ON A WEIGHTED TRUDINGER-MOSER TYPE INEQUALITY ON
THE WHOLE SPACE AND RELATED MAXIMIZING PROBLEM

VAN HOANG NGUYEN AND FUTOSHI TAKAHASHI

ABSTRACT. In this paper, we establish a weighted Trudinger-Moser type inequality with
the full Sobolev norm constraint on the whole Euclidean space. Main tool is the singular
Trudinger-Moser inequality on the whole space recently established by Adimurthi and
Yang, and a transformation of functions. We also discuss the existence and non-existence
of maximizers for the associated variational problem.

1. INTRODUCTION

Let © ¢ RN, N > 2 be a domain with finite volume. Then the Sobolev embedding
theorem assures that W, ™ (Q) < L(Q) for any ¢ € [1,+00), however, as the function
log (log(e/|z|)) € Wy™(B), B the unit ball in RV, shows, the embedding Wy (Q) —
L>(9) does not hold. Instead, functions in Wy~ () enjoy the exponential summability:

Wo(Q) = {u e LY(Q) : / exp (a|u\%> dr < oo for any a > 0},
0

see Yudovich [31], Pohozaev [26], and Trudinger [30]. Moser [22] improved the above
embedding as follows, now known as the Trudinger-Moser inequality: Define

1 N
TM(N,Q,a) =  sup —/exp(oz\u|N1)dx.
uewy N (2) |Q| Q

IVull v ) <1

Then we have

< oo, a<ay,

=00, «a>ap,

TM(N,Q,a){

1

here and henceforth ay = Nwy 7 and wy_1 denotes the area of the unit sphere SN=1in
RY. On the attainability of the supremum, Carleson-Chang [6], Flucher [13], and Lin [17]
proved that TM (N, , «) is attained on any bounded domain for all 0 < o < ay.
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Later, Adimurthi-Sandeep [2] established a weighted (singular) Trudinger-Moser inequal-
ity as follows: Let 0 < 3 < N and put ayg = (NT_B) ay. Define

— 1 d
TM(N7 e 6) - ue‘iul)m) @ / eXp(Oé’U| . 1) |3;|EB
HVUHLN(Q)
Then it is proved that
— < oo, a<ang,
TM(N,Q,«a, ) ’
=00, «>Aang.

On the attainability of the supremum, recently Csat6-Roy [10], [11] proved that TM (2,2, a, B)
is attained for 0 < a < ap g = 27(2 — ) for any bounded domain 2 C R?. For other types
of weighted Trudinger-Moser inequalities, see for example, [7], [8], [9], [14], [18], [28], [29],
[32], to name a few.

On domains with infinite volume, for example on the whole space RY, the Trudinger-
Moser inequality does not hold as it is. However, several variants are known on the whole
space. In the following, let

denote the truncated exponential function.

First, Ogawa [23], Ogawa-Ozawa [24], Cao [5], Ozawa [25], and Adachi-Tanaka [1] proved
that the following inequality holds true, which we call Adachi-Tanaka type Trudinger-Moser
inequality: Define

1
(1.1) A(N,a) = sup N—/ @N(a\u|qu)d:B.
uew N &N)\ {0} HU”LN(RN) RN
IVull N gy <1
Then

(1.2) A(N, a) {

The functional in (1.1)

1
F(u) = / Oy (a|u| 71 )da
Tl e
enjoys the scale invariance under the scaling u(x) — wuy(x) = u(Az) for A > 0, ie

F(uy) = F(u) for any u € WHY(RY) \ {0}. Note that the critical exponent o = ay is
not allowed for the finiteness of the supremum. On the attainability of the supremum,
Ishiwata-Nakamura-Wadade [16] proved that A(N,«) is attained for any a € (0,ay). In
this sense, Adachi-Tanaka type Trudinger-Moser inequality has a subcritical nature of the
problem.
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On the other hand, Ruf [27] and Li-Ruf [20] proved that the following inequality holds
true: Define

(1.3) B(N,«a) = sup / <I>N(a|u]%)dm.
uewlL,N®N) RN
el 1, v gy <1

Then

(1.4) B(N, ) {

< 00, OéSOéNJ
= 00, a > o).

