~(n = Day + = [T py (0= DIyl 7] = 0

For x = 0 the equation has —1 as a double root, whereas for x = 1 the equation becomes

(s—1)p

_pP_
1- y+ (p—1)|yl>—1 =0,
n—sSs

and it has two positive roots satisfying

s—1\7!
O<7'1<1<< > < To.

n—s
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The critical points of interest now are (0,—1), (1,71) and (1,72). The other critical
points lie on the curve

_p
n—s l+py+(p—1)yl>—1

PP = e y

As in section 5 one can establish the existence of a local analytic at (0, —1) solution
Yo () as well as the existence of a local analytic at (1, 71) solution y,(z). We next state
the analogue of Theorem 4.11.

Theorem 6.1. Letp > 1, n > 2 and ”TH <s<n.

(i) Suppose that equation (6.1) has a positive smooth solution in (1,4+00). Then,
equation (6.3) has a solution yu(x), x € (0,1) which is analytic at (0,-1) and connects
to either (1,71) or (1,72).

(ii) Suppose that equation (6.3) has a solution y.(x), x € (0,1), which is analytic at
(0,-1) and connects to either (1,71) or (1,72). Then, function

¢(r) = exp [n_ ° /27« ya (/O ya(L/1) 4 . or>1, (6.4)

p t—1

is a smooth positive solution of the Euler Lagrange equation (6.1), which in addition
satisfies for a positive constant koo,

n—s

lim ¢(r) (r—1) 7 = koo (6.5)
r—00
As a matter of fact there is a strong connection between solutions of the ODE (6.3)
when 2 < s < n and solutions of (4.1) when 1 < s < HL
For s € ("%‘1, n) we define

1
§:n—|—1—56(1,n—2i_ )

We next have

Lemma 6.2. Let y be a solution of (6.3) with 1 < s <n. Then

y(x) = —y(1 — ),

is a solution of (4.1) where the value of the parameter s in (4.1) is 5. Conversely, if §(x)
solvfs (4.1) with 5 € (1,25 then y(z) = —y(1 — z) solves (6.3) with s =n+1—5€
ol ).
( an p)articular, if y is a solution of (6.3) which is analytic at (0,—1) and connects to
(1,71) then g is a solution of (4.1) which is analytic at (1,1) and connects to (0, p1).
Similarly, if y is an AA connection of the ODE (6.3) between (0,-1) and (1,72) then
y is an AA connection of the ODE (4.1) between (0, p2) and (1,1).
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Proof: 1t is straightforward calculation.

y() = y(1-2)

N : z(1l—x)

(= Depla) + 50 |14 p 2k @) + (0 - DI5()| T
B z(1—z)

= Dap@) + 51+ o) + (- Do)
B z(l—x) ’

here we also used the fact that § =n + 1 — s. To proof of the converse is quite similar.
The rest of the statements is a direct consequence of this duality.
O
We define
so(p,n) :=n+1—s1(p,n)

The following is a direct consequence of Theorem 6.1 and Lemma 6.2 in connection with
Proposition 2.1.

Corollary 6.3. (i) Let p > 1 and suppose that either 2 < n < n*(p) and 31 < s <n
or else n > n*(p) and s2(p,n) < s < n. Then equation (6.1) has a positive smooth
solution in (1,400) with

m ¢(r) (r—1)7 = koo, (6.6)

r—00

for a positive constant ko,. The best constant of the corresponding Hardy inequality is

given by
P
n—s
c(p,n,s) = .
0= (57)

(ii) Let p > 1, n > n*(p) and 2 < s < sa(p,n). Then, equation (6.1) has a positive
smooth solution ¢ in some finite interval (1, R) with ¢(R) = 0. In particular there is
no positive smooth solution in the whole interval (1,400). The best constant of the
corresponding Hardy inequality satisfies

c(p,n, 8) < (” — 8>p .

p

We next consider the case "T‘H < s < sa2(p,n) where we have existence of energetic
solutions ¢ of the corresponding Euler Lagrange,

