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SPECTRAL ESTIMATES OF THE p-LAPLACE NEUMANN
OPERATOR IN CONFORMAL REGULAR DOMAINS

V. GOL’DSHTEIN AND A. UKHLOV

ABsTRACT. In this paper we study spectral estimates of the p-Laplace Neu-
mann operator in conformal regular domains Q C R2. This study is based
on (weighted) Poincaré-Sobolev inequalities. The main technical tool is the
composition operators theory in relation with the Brennan’s conjecture. We
prove that if the Brennan’s conjecture holds then for any p € (4/3,2) and
r € (1,p/(2 — p)) the weighted (r, p)-Poincare-Sobolev inequality holds with
the constant depending on the conformal geometry of 2. As a consequence we
obtain classical Poincare-Sobolev inequalities and spectral estimates for the
first nontrivial eigenvalue of the p-Laplace Neumann operator for conformal
regular domains.

1. INTRODUCTION AND METHODOLOGY

Let Q C R? be a simply connected planar domain with a smooth boundary
09). We consider the Neumann eigenvalue problem for the p-Laplace operator
(l<p<2):

(1.1)

—div (|Vul[P~2Vu) = pplu[P~?u in Q
u _ on Of).

The weak statement of this spectral problem is as follows: a function u solves
the previous problem iff u € WP(Q) and

JJ (¥t Vutw) - Vetoy) dody = gy [[ 120t )ote.) dody
Q Q

for all v € W1P(Q).
The first nontrivial Neumann eigenvalue p,, can be characterized as

I Vu(z, y) P dedy

Q
I fu(@, y)lP dwdy
Q

fip(§2) = min

cue WHP(Q)\ {0}, // |u|P~%u dedy = 0
Q

Moreover, up(Q)_% is the best constant B, ,(Q2) (see, for example, [I]) in the
following Poincaré-Sobolev inequality

inf [|f — e[ L] < By @IV | L@ f € WH(Q),

We prove, that p,(€Q) depends on the conformal geometry of Q and can be
estimated in terms of Sobolev norms of a conformal mapping of the unit disc D
onto Q) (Theorem A).
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The main technical tool is existence of universal weighted Poincaré-Sobolev in-
equalities

12 ([ 176 cl'hio.p) dedy )

Q

< B, () ( J[1wr@ar dxdy) T pewQ),
Q

in any simply connected domain 2 # R? for conformal weights h(z,y) := J,(z,y) =
|¢’(x,y)|* induced by conformal homeomorphisms ¢ : Q — D.

MAIN RESULTS OF THIS ARTICLE CAN BE DIVIDED ONTO TWO PARTS. THE
FIRST PART IS THE TECHNICAL ONE AND CONCERNS TO WEIGHTED POINCARE-
SOBOLEV INEQUALITIES IN ARBITRARY SIMPLY CONNECTED PLANAR DOMAINS
WITH NONEMPTY BOUNDARIES (THEOREM C AND ITS CONSEQUENCES). RESULTS
OF THE FIRST PART WILL BE USED FOR (NON WEIGHTED) POINCARE-SOBOLEV IN-
EQUALITIES IN SO-CALLED CONFORMAL REGULAR DOMAINS (THEOREM B) THAT
LEADS TO LOWER ESTIMATES FOR THE FIRST NONTRIVIAL EIGENVALUE f,, (THE-
OREM A). TO THE BEST OF OUR KNOWLEDGE LOWER ESTIMATES WERE KNOWN
BEFORE FOR CONVEX DOMAINS ONLY. THE CLASS OF CONFORMAL REGULAR DO-
MAINS IS MUCH LARGER. IT INCLUDES, FOR EXAMPLE, BOUNDED DOMAINS WITH
LIPSCHITZ BOUNDARIES AND QUASIDISCS, I.E IMAGES OF DISCS UNDER QUASICON-
FORMAL HOMEOMORPHISMS OF WHOLE PLANE.

Brennan’s conjecture [4] is that for a conformal mapping ¢ : Q@ — D

4
(1.3) /|<p'(x,y)|6 drdy < +oo, for all 3 < B < 4.
Q

For the inverse conformal mapping 1 = ¢! : D — Q Brennan’s conjecture [4]
states

2
(1.4) / [ (u,v)|* dudv < +00, forall —2<a<:.