1/N
Here ||u|p1.v@yy = <||Vu||ILVN(RN) + ||u||JLVN(RN)) is the full Sobolev norm. Note that

the scale invariance (u — uy) does not hold for this inequality. Also the critical exponent
a = ay is permitted to the finiteness of (1.3). Concerning the attainability of B(N,a),
it is known that B(N, ) is attained for 0 < a < ay if N > 3 [27]. On the other hand
when N = 2, there exists an explicit constant a, > 0 related to the Gagliardo-Nirenberg
inequality in R? such that B(2, ) is attained for o, < a < ao(= 47) [27], [15]. However,
if @ > 0 is sufficiently small, then B(2,«) is not attained [15]. The non-attainability
of B(2,a) for « sufficiently small is attributed to the non-compactness of “vanishing”
maximizing sequences, as described in [15].

In the following, we are interested in the weighted version of the Trudinger-Moser in-
equalities on the whole space. Let N > 2, —oo < v < N and define the weighted Sobolev
space XV (RY) as

LN Ny _ 1i/LN (N NN .-
X0N(RY) = WHHRY) N LY(RY, [z dx)
1/N
— fue LL®Y) : [lull g = (IVulY + Jul,) ™ < oo,

|

v,rad

1/N
where we use the notation |jul|y, for ( Jan d:c) . We also denote by X" (RN) the

T
subspace of X;’N (RY) consisting of radial functions. We note that a special form of the
Caffarelli-Kohn-Nirenberg inequality in [4]:

N-B N-—B

= 1-
(1.5) lullns < Cllully, IVully

implies that X'V (RY) ¢ X;™(RY) when v < 8. From now on, we assume
(1.6) N>2 —co<y<fB<N

and put ayg = (%) an.

Recently, Ishiwata-Nakamura-Wadade [16] proved that the following weighted Adachi-
Tanaka type Trudinger-Moser inequality holds true: Define

A 1 ~ dx
(1.7) Avaa(N,a, B,7y) = sup W/ Oy (aofu|¥T) .
WX g BVNMOY ||| (7=3) Jrwv ||

N
IVull N gy <1 7
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Then for N, 3, satisfying (1.6), we have

~ < oo, a < ayg,
(1.8) Avaa(N, o, B,7) { v
=00, 2> ang.

Later, Dong-Lu [12] extends the result in the non-radial setting. Let

~ 1 ~  dx
(19 Avapy = sw  —s [ analu
uexb N ®N)\ {0} HUHNWI\PV RN x

||V“HLN(RN)§1

Then the corresponding result holds true also for A(N ,a, B,7v). Attainability of the best
constant (1.7), (1.9) is also considered in [16] and [12]: A,.q(N,a, 8,7) and A(N,a, 8,7)
are attained for any 0 < a < ayg.

First purpose of this note is to establish the weighted Li-Ruf type Trudinger-Moser
inequality on the weighted Sobolev space X1 (RY) with N, 3, satisfying (1.6). Define

) d
(1.10) Brag(N, o, 8,7) = sup / P (aful¥7) xg’
uEXi’J]‘VH‘d(RN) RN ‘:I:"
el 1,V ) <
_ d
(1.11) BN = swp [ el #0
wex N @Ny  JRN |z

el 1, N <1
Xy (RN

Theorem 1. (Weighted Li-Ruf type inequality) Assume (1.6) and put aysz = (%) an-.
Then we have

- < <
(1.12) Biaa(N, a,ﬁ,v){ °% & = GNg
=00, « > ang.

Furthermore if 0 <~ < 8 < N, we have

<oo, «a < ayg,

(1.13) B(N,a,$,7) {

=00, «a>ang.

We also study the existence and non-existence of maximizers for the weighted Trudinger-
Moser inequalities (1.12) and (1.13).
Theorem 2. Assume (1.6). Then the following statements hold.
(i) If N > 3 then Bmd(N,a,ﬁ,’y) is attained for any 0 < o < ang.
(ii) If N = 2 then Bmd(Q, a, 8,7) is attained for any 0 < a < ag g if B > v, while there
exists a,, > 0 such that Bmd(Z, a, 8, B) is attained for any o, < a < agg.

(i) Braa(2,, 3, 5) is not attained for sufficiently small o > 0.