(s g

(7“ — 1)371; ) + C(p7n7 5) (1" — 1)5 =0, r>1. (6.7)

This time we define 8 € (”;s, g:f) to be the unique solution of

C(p,’l?,, S) = ep—l(n — 8= 0(]9 - 1))7
and y. by

-1 p—1 /\p—2 1/ 1
y(z) = (r 91’—)1 |’q;}p_2z , r=—-, r>1

<
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Then . is a solution of

dy —(n—Dzy+ [”*5*9(1’*1)+(n*8)y+9(p*1)\y|p%1]
dr z(1— ) ; 0<z <1
(6.8)

defined for all z € (0,1).

We next recall that § =n+1—s € (s1(p,n), 2) and we note that

c(p,n,5)=0Pt5-1-0(p—1)).

Let y(z) be the analytic at (1,1) solution that connects to (0, p1) and satisfies

gy —(n=Dag+ [5=1-0p—1)+ (n—5)5+0p—1)gl7T
dz z(1—1x)

, O<ax<l.
We then have
Lemma 6.4. Let p > 1, n > n*(p) and ”T‘H < s < s2(p,n). Then

y(@) = -yl —z), e (0,1),

is analytic at (0,—1), connects to (1,71) and satisfies (6.8). The converse statement is
also true.

Proof: A straightforward calculation yields, fort =1 — =z

y'(z) = 7(t)
—(n—1)ty(t) + [5 —1—0(p—1)+ (n—35)y(t) +0(p— 1)|g(t)yﬁ}

t1—1)
~(n=Day(@) + [5 -1 00— 1) + (5= Dy(@) + 0(p — Dly(x)| 7]
- z(1—x)
(= Day() + [n—s—6(p— 1)+ (n— $)y(x) + 6(p — ly(a)| 7T
z(l—x) '

Hence y satisfies (6.8) and it is in fact analytic at (0, —1) and connects to (1,71).
n

7 Proofs of the main Theorems

In this section we will provide the proofs of our main Theorems, stated in the Introduction.
Proof of Theorem 1.1: 1t follows by combining Theorems 4.7 and 1.3.

Proof of Theorem 1.2: It is a direct consequence of Corollary 4.12.

Proof of Theorem 1.3: 1t follows by combining Lemmas 6.2 and 6.4.

Before the proof of Theorems 1.4 and 1.5 we present two auxiliary Lemmas.
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Lemma 7.1. Letp > 1 anda, be R", n>1. Then
lal’ —pa-bb[" + (p — 1)|b|” > 0.
Equality holds if and only if a = b.
Proof: The proof is a consequence of the fact that the function
F(a) := [a]’ —pa-bbl~* + (p — 1)|b,

is strictly convex and attains its minimum value, which is equal to zero, at the point
a=b.

g

Lemma 7.2. Let a,b > 0. Then there exists a constant ¢ = c(p) > 0 such that

(i) if 1 <p <2 then

b
(a®> +0%)2 < aP +c bP
(i1) if p > 2 then
(a® + %)% < P + ¢ (a7 20% + bP)
Proof: For 1 < p < 2 it is a consequence of
(t+1)% <ti+e¢,  t>0,
whereas for p > 2 this is a consequence of the inequality
(t4+1)2 <t5 4t P +1), >0

In both cases we set t = a?/b%.

g

We next have

P
Proof of Theorem 1.4: Part (i). In this case either ¢(p,n,s) = (%) by Theorem

4.7 and Corollary 4.12, in which case there exists a radial positive solution of the Euler
s—1 P
Lagrange behaving like ¢(r) ~ (r—1) » nearr = 1 cf (4.14) or else ¢(p, n, s) = ("*5) ,

P
”7“ < s < n, by Theorem 6.1, in which case here exists a radial positive solution of the

Euler Lagrange behaving like ¢(r) ~ (r — 1)_% at infinity, cf (6.5). In both cases ¢
is not in the proper energy space, as can easily be checked using the asymptotics near
one in the first case and near infinity in the second case. In both cases we will establish
that there exist no other energetic minimizer.