3
D

A connection between Brennan’s Conjecture and composition operators on Sobolev
spaces was established in [12]:

Equivalence Theorem. Brennan’s Conjecture [I.3) holds for a number s €
(4/3;4) if and only if a conformal mapping ¢ : Q@ — D induces a bounded composi-
tion operator

©* : LYP(D) — LY1PA(Q)

for any p € (2;+00) and q(p, B) =pB/(p + B — 2).
The inverse Brennan’s Conjecture states that for any conformal mapping v :

D — Q, the derivative ¢’ belongs to the Lebesgue space L*(D), for —2 < o < 2/3.
The integrability of the derivative in the power greater then 2/3 requires some
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restrictions on the geometry of Q. If Q C R? is a simply connected planar domain
of finite area, then

// [0 (u,v)|? dudv :/ Jy(u,v) dudv = |Q] < oo.

D D

Integrability of the derivative in the power @ > 2 is impossible without additional
assumptions on the geometry of 2. For example, for any @ > 2 the domain (2
necessarily has a finite geodesic diameter [I3].

Let Q C R? be a simply connected planar domain. Then € is called a conformal
a-regular domain if there exists a conformal mapping ¢ : 0 — D such that

(1.5) ‘(cp_l)'(u,v)|a dudv < oo for some o > 2.
J

If Q is a conformal a-regular domain for some a > 2 we call  a conformal regular
domain.

The property of a-regularity does not depends on choice of a conformal mapping
¢ and depends on the hyperbolic geometry of € only. For connection between
conformal mapping and hyperbolic geometry see, for example, [2].

Note that a boundary 9 of a conformal regular domain can have any Hausdorff
dimension between one and two, but can not be equal two [16].

The next theorem gives lower estimates of the first nontrivial p-Laplace Neumann
eigenvalue:

Theorem A. Let ¢ : Q2 — D be a conformal homeomorphism from a conformal
a-regular domain Q to the unit disc D and Brennan’s Conjecture holds. Then for
every p € (max{4/3, (a +2)/a},2) the following inequality is correct

<
.UP(Q) -
u
inf 1| L*(D)]|2 // 1 52 qude .BP., (D
et ) (™) |L (D)l ) [(e™1)| Yop_ (D)

Here B, 4(D) is the exact constant in the corresponding (r, q)-Poincare-Sobolev in-
equality in the unit disc D for r = ap/(a — 2).
In the limit case o = oo and p = ¢ we have

Corollary A. Suppose that Q2 is smoothly bounded Jordan domain with a bound-
ary 0Q of a class C* with a Dini continuous normal. Let ¢ :  — D be a conformal
homeomorphism from Q onto the unit disc D. Then for every p € (1,2) the following
inequality is correct

< [l IL=)]”

.UP(Q) Hp (D) '
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Remark 1.1. The constant B, 4(D) satisfies |7}, [14]:

2 (1-6\""°
B;4(D) < o (m) , 0=1/q—=1/r.

Remark 1.2. The Brennan’s conjecture was proved for a € [ag,2/3) when ag =
—1.752 [I5].

Remark 1.3. The estimates for the u,(Q2) were known before only for convex
domains. For example, in [6] was proved that

> (85)

where

_ dt . (P13
O Ry AT E e &

0

Theorem A is a corollary (after simple calculations) of the following version of
the Poincaré-Sobolev inequality

Theorem B. Suppose that Q C R? be a conformal a-regular domain and Bren-
nan’s Congecture holds. Then for every p € (max{4/3,a/(a—1)},2), every s €
(1, O‘Tﬂﬁ) and every function f € WHP(Q), the inequality

1 1
S P
(16) igﬂg( J[1s - c|5dxdy> < Bs,p(m< J[wraar dxdy)

Q Q
holds with the constant

By p() < (107 1Y [L (D)% By p (2, )

< if Bas, o(D) - (™Y |LY(D) ]| * Kpq(D) } -
< o, B ()l 1L D)) Ky o(D) |

Here B, (2, h), r = as/(a — 2), is the best constant of the following weighted
Poincaré-Sobolev inequality:

Theorem C. Suppose Q C R? is a simply connected domain with non empty
boundary, Brennan’s Conjecture holds and h(z) = J(z,¢) is the conformal weight
defined by a conformal homeomorphism ¢ : Q — D. Then for every p € (4/3,2)
and every function f € WHP(Q), the inequality

ey |f<x,y>—c|rh<x,y>dxdy)%SBT,pm,m( [ s dxdy)%

Q Q
holds for any r € [1,p/(2 — p)) with the constant

B, ,(Q,h) < inf K, (D) - B, (D
AU S nt (K, (D) Bry(D))
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Here B, 4(D) is the best constant in the (non-weighted) (r.q)-Poincaré-Sobolev
inequality in the unit disc D C R? and K, ,(€2) is the norm of composition operator