Theorem 3. Let N > 2, 0 <~ < [ < N. Then the following statements hold.
(i) If N > 3 then B(N,a, B8,7) is attained for any 0 < o < ay 5.
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(i) If N = 2 then B(2,a,f3,7) is attained for any 0 < a < ag g if B>y, while there
ezists a, > 0 such that B(2,a, 8, B) is attained for any a, < a < agg.
(i) B(2,«, 3, ) is not attained for sufficiently small o > 0.

Next, we study the relation between the suprema of Adachi-Tanaka type and Li-Ruf
type Welghted Trudinger-Moser inequalities, along the line of Lam-Lu-Zhang [19]. Set

.BMd(N B,7) = Bmd(N ang, B,7) in (1.10), and B(N B,7) = B(N ang, B,7) in (1.11),
ie.,

~ dx
(1.14) BuaN3) = swp [ Gx(awalal¥T) 5
uex?N ®N) JRN | |
uuul’d,Ngl
- dx
(1.15) BIN.G) = swp [ Oxlawslul) 2L
wext V@) JRY ‘|
”uHX,lY’NSI

for N, 8,7 satisfying (1.6). Then B,qq(N, 3,7) < oo, and B(N,,v) < oo if v > 0, by
Theorem 1.

Theorem 4. (Relation) Assume (1.6). Then we have

N-B

N-1\ ~—
i 1= () i
Braa(N,B,7) = sup e Ared(N, a, B,7).
ac(0,an,g) (L)

N,

Furthermore if v > 0, we have

N-B

N-—1 N—r
: - (555)
B(N,B,7) = sup A
OéE(0,0[N,/B) <L>

aN,B

A(N,oz,ﬁ,y).

Note that this implies A,.4(N, o, §,7) < oo for N, 3, v satisfying (1.6), and A(N, o, 3,7) <
o if 0 <y < B < N, by Theorem 1.

Furthermore, we prove how A,.q(N, o, 8,~) and A(N, a, 5,~) behaves as o approaches
to ay g from the below:

Theorem 5. (Asymptotic behavior of Adachi-Tanaka supremum) Assume (1.6). Then
there exist positive constants C1,Cy (depending on N, 3, and 7) such that for « close
enough to ay g, the estimate

N-—-p N-—-p
N—~ N—~

Cl S Arad(Naa7/877> < 02

N-1 = N-1
1— <L) 1— <L)
anN, B AN, B

holds. Corresponding estimates hold true for fl(N, a,B,7v) if v > 0.
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Note that the estimate from the above follows from Theorem 4. On the other hand,
we will see that the estimate from the below follows from a computation using the Moser
sequence.

The organization of the paper is as follows: In section 2, we prove Theorem 1. Main tools
are a transformation which relates a function in X*»(R") to a function in W~ (RY), and
the singular Trudinger-Moser type inequality recently proved by Adimurthi and Yang [3],
see also de Souza and de O [29]. In section 3, we prove the existence part of Theorems 2, 3
(1) (ii). In section 4, we prove the nonexistence part of Theorem 2, 3 (iii). Finally in section
5, we prove Theorem 4 and Theorem 5. The letter C' will denote various positive constant
which varies from line to line, but is independent of functions under consideration.

2. PROOF OF THEOREM 1.

In this section, we prove Theorem 1. We will use the following singular Trudinger-Moser
inequality on the whole space RY: For any 8 € [0, N), define

. d
(2.1) B(N,a,8,0) = sup / Py (aful V)
wew LN ®NY, JRN |fL’|
ol 1,5 <1
Then it holds
- <
(2.2) B(N,Oé,ﬁﬂ){ Soo o= v
=00, «>AanNg.

Here ||ully1.v = (|[Vull¥ + ||u||%)1/N denotes the full norm of the Sobolev space WH¥ (RY).
Note that the inequality (2.2) was first established by Ruf [27] for the case N = 2 and
B = 0. It then was extended to the case N > 3 and 8 = 0 by Li and Ruf [20]. The case
N > 2 and 8 € (0, N) was proved by Adimurthi and Yang [3], see also de Souza and de O
[29].

Proof of Theorem 1: We define the vector-valued function F' by

N
N -7\ 7 4
F(z) = <T7) 2|7 .