We may assume that c(p,n,s) = <%)p, the other case being quite similar. Then
¢ satisfies
rn71’¢/’p72¢/ ! s—1\P Tn71‘¢’p72¢
—_— =0, > 1. 7.9
o) () o ' (7

Suppose on the contrary, that there exists an energetic positive smooth function f, not
necessarily radial, that satisfies (4.11)

c c
1 1
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In addition it solves the Euler Lagrange equation (2.1), that is

. |Vf|p_2Vf> <3—1>P |f’p—2f B .y
V(o) (7)) pese en

We multiply (7.9) by fP/¢P~! and integrate over Bg \ By, 1 < p < R, to get

p ( |v¢\p—2v¢> < - 1>p P
\V4 d — dx =0.
/BR\BP oY (e —mr ) 5 /BR\B,, e

After an integration by parts we arrive at

IV V|Vl
_ . d
p/BR\BP g1 (o] — 1)

B 7 velr (3—1>p e
Y ”/BR\BPqﬁp(\xr—l)s—pd“ » /BR\Bmw—nsdx

(R— 1S RP2IR) 7P
" 5 1(R) R=1) [ s
PP oo

7 1(0) 0= [, a5 =0 (1

We will use the fact that the quantity
(r — P! (r)[P~2¢'(r)
.
is uniformly bounded for r € (1, +00) by Theorem 4.11. On the other hand since

[
———dx < 00,
g (Jz[ —1)°

there exists subsequences R; — +00, p; — 17 such that

lim(R; — 1)/ ﬂdsx =0, lim(p; — 1)/ Lngc =0.
0B, (|2 =1)° o, ([z| =1)°

Because of these, the last two integrals of (7.11) tend to zero along the subsequences
R; and p;. The remaining three integrals are finite. Indeed, the third integral is clearly
finite in BY, the second integral is dominated by the third one, and for the first one we
note that

/ fFvE V¢W¢|p72d
Bp\B, 1 (x| -1)P

/ PV Vet da
Ba\B, 1 (lz]-1)5P

R SN L e
= s=p s—1) ) x
¢P
B\B, (2] = )7 (o] - 1)°5
p—1

< vi_

B\B, (ja| = )7 (Jo] - 1)

1 p—1

v\ FiR T
SC</B;<|:c|—1>spd> </Bf<|x|—1>sd> < e

40



Therefore we can pass to the limit in (7.11) to obtain

IV Vol Pvep
- . d [ Vel y
L N (7 Ay ey (e s el
s—1\? Vi
_ ——dx =0.
*( p ) /Bf<\x|—1>s v
In view of (7.10) we also have
R Pvep
_ . d — L d
P e e e ) e 97 (jal — 1 n ™

p
—i—/ Mda;:O,
Bf(

] —1)>=P

or equivalently

1 gy VOIVe? g
[ |VfIP —pfP IV T+ (p— 1)fP || |dz=0.
s o= (99 FEEE
We next use Lemma 7.1, with a =V f and b = L Vqﬁ, to conclude that ¥ T = % and

therefore f = k¢ for some constant k. But this a contradlctlon since ¢ is not energetic.

Part (ii). In case s1(p,n) < s < 2, combining Theorem 5.2 and Theorem 3.1(iii) we
conclude the existence of a radial positive energetic minimizer ¢ that corresponds to

s—1

P
the best constant c¢(p,n,s) < (T) . In the case "—H < s < s2(p,n) the existence of

a radial positive energetic minimizer ¢ follows by Comblnlng Theorem 1.6 and Lemma
6.4. The simplicity of the minimizer follows by an argument similar and simpler to the
one used in part (i).
O
We finally have

Proof of Theorem 1.5: Integrating (1.5) in the y-variables we obtain the inequality in
B¢ x R™. We next establish the optimality of the constant.

Since c¢(p,n, s) is the best constant, given any ¢ > 0 there exists n(z) € C°(BY)
such that

[V [P
fBC |ac| 1)s—p dx

c(p,n,s) < <c(p,n,s) +e.