(¢71)": LPP(Q) — LY(D)
generated by the inverse conformal mapping ¢! : D — Q:

p—q

pq

// I )| 52 dudv

Remark 1.4. Theorem C is correct (without referring of Brennan’s conjecture) for
2p o] _ _p
2—p 2+fao] 2-p

and p € ((lao| +2)/(Jao| +1),2), where ag = —1.752 represents the best result for
which Brennan’s conjecture was proved.

(1.8) 1<r<

Remark 1.5. Let Q C R? be a simply connected smooth domain. Then ¢~! €
L*(D) for all & € R and we have the weighted Poincaré-Sobolev inequality (I.2) for
allp € [1,2) and all r € [1,2p/(2 — p)].

In the case, when we have embedding of weighted Lebesgue spaces in non-
weighted one, the weighted Poincaré-Sobolev inequality (7)) implies the standard
Poincaré-Sobolev inequality (L6]).

Let us give some historical remarks about the notion of conformal regular do-
mains. This notion was introduced in [5] and was applied to the stability problem
for eigenvalues of the Dirichlet-Laplace operator. In [I4] the lower estimates for
the first non-trivial eigenvalues of the the Neumann-Laplace operator in conformal
regular domains were obtained. In [I3] we proved but did not formulated the fol-
lowing important fact about conformal regular domains and the Poincaré-Sobolev
inequality:

Theorem 1.6. Let a simply connected domain Q C R? of finite area does not
support the (s,2)-Poincaré-Sobolev inequality

1nf(//|f 2.y) — dff d:cdy)b < B )(g/|Vf(:v,y)|2 d:cdy)

for some s > 2. Then ) is not a conformal reqular domain.

In the present work we suggest for the conformal regular domains a new method
based on the composition operators theory. The suggested method of investigation
is based on the composition operators theory [20] 2I] and its applications to the
Sobolev type embedding theorems [, [9].

The following diagram illustrate this idea:

wirQ) £ wleD)

3 \
—1y\*
@ ‘% o
Here the operator ¢* defined by the composition rule p*(f) = foy is a bounded
composition operator on Sobolev spaces induced by a homeomorphism ¢ of €2 and
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D and the operator (¢ ~1)* defined by the composition rule (p=1)*(f) = fop™!
is a bounded composition operator on Lebesgue spaces. This method allows to
transfer Poincaré-Sobolev inequalities from regular domains (for example, from the
unit disc D) to .

In the recent works we studied composition operators on Sobolev spaces in con-
nection with the conformal mappings theory [I0]. This connection leads to weighted
Sobolev embeddings 11} [12] with the universal conformal weights. Another applica-
tion of conformal composition operators was given in [5] where the spectral stability
problem for conformal regular domains was considered.

2. COMPOSITION OPERATORS

Because all composition operators that will be used in this paper are induced by
conformal homeomorphisms we formulate results about composition operators for
diffeomorphisms only.

2.1. Composition Operators on Lebesgue Spaces. For any domain ) C R?
and any 1 < p < oo we consider the Lebesgue space

1/p

PQ) ={ [ QR || IPQ)] = // @y dady|  <oo
Q

The following theorem about composition operators on Lebesgue spaces is well
known (see, for example [21]):

Theorem 2.1. Let ¢ : Q — ' be a diffeomorphism between two planar domains
Q and Q. Then the composition operator

e T LT(Y) = L*(Q), 1<s<r< oo,
is bounded, if and only if and

(//(J@1(u,v))T_TS dudv> h =K <oo, 1<s<r< oo,
Q/

o |

sup (Jw—l(u,fl))) =K<oo, 1<s=r< .