Its Jacobian matrix is

DF(x)

N
N—~\%5 4 Yy oz x
N — - -
( N ) i ”(”N+N—v|x|®|x|>

N —~ o v ox x
- TRl (ay+ e L),
N N—~lz| — |zl
where Idy denotes the N x N identity matrix and v®v = (v;v)1<; j<n denotes the matrix
corresponding to the orthogonal projection onto the line generated by the unit vector
v= (v, -+ ,vy) € RV ie., the map z — (z-v)v. Since a matrix of the form I + av ® v,
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a € R, has eigenvalues 1 (with multiplicity N — 1) and 1 + « (with multiplicity 1), we see
that

(2.3) det(DF(z)) = (N];V) @)

Let u € X}N(RY) be such that luf x2v < 1. We introduce a change of functions as
follows.

(2.4) o(z) = (N];”)NN_I w(F(z)).

A simple calculation shows that
N—-1

Vo(r) = (%) Y DF@)(Vu(F())

(Y5 e

2(2N—1)
N

2R

(Vutre) + 5 (V@) L) &)

and hence
oo = (57) el (s 5 (o))

Since (VU(F(x)) : 1>2 < |Vu(F(x))|*, we then have

|z

25 Vo)< (F57) T IR Fu(F@)] = @eDF) F [Vu(F)

2
if v > 0, with equality if and only if (VU(F($)) : %) = |Vu(F(x))|> wheny > 0. If y =0

the inequality (2.5) is an equality. Note that the inequality (2.5) does not hold if v < 0
and u is not radial function. In fact, a reversed inequality occurs in this case. Moreover,
(2.5) becomes an equality if u is a radial function for any —oo < v < N. Integrating both
sides of (2.5) on RY, we obtain

(2.6) IVolly < [[Vul|.

Moreover, for any function G on [0, 00), using the change of variables, we get
2.7) / G (Ju(@)| ¥ fo] “da
RN
N(y=6)

N -\ V= N N N(;-8)
— (=7 G - N dy.
( I ) /RN N_le(y)lN1 i y

Consequently, by choosing G(¢) = t¥~! and ¢ = v, we get ||u||x~ = ||v||y and hence

(28)  lullzix = IVully + /RN [u(@)[V ] dz = [[Volly + [ollx = vl
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We remark again that (2.6) and (2.8) become equalities if w is radial function for any
v < N. Thus ||[v[jpr~v < 1if ||U||X}/N < 1. By choosing G(t) = &y (at) and § = 5 > 7, we
get

(2.9) /RN@N(QW )5 ) | P
N

No14Na=8)
y N—v / ( N N) _Ng=)
= — P alv(y)| ¥ Y v dy.
(*57) [ oy (el ) 1o
Denote
5 (B M) o
N).

By using (2.8) and (2.9) and applying the singular Trudinger-Moser inequality (2.2), we
get

sup / @ (afule)|¥57) fo| Pda
RN

UGX%’N(RNL”“HXLN <1
Y

N~ N-1+80=8 N

_ = N -

< (%) awp [ e () bl
VEWLN(RN) ||vf| 1,8 <1 JRN -7

(7 B)
N -\ ~ N ~
= — B N, a, 3,0
( N ) N7
< 0,
since Niva < m@N75 = %—:’joqv = (NT_B> ay = ay 5

If u is radial then so is v. In this case, (2.5), (2.6) become equalities, and hence so does
(2.8). Then the conclusion follows again from the singular Trudinger-Moser inequality
(2.2).

We finish the proof of Theorem 1 by showing that B(N, a, 3,7) = oo and Bmd(N, a, B,7) =
oo when a > ayg. Since Bmd(N,&,ﬂ,’y) < B(N,a,ﬁ,’y), it is enough to prove that
Byaa(N, o, B,7) = 0o. Suppose the contrary that B,eq(N,a, 3,7) < oo for some a > an,g.
Using again the transformation of functions (2.4) for radial functions u € X#N , we then
have equalities in (2.5), (2.6), and hence in (2. 8) Evidently, the transformation of func-
tions (2.4) is a bijection between Xv N and WL and preserves the equality in (2.8).
Consequently, we have

N\~ 14+ 5025 N
B'rad N,Oé,ﬁ,’}/ = <—) Brad (N7 —OQBaO) 3
( ) N N —~vy
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with B = M@ :J) € [0, N). Hence Byad (N N ﬁ 0) < 00. By rearrangement argument,

N
i N ~ N
B 0) = Brag [ N, ~——a,5,0) <
( ’N—'ya’ﬁ’) d( N—'yaﬁ ) OO

which violates the result of Adimurthi and Yang since

we have

N
. mﬂ( > OZN,B.