S5 W
We also consider a function ¢(y) € C°(Bgr), Br C R™. Function ¢ will be suitably
chosen in the sequel. Then ny € C°(Bf x Br). We initially consider the case p > 2

and we use the inequality of Lemma 7.2(ii),

|V (o [P (I Van(@) 242 @)+ (@)|Vy o (u)[2) &
me ch (\a(c| y; 5—p d.dey _ fBR fo & (g‘ :’,[7)5 D vy d(l)dy
p P(x
Jrm ch (\‘x|¢1 dx dy ch m (1)5 dz - [, [¥[P(y
Vil? Vi

fBC |:c|| 717|S Pdw fBC 77|ac|| 717‘5 Pdm fB W}’p 2‘Vy1/}’2dy
g, W T T 017 dy

ch |ac| 1 dx ch (z]-1)s % Br

p
S5 G i W —dz [ |V, dy
. R
ch (‘xl 1)de fBR‘w‘pdy

+c(p)
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Now by Holder’s inequality we have

2

fBR |¢|p_2|vy¢|2 dy < fBR |Vy¢|p dy\»
T 0T dy L 0T dy

By choosing R large enough and 1 close to the first Dirichlet eigenfunction in Bg, we

make the right hand side of (7.12) as small as we like. Hence with these choices we end
up with

(7.12)

IV (2,9 In)I?
Jrm J; e de dy
1/)27
Jrm ch (\L| |1)s dx dy

which shows the optimality of the constant. The case where 1 < p < 2 is similar and
simpler.

It remains to show the non existence of minimizers. We first recall that for all values
of the parameters there always exist a radial positive smooth solution ¢(r), r = |z, of
te Euler Lagrange equation

n—1[/1p—2 4\ '

In addition we recall that

c(p,n,s) < < c(p,n,s) + 2,

2
ol e

(= )P ()P ()
IO

=0, r>1

is uniformly bounded for r € (1, +00).
Suppose now that there exists a positive minimizer f(x,y) that realizes the best
constant ¢(p,n, s) that is

I P
/ /C Tl —yl - pda:dy—cp,n s / /C |x;f—| 1) dzdy. (7.13)

In addition it solves the Euler Lagrange equation (2.1), that is

IV [PV S fIP2f _
\V4 . R St _— = BC Rm
(z,y) ( (|| = D)o + c(p,n, s) (el = 1) 0, (x,y) € Bf x

We multiply (7.13) by fP/¢P~! and integrate over (Bg\ B,) x R™, 1 < p < R. Working
as in the proof of Theorem 1.4 we eventually arrive at
> dxdy = 0;

Vo|Ver—?

1

/m/c (2l = sp<\Vf|p pfPIV = + -1/

here Vf =V, ) f and V¢ = (V.¢,0). We note that all integrals are well defined, by
similar arguments as in the proof of Theorem 1.4. Applying Lemma (7.1), we conclude
that f(z,y) = k¢(|z[). However, since ¢ is independent of y it is not in the energy
space in Bf x R™.

O
By essentially the same arguments as in the proof of Theorem 1.5, one can prove
the following more general result. If  is a proper subset of R"™ and Cq(p,n,s) > 0 is
the best constant of the inequality
|ul?

p
|;ul, dz > Ca(p,n, S)/ %d:ﬂ, Yu € C°(Q), (7.14)
Q Q

then
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Theorem 7.3. Forp > 1, n > 2, m > 1 and s > 1, the following Hardy inequality
holds true

\V u(z,y)[P [ulP(z,y) o0 m
dxdy > Cq(p,n,s) da:dy, Vu € C(2 x R™),
Rm |x‘ - ]. S—p m ‘$| - 1

where the constant Cq(p,n, s) is the same as in (7.14) and is sharp.

We note in particular that Cq(p, n,s) depends on the space dimension n of 2 and
not on the space dimension m + n of Q x R™.
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