(u,v)e
The norm of the composition operator ||¢*| = K.
2.2. Composition Operators on Sobolev Spaces. We define the Sobolev space

WLP(Q), 1 < p < co as a Banach space of locally integrable weakly differentiable
functions f : 2 — R equipped with the following norm:

1 1
1wl =( [ e asay) "+ ([ 195 e asdy)”
Q Q
We define also the homogeneous seminormed Sobolev space L'?(§) of locally

integrable weakly differentiable functions f : Q — R equipped with the following
seminorm:

1
120 @l =( [ (95w oy )
Q
Recall that the embedding operator i : L1P(Q) — L}OC(Q) is bounded.
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Let ©Q and ) be domains in R2. We say that a diffeomorphism ¢ : Q —
induces a bounded composition operator

@* LVP(Q) = LY(Q), 1<g<p<oo,

by the composition rule ¢*(f) = foyp if p*(f) € L19(Q) and there exists a constant
K < oo such that

le*(f) 1 L@ < K| f | LHP(Q)]).
The main result of [20] gives the analytic description of composition operators
on Sobolev spaces (see, also [2I]) and asserts (in the case of diffeomorphisms) that

Theorem 2.2. [20] A diffeomorphism ¢ : @ — Q' between two domains Q@ and €
induces a bounded composition operator

©* Ll’p(Q') — Ll’q(Q), 1<g<p<oo,

I () [” i
Kpqf (//<|ny dxdy < 0.

Definition 2.3. We call a bounded domain Q C R? as a (r, ¢)-embedding domain,
1 < q,r < oo, if the embedding operator

o: Whi(Q) — L"(Q)

if and only if

is bounded. The unit disc D C R? is an example of the (r,2)-embedding domain
for all r > 1.

The following theorem gives a characterization of composition operators in the
normed Sobolev spaces|[I4]. For readers convenience we reproduce here the proof
of the theorem.

Theorem 2.4. Let Q be an (r,q)-embedding domain for some 1 < g < r < oo
and || < oo. Suppose that a diffeomorphism ¢ : Q — Q' induces a bounded
composition operator

O* L LYP(QY) = LY(Q), 1<q¢<p< oo,

and the inverse diffeomorphism o' : Q' — Q induces a bounded composition oper-
ator

(71" 1 L7(Q) = L()
for somep < s <r.
Then ¢ : Q — ' induces a bounded composition operator

P* T WIP(Q) - WH(Q), 1<q<p< oo

Proof. Because the composition operator (¢~ 1)* : L"(Q) — L*(€Y’) is bounded,
then the following inequality

1™ g [ L ()] < Ars()llg | L™(Q)]

is correct. Here A, 4(Q) is a positive constant.
If a domain 2 is an embedding domain and the composition operators

(P71 L7(@) » L), ¢ L) = LH(9)
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are bounded, then for a function f = g o ¢~! the following inequalities
: _ S / < : _ T
Inf |[f = | ()] < Ars (@) Inf [lg — | L"(Q)]
<A (Mllg | LMQ)[| < A () Kp o (M| f | LP(Q)]

hold. Here M and K, ,(€2) are positive constants.
The Holder inequality implies the following estimate

le| = 1% le | L2 < 1977 (If | PO + | f — ¢ | X))
<|QTFF | PO+ 1 — e | Q).

Because ¢ < r we have

1 r—gq r
lg I LA < fle | LY + llg — ¢ [ LA < [ef|€f + 10 lg — e | L7 ()

|
< (1917500 | Z2@) 1+ 191741 = e L@ )190F + 1907 g — | 7@
From previous inequalities we obtain for ¢*(f) = g finally

lg T LA < QU< |7# |1 f [ LP(Q)]
+ Ar s () K, o (MQ < [ % || | LM Q)]

r—q

+ Kp,q(Q)M|Q| "

1£ 1 L2 @)

Therefore the composition operator
e* - WhP(Q) = Wha(Q)
is bounded. (|

3. POINCARE-SOBOLEV INEQUALITIES

3.1. Weighted Poincare-Sobolev inequalities. Let 2 C R? be a planar domain
and let v : 0 — R be a smooth positive real valued function in 2. For 1 < p < oo
consider the weighted Lebesgue space

L7(©,0) = {f o vl @l = ([ 1 Poe) dy) " oo} |

It is a Banach space for the norm || f | LP(Q,v)]|.

Applications of the conformal mappings theory to the Poincaré-Sobolev inequal-
ities in planar domains is based on the following result (Theorem 3.3, Proposition
3.4 [12]) which connected the classical mappings theory and the Sobolev spaces
theory.

Theorem 3.1. Let Q C R? be a simply connected domain with non-empty bound-
ary and ¢ : Q — D be a conformal homeomorphism. Suppose that the (Inverse)

Brennan’s Conjecture holds for the interval [cg,2/3) where ap € (— 2,0) and

pe (J2,2)

Then the inverse mapping ¢~

L induces a bounded composition operator

(™) Ly(Q) — Lg(D)
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for any q such that

plaol  _ _2p
24 |aol—p 4-p
and for any function g € L}D(Q) the inequality

o™ f | L) < //| »

Remark 3.2. Let us remark that Ig()}I? % for any ag € (— 2, O).