For the later purpose, we also prove here directly B,.q(N, o, 8,7) = oo when a > an s
by using the weighted Moser sequence as in [16], [19]: Let —oc0 < v < f < N and for

" wN N /B ’ " N /87

so that (Anbn)% =n/ayg. Put

Anby, if |z < e,
(2.10) u, = Aylog(1/|z]),  ife ™ < |z| <1,
0, if1 < |z|.

Then direct calculation shows that

(2.11) ||Vun||LN(RN) = 1,
N-p

(2.12) lunllN., = mF(N +1)(1/n) + o(1/n)

as n — oo. Thus u, € X md(]RN). In fact for (2.12), we compute

||“n||%y = WN-1 / (Anb) NN dr + wy / AN (log(1/r))NrN—17dr
0 e

=1+1I
We see
7“;\/'_,y r=ebn n N—-1 e—(x:g)n
I — — A’I’Lbn N — _ _— —_— = ]_
wn-{ ) {N—’V}To v (aN,B) N —~ o(1/m)

as n — 0o. Also

Il = ( > (log(1/r))YNrN=17dr
bn _ (N=7)bn
_ < ) 0 pNe—(N—’Y)Pdp: (]V]\i—ﬂy)ﬁfﬂ(l/n)/o pNe—Pdp
= L QTN 4 1)+ (1)

(N — )N+1
Thus we obtain (2.12).
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Now, put v, (z) = Au,(x) where u, is the weighted Moser sequence in (2.10) and A, > 0
is chosen so that A + A [Ju, || ¥ , = 1. Thus we have || Vu,|[}x 4 [|[vn]|§,, = 1 for any n € N.

By (2.12) with 8 = ~, we see that \)Y =1—0(1/n) as n — co. For a > ay g, we calculate

d d
[ evta s> | Dyl 1)
RN |z {0<|z|<e—bn} |z
N-2

:/ polon ¥T 3 ﬁ|vn|% o

{0<|z|<e—bn} — ! |[?

_N_
() oo} [
N3 (0<a|<etn |T]

oo (o (o Gm))) momof (5) o

as n — oo. Here we have used that for 0 < |z| < e7bn

_N _N_
| vn| 7T = AT (Apby) ¥ = —— AN
OéN’g

by definition of A4,, and b,. Also we used that for 0 < |z| < e bn,

0| ¥ = AN T (Anby) VT < Cnd < O

for 0 < 7 < N — 2 and n is large. This proves Theorem 1 completely. U

3. EXISTENCE OF MAXIMIZERS FOR THE WEIGHTED TRUDINGER-MOSER INEQUALITY

As explained in the Introduction, the existence and non-existence of maximizers for (2.1)
is well known. Now, let us recall it here.

Proposition 1. The following statements hold,
(i) If N > 3 then B(N,a,0,0) is attained for any 0 < a < ay (see [15, 20]).
(i) If N = 2, there exists 0 < o, < ay = 47 such that B(2,a,0,0) is attained for any
a, < a <o (see [15, 27]).
(iit) If B € (0,N) and N > 2 then B(N,a, 3,0) is attained for any 0 < a < ang (see
[21]).

(iv) B(2,,0,0) is not attained for any sufficiently small o > 0 (see [15]).

The existence part (iii) of Proposition 1 is recently proved by X. Li, and Y. Yang [21]
by a blow-up analysis.

Remark 1. By a rearrangement argument, the maximizers for (2.1), if exist, must be a
decreasing spherical symmetric function if 5 € (0, N) and up to a translation if § = 0.

The proofs of the existence part (i) (ii) of Theorem 2 and 3 are completely similar by
using the formula of change of functions (2.4) and the results on the existence of maximizers
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for (2.1). So we prove Theorem 3 only here. As we have seen from the proof of Theorem
1 that

N N-1+50=58) N

~ — ’}/ - ~ ~

B(N < | —- BN

( 7a7/8’,y)—( N ) ( ’N—")/a7570>

if 0 <~ <p <N, where § = N(8 —7)/(N =) € [0,N). If N,a, 8 and  satisfy the
condition (i) and (ii) of Theorem 3, then N, Na/(N — «) and f satisfy the condition (i)-
(iii) of Proposition 1, hence there exists a maximizer v € W'V (RN) for B (N, Nl_voz, 3, O)

with [Jo]|§¥ + |[Vv]|¥ =1 and

N N 5 ~ N ~
® 1 | |y Pdy =B (N, —— :
[ o (bt ™ ) Py = B (5. o)

As mentioned in Remark 1, we can assume that v is a radial function. Let u € Xi’N be
a function defined by (2.4). Note that u is also a radial function, hence (2.5) becomes an
equality. So do (2.6) and (2.8). Hence, we get

lull v = IV0IIN + ol =1,
and by (2.9)
N_l_i_N(’Y*B)
N _ N —~ N=y . N ~
<1>( N71> by = BN ——a30).
[ o (atut@) o0 = (257 (35 50)
This shows that u is a maximizer for B(N, , 3,7). O

4. NON-EXISTENCE OF MAXIMIZERS FOR THE WEIGHTED TRUDINGER-MOSER
INEQUALITY

In this section, we prove the non-existence part (iii) of Theorem 3. The proof of (iii) of
Theorem 2 is completely similar. We follow Ishiwata’s argument in [15].
Assume 0 < < 2,0 < a < asyp=27(2 — ) and recall

. d
B(2,a,,8) = sup / <e°‘“2 — 1) —IB
wexy?®2) JR? ||

HUIIXé,Q(RQ)Sl
We will show that B(2,«, 3, 8) is not attained if o > 0 sufficiently small. Set
: , 1/2
M ={ue XP*®) : |lull g2 = (IVul3+ uls)"* =1}
be the unit sphere in the Hilbert space X g’Q(]R2) and
2 d
Jo: M >R, Ja(u):/ (e —1) 22
R2 ]

be the corresponding functional defined on M. Actually, we will prove the stronger claim
that J, has no critical point on M when a > 0 is sufficiently small.
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Assume the contrary that there existed v € M such that v is a critical point of J, on
M. Define an orbit on M through v as
Ur

v(z) = VTo(vTX) T€E(0,00), W= Tl € M.
8
Since w;|,—1 = v, we must have
(4.1) A ) =0
dr lr=1
Note that
V0222 = TIVOI 222y, Mlorllls = 725 IIoll2

for p > 1. Thus,

QJx dx

o v
Jo (W, :/ (em”f /
W)= [ ) i RQZJ ol TP

Zoﬂ o 15,5 R oaj TJ’HvaHQJ:
(el llor )" 5507 (7190l + 7% ol )
By using an elementary computation
Fil+3c
f(r) = ma a=|Vol3, b= [lv[35. c= vl 4
Ta+ 72
B
B, TIT?ac .
'‘MN=01-%)———{-7a+ (j —1)b},
PO =0 g e G- D)
we estimate = | J,(w,)
T=1
d
-5 Ja T
drlr=1 (1)
2 | ad 15} I 2+6/2HUH2 8
22[7(1—5) e 2 {=7lIVol3 + (G = Dllvll3 s}
= L7 (7IVoll3 + 7 ||U|| ) =1
= —a(l - )HVUH ||UH2,B+Z HUHW —[Vollz + (G = Dlvlzs}

ol ullz)s
(42)  <a(l-D)volul, -1+ :
2 2 Z HIVolBlol: s

since —||Vv[l3 + (j — Dv[3 5 < j.
Now, we state a lemma. Unweighted version of the next lemma is proved in [15]:Lemma
3.1, and the proof of the next is a simple modification of the one given there using the
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weighted Adachi-Tanaka type Trudinger-Moser inequality:
- 1 d
A2,0,8,8) =  sup —2/ (eauz _ 1) 2 x
R2

ueXé’Q(RQ)\{O} HUHQ,ﬁ ‘x|ﬂ
HVUHLZ(R2>S1

for v € (0, 03) if B > 0, and the expansion of the exponential function.