1<¢g<

p—q

I£ 1 LM ()]

Using this theorem we prove

Theorem C. Suppose that 0 C C is a simply connected domain with non
empty boundary, the Brennan’s Conjecture holds for the interval [cg,2/3), where
ap € (— 2,0) and h(z) = J,(z) is the conformal weight defined by a conformal
homeomorphism ¢ : Q — D. Then for every p € ((Jag| +2)/(|ao| +1),2) and
every function f € W1P(Q), the inequality

ceR

inf(£ |f(:v,y)—c|rh(z)d;vdy)ianp(Q,h)<g IV f (e, )P d:cdy>;

holds for any r such that

2p |vol p

1<r< <
2—p 2+ |l —p

with the constant

B, ,(Q,h) < inf K,.(D)- B, ,(D)}.
AU S il (K (D) Bry(D))

Here B, 4(D) is the best constant in the (non-weighted) Poincaré-Sobolev in-
equality in the unit disc D C C and K, 4(£2) is the norm of composition operator

(o1 LPP(Q) — LM9(D)

generated by the inverse conformal mapping ¢! : D — Q:

p—q

71 1, (pP—2)q "
(™) |'7=a dudv
D

Proof. By the Riemann Mapping Theorem, there exists a conformal mapping ¢ :
Q — D, and by the (Inverse) Brennan’s Conjecture,

/| ) (u,v)|* dudv < +00, forall —2<a)<a<2/3.

Hence, by Theorem [3.1] the inequality
IV(fop™) | LID)|| < Kpo(D)[VF | LP(Q)]|
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holds for every function f € L1?(Q2) and for any ¢ such that

|l 2p
3.1 1<¢q< < .
(3-1) 2+ lagl—p 4-p

Choose arbitrarily f € C*(2). Then g = fo ! € C(D) and, by the classical
Poincaré-Sobolev inequality,

(32)  inflfee —c| (D) < Bu@®)V(f 0w | D))

for any r such that

1<r<i
=TS9y

By elementary calculations from the inequality (B.1]) follows

20 _ 2 o] _ _»
2—q~ 2—-p 24w 2-p
Combining inequalities for 2¢/(2 — ¢) and r we conclude that the inequality ([B.2])
holds for any r such that

2p ool _ _p
2-p 2+|a 2-p
Using the change of variable formula, the classical Poincaré-Sobolev inequality
for the unit disc

1
inng(// lg(u,v) —c|” dudv) < B, 4(D) // [Vg(u,v)|? dudv
ce
D D
and Theorem [BI] we finally infer

int (] 176 = ehte) dedy) =
Q

1 1
;g&(/ |f(@,y) = " Jp(z,y) dxdy) —;g&(/ |9(u,v) — | dudv)

Q D

1<r<

Q=

P

< 5., | [ 1990w )" dude < Kol BralD) [ Wt dsay
D Q

Approximating an arbitrary function f € W1?(2) by smooth functions we obtain

with the constant

B, ,(Q,h) < inf K, o(D) - Byo(D)}.
(% 7) q:qe[lyzp/(w)){ p,a(D) - Brqg(D)}
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The property of the conformal a-regularity implies the integrability of a Jacobian
of conformal mappings (conformal weights) and therefore for any conformal a-

regular domain we have the embedding of weighted Lebesgue spaces L"(€2, h) into

non-weighted Lebesgue spaces L*(Q) for s = 0‘7727“.

Lemma 3.3. Let Q0 be a conformal a-reqular domain. Then for any function
feL™(Qh), afla—2) <r < oo, the inequality

2.1
a’s

171 25@)] < //»«o-l)'!“ dudv | | LB
D

holds for s = O‘T*Qr.

Proof. Because () is a conformal a-regular domain then there exists a conformal
mapping ¢ : 2 = D such that

/ ‘wal(u,v)
D

for s = O‘T*QT. Then

33) If 1 L@

T dudv = //’(cp_l)’(u,v)‘a dudv < 00,
D

IS
o [

@ |

/ fla,y)|* dady | = / (@, 9)|*TE (2, 9) T3 F (2, y) dudy
Q Q

// @ y) T, y) dedy (
Q
//|f(17,y)|Th(I,y) dxdy (/Jrf u,v) dudv )
Q
/ |f(x,y)|rh(x,y) dzdy : //‘ * dudv
Q

r—s
s

[2

/J¢7 *(z,y) dxdy

<l

R
o=

From Theorem C and Lemma follows Theorem B:

Theorem B. Suppose that Q) C C is a simply connected domain with non empty
boundary, the Brennan’s Conjecture holds for the interval [ag,2/3), where g €

(-2,0).