Lemma 1. For any o € (0, az), there exists Cy, > 0 such that
2j 2j-2
ullyj s < Ca —||VU|| 7 |ull3,s
holds for any u € Xé’Q(RQ) and j €N, 5> 2.
By this lemma, if we take o < & < a9 g and put C' = Cj, we see

95
|| ||2;B _||v ||2] 4<C
IVol3llvl3 5

for j > 2 since v € M. Thus we have

o0

Z ol Hva Z Cal=t 4! Co o= /a\i=2
< — ( — _ - < Cl
= G =DVl (- Dladi (52) <d> J =

J= j=2

j
for some C” > 0. Inserting this into the former estimate (4.2), we obtain

d 8
N g < (0= Dl olBlol3s(-1 + C'a) <0
when « > 0 is sufficiently small. This contradicts to (4.1). 0

5. PROOF OF THEOREM 4 AND 5.

In this section, we prove Theorem 4 and Theorem 5. As stated in the Introduction, we
follow the argument by Lam-Lu-Zhang [19]. First, we prepare several lemmata.

Lemma 2. Assume (1.6) and set

~ dx
(5.1 AV.asn= s [ el ®
uex2 N ®N)\ {0} ‘33’

HVUHLN(]RN)Sl

luall 7,y =1

Let A(N, o, 3,7) be defined as in (1.9). Then A(N,a, §,7) = (N a, B,7) for any a > 0.
Similarly, Ayeq(N,a,B,7) = Amd(N a,B,7) for any a > 0, where Apqq(N,a, B,7) is
defined similar to (5.1) and A,qq(N, o, 5,7) is defined in (1.7).

Proof. For any v € X}N(RY)\ {0} and A > 0, we put uy(z) = u(Az) for z € RY. Then it
is easy to see that

(5.2) HVU/\HgN(RN) = ||Vu||gN(RN),
JurllY, = XDl
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Thus for any u € X V(RV)\ {0} with || Vul| v @y < 1, if we choose A = [[uf YAV, then
uy € XN (RY) satisfies

||VU/\”LN(RN) <1 and ||UJ/\H%7,y =1.

Thus
N _N_ dx 1 _N_ dx
A8 2 [ Oxlalunl¥0) 75 =~ [ Oxlalul ¥ 55
RV =] N= - JrN ||
[ll vy
which implies A\(N, o, B,7) > A(N,a, 3,7). The opposite inequality is trivial. O

Lemma 3. Assume (1.6) and set B(N,3,7) as in (1.15). Then we have

() )T
A(N,a,8,7) < L B(N, 8,7)
- (i)
forany0 < a < anpg. The same relation holds for Ayaag(N, o, B,7) in (1.7) and Byeq(N, B,7)
in (1.14).
Proof. Choose any u € X2V with ||Vu|[px@yy < 1 and [July, = 1. Put v(z) = Cu(Az)
where C' € (0,1) and A > 0 are defined as

o r ON 1/(N=v)
= — d A= .
¢ (@Nﬁ> o (1—CN>

Then by scaling rules (5.2), we see
[ollFen = IVOIIN + [l0llN, = CYIVully + X~V CNJu ¥

< CN 4 AN WN=IeN = 1.

Also we have

N dx N N dl‘
) N1 :)\(Nﬁ)/ ) ( O~-1 m>_
[, exlanall= 05 [ on (avsC )

— )\—(N—B)/ Dy <a|u|%> -
RN ||

Thus testing B(N, 8,7) by v, we see

N—B
~ 1—CN\ V> N\ dv
> N-T )
B(N,ﬁ,y)_( CON ) /RN(I)N<05|U| >|x|5

By taking the supremum for u € XN with ||Vu|[ @~y < 1 and |Jufy, = 1, we have

=z
IS

1 (L)N_l N—~
B(N,8,7) > A(N, o, B,7).

N-1
o
(“Nﬁ)
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Finally, Lemma 2 implies the result. The proof of

N—-1\ N—
1— (&
~ an.g ~

Brad(Nuﬂu’y) Z < >N1 A'f”ad(N7a7677)
ans

is similar. O

Proof of Theorem 4: We prove the relation between B(N, 3,7) and A(N, a, 8,7) only. The
assertion that

N—-1 N—~
; 1 (a3)
B(N757/7) 2 e(soup ) < N;N—l A(N,Oé,ﬁ,’}/)
ac(0,an,p a

&N,

follows from Lemma 3. Note that B(N,3,7) < co when 0 < 4 < < N by Theorem 1.
Let us prove the opposite inequality. Let {u,} C XIV(RY), up, # 0, [[Vua|[Yy +
[un||¥, < 1, be a maximizing sequence of B(N, 3,7):

N dx ~
/ By (0 11| FT) s = B(N, B,7) + o(1)
RN |z|?