Then for every

4 2a(|ag| + 2)
— 2
pe (max{3, (2 + 3alag| — 4|ag|’ ’
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every s € [1, O‘T*Qﬁ 2|f|?310] and every function f € WHP(Q), the inequality

(3.4) i‘é&(/ If(w)—cfdxdyfng,pm)( [ wrear dxdy>p

Q Q
holds with the constant

By p(Q) < [l |LYD)]1% Brp(2, 1)

< i as . =1y @ % .
< i B D)7 1L @) Ky (D)}

Proof. The inequality (34) immediately follows from the main inequality of The-
orem C and the main inequality of Lemma [333] The last part of this inequality
used known estimates for the constant of the Poincaré-Sobolev inequality in the
unit disc.

It is necessary to clarify restrictions for parameters p, r, s, because these restric-
tions do not follow directly from Theorem A and Lemma [3.3]

By Lemma B3 s = (o — 2)/ar. By Theorem C

l<r< 2p ool o P
2—p 24| 2-p

Hence

-2 2p |cvo] <a—2 P
a  2—-p 2+ |al a  2-p

1<s< @
Because 1 < s we have from this inequality that

@ 2 el _ _p
a—27"2—-p 2+ 2-p

By elementary calculations

2a(2 + |ag]) a
b= 2a 4 3alag] — 4|lag] T a—1
The last inequality is correct by factor that Brennan’s conjecture is correct for
all o —2 < v < 2/3. O

Theorem A follows from Theorem B, using s = p, that is necessary for coincidence
of the first nontrivial Neumann-Laplace eigenvalue and the constant in the Poincaré-
Sobolev inequality of Theorem B.

Theorem A. Let ¢ : Q2 — D be a conformal homeomorphism from a conformal
a-regular domain 2 to the unit disc D and the Brennan’s Conjecture holds for the
interval [ag,2/3), where ag € (—2,0).

Then for every
|| a+2)} )
€ (max{4/3, : 2
pe (mc{1/s. g 2%
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the following inequality is correct

(p—2)q
pP—q

dudv

B @) Y@ | ][0
D

inf ap
q€[1,2p/(4-p)) a-2

Proof. By Lemma B3] r = QT_2p. By Theorem C

f<rc 2 ool P
2—-p 2+|aw| 2-p
Hence
a—2 1 2|
< .
a 2—p 24|l

By elementary calculations

2 -2 -2 2

2] «a S9_ 0 _ ot
2—|ag| « ! «

p>2

The last inequality is correct by factor that Brennan’s conjecture is correct for
all v: —2 < <2/3. O

Corollary A. Suppose that Q2 is smoothly bounded Jordan domain with a bound-
ary O of a class C* with a Dini continuous normal. Let ¢ : Q — D be a conformal
homeomorphism from Q onto the unit disc D. Then for every p € (1,2) the following
inequality is correct

1
pp(D) '

Ok (™) IL>= (D)

Proof. If € is smoothly bounded Jordan domain with a boundary 02 of a class
C'! with a Dini continuous normal, then for a conformal mapping ¢ : Q — D, the
derivative ¢’ is bounded away from 0 and co [19]. Hence. we can apply Theorem
A in the limit case @ = 0o and p = ¢q. Then

RO BY (D) - [l ) L= @) (™) |IL> (D)~

_ —1y\/ [ee] P

O

As an application we obtain the lower estimate of the first non-trivial eigenvalue
on the Neumann eigenvalue problem for the p-Laplace operator in the interior of
the cardioid (which is a non-convex domain with a non-smooth boundary).

Example 3.4. Let Q. be the interior of the cardioid p = 2(1 + cosf). The diffeo-
morphism
2z =1p(w) = (w+1)*,w = u +iv,
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is conformal and maps the unit disc D onto Q.. Then by Theorem A:

1 , 2 /1-6 '\
B9 00 = et \ 7 (2=3)
& Bt
x //(2|w +1))° dudv //(2|w + 1) dudv
D D
Here 6 =1/q— (v — 2)/ap.
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