as n — 0o. We may assume ||Vun||gN(RN) < 1 for any n € N. Define

Un (AnT
on(e) = i, (¢ €RY)

A = (—1V"n“%>1/(]v_7) >0

Vun |y

Thus by (5.2), we see

||vvnl|gN(RN) =1,

N-f N-B
N(N-p) )\T—L(N—v) N N—~ ||Un||1]¥7,7 N—~
lonllny ™ = | o lunling, =\ 7w, o~ <1,
IVl L= [[Vun|[y

since || Vuy||§ + llunlly,, < 1. Thus, setting

an = angl|Vua [N < ang
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for any n € N, we may test A(N, an, B,7) by {v,}, which results in

. N d
BV + o) = [ @nlawslun ()|

_ ant N
=N [ tanall VualF o))

N8 iy 4o
- )\n /RN (I)N<Oénlvn<x)|N 1>|ZE|B

dzx
||

N=-8

o L M/ @N(anm(m)‘%)d_‘”
- [[0a| ¥ 5 RN ||”

N7
- HvunH%) i
“vun”%

I8

2

< AVBA(N, o, B 7) = ( AN, 8,7)

N-B

N-1 N—
(E) )
= ks A(Na an)ﬁ>7>

N—-1 N—~
- (@) :
< sup aN’BN_l A(N,a, B,7).
ac(0,an,5) (L)

aN,.g
N(N-8)
Here we have used a change of variables y = A,z for the second equality, and [[v,|[55 " <1
for the first inequality. Letting n — oo, we have the desired result. U

Proof of Theorem 5: Again, we prove theorem for A(N,a, 3,7) only. The assertion that

~ 02
A(N, o, B,7) < . (ﬁﬂ)N_l

follows form Theorem 4 and the fact that B(N, ,7) < oo when 0 < v < 8 < N.
For the rest, we need to prove that there exists C' > 0 such that for any a < ayg
sufficiently close to ay g, it holds that

(5.3)
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For that purpose, we use the weighted Moser sequence (2.10) again. By (2.12), we have
N; € N such that if n € N satisfies n > Ny, then it holds

v 2N =)LV +1)
(5.4) - < =y S gy (/n).

On the other hand,

—b

d e
/ q’w(@lunlN/(N‘”)—xﬁ sz_l/ By (o Apby,) VN D) pN 1B gy
RN || 0
WN-1 N_glr=e~tn
= N _ ﬁq)N ((Oé/OéNﬂ)n) [7‘ ]T:O
WN-1

Note that there exists No € N such that if n > Ny then ®y ((a/ang)n) > tel@/oven,
Thus we have

. dx 1/ wy_ —(1——2)p
5.5 P LNy 2T 2 [ N ang ",
(5.5) /RN N (oun| ) N—5)¢

Combining (5.4) and (5.5), we have Cy(N, 8,7) > 0 such that

1 _ dm N-B _(1——& n
(5.6) N(N-5) /N O (o [V 1))W > Cy(N, B,y)n~¥=e (=ans)
lunll ™ 7%

holds when n > max{N;, No}.
Note that lim,_,; (1_5”%1) = N — 1, thus

11—z

1-— (Oé/OéNﬂ)N_l > N -1
1—(a/ang) — 2

if a/an g < 11is very close to 1. Now, for any a > 0 sufficiently close to oy g so that

max{Ni, N2} < (2 ) -

I-(a/ang)Vt S N1
1—(0&/0&1\7#-3) _— 2 ?

(5.7)

we can find n € N such that

max{ Ny, No} <n < (
(5.8) (m) “n

2
1-a/ang |
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We fix n € N satistying (5.8). Then by 1 <n(l —a/ang) <2, (5.6) and (5.7), we have

1 / N/(N-1) 4T N=b o
. N (I)N(a|un| / ))_ ZCI<N,677)TLN_“’€
||Un||%,3 RN |z|P
1 N N-1 1 =
> N _— > N
20 (=garmy) 2 T ) ()
I s
= C3(N
3( 75)7) <1—(OC/OZN”3)N1> )

where Co(N, 8,7) = e 2C1(N, 8,7) and C5(N, 8,7) = ¥2C5(N, 8, 7). Thus we have (5.3)
for some C' > 0 independent of a which is sufficiently close to ay g. O
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