SHARP HARDY-LERAY INEQUALITY
FOR SOLENOIDAL FIELDS

NAOKI HAMAMOTO

ABSTRACT. This paper refines the former work by Costin-Maz’ya [d], who
computed the best constant of Hardy-Leray inequality for solenoidal vector
fields on RY under the additional assumption of axisymmetry for N > 3. We
derive the same best constant without any symmetry assumption; this is also a
higher-dimensional extension of the previous work [6] in the three-dimensional
case. Moreover, we provide some information about the non-attainability of
the equality sign.

1. INTRODUCTION

Throughout this paper, N denotes an integer and N > 3. From the viewpoint of
standard vector calculus on RY, we study the functional inequality for vector fields
together with its improvement, called the Hardy-Leray inequality.

We use bold letters to denote vectors, say @ = (x1,z9, - ,zn) € RY. The
notation ¢ -y = Zivzl Y denotes the standard inner product of two vectors, and
we set |z| = /& - as the length of . By writing u € C°(Q)V for any open
subset Q of RV, we mean that

UZQ%RNa wHu(w):(ul(x)aqu(m))
is a smooth vector field with compact support on 2.

§1.1. Preceding results and motivation. The classical Hardy-Leray inequality
(or shortly H-L inequality) on RY is given by

N —2)\2 |ul? 2
_— <
( 5 )AN|w‘2dx_AN\Vu|dx

for a vector field u together with its gradient field Vu, where the constant number
(%) ? is known to be sharp as the test field u runs over C2°(R™)¥. This inequality
was shown by J. Leray [9] for N = 3 along his study on the Navier-Stokes equations,
as an extension of the 1-dimensional inequality by G. H. Hardy [§].

Now, we are interested in the problem whether the best constant of the H-L in-

equality can be changed to exceed (%)2, by imposing u to be solenoidal (namely
divergence-free). This is a natural question in the context of hydrodynamics, as
asked by O. Costin and V. G. Maz’ya [@]; they derived the improved H-L inequality

() (i) L EEde/RN Vul*ds
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for solenoidal fields w with the new best constant on the left-hand side, under the
additional assumption that w is axisymmetric. Here, by saying that a vector field
is axisymmetric, we mean that all its components along the cylindrical coordinates
depend only on the axial distance and the height. The addition of such a symmetry
assumption to the solenoidal condition on w simplifies and helps the calculation
of the new best constant, without affecting the “core” part: one can easily check,
in the original H-L inequality, that the condition of axisymmetry alone has no
effect on changing the best constant from (%)2 In that sense, the axisymmetry
assumption seems to play a technical rather than essential role. Hence we may
also think that it can be weakened or removed, in order to get a “pure” solenoidal
improvement of H-L inequality.

In view of this observation, there was an advance in the three-dimensional case:
The author of the present paper, in his recent joint work [7] with F. Takahashi,
proved (as a corollary of their main theorem) that the case N = 3 of Costin-
Maz’ya’s inequality

2
% Mdm < / |Vu|?dx
68 Jrs |x|? R3

still holds for solenoidal fields « on R3, by only assuming the azimuthal component
(not the full components) of u to be axisymmetric; so to speak, they succeeded
in relaxing the axisymmetry assumption. Moreover, this result was further refined
in [B], where it was shown that the above inequality does hold for solenoidal fields
without any symmetry assumption at all. Hence it follows that the axisymmetry
assumption for N = 3 is completely removable from the solenoidal improvement
of H-L inequality. As a matter of course, then it is expected that the same also
applies to the higher dimensional case N > 3; this is the main theme of our study.

As a side note, there is another type of improvement: it is also natural to consider
the curl-free condition (in place of the solenoidal one) in the treatment of H-L
inequality. Some topics related to this issue can be found in [G].

§1.2. Main result. In the same fashion as the preceding works, we concern a
solenoidal improvement of the H-L inequality with weight,

2 [ [uf?
(r+5-1) /RN el < /RN Vul’lz*dr  (y€R),

which includes the classical H-L inequality as the special case v = 0; historically,
the case v # 0 was found by Caffarelli-Kohn-Nirenberg [B] in a more generalized
form.
Now, we state our main result as follows:
Theorem 1.1. Let u € C(RN)N be a solenoidal field. We assume the addi-
tional condition that w(0) =0 if vy <1 — % Then the inequality
C JupP Pdr < ’z|*d 1.1
o | e < [ [Vulal?de (1.1)
BN || RN

holds with the best constant Cn , expressed as

N N2 | AN ~1)(5 - 1)
Cny = (fy+§—l> —&—mm{N—L 2+rTnZlgl <T+ %)2 .

T+N—-1+(y—
(1.2)
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Remark 1.2. Let us restrict ourselves to the case v < 1 in Theorem Id. Then
the inequality (), under the same assumption on w, can be strengthened into

2
CNW/ vaczxwzm[u]g/ IVl dz (1.3)
U Jrn |zl? ' RN

2 (v=%)*+N+1
(¥
the additional nonnegative term Ry [u] given by the expression:

for the same constant Cn ., = (V + % — 1) s (), together with

Ry ~[u] :/RN | - V(|w|7+%*lu)’2|w|*]vda:

2
AN / (R (i e | s
(7 — %) +N—-1 /g~
Here V, and /A, are respectively the spherical gradient and spherical Laplacian
(€Z1). Moreover, the equality sign of (I3) is attained if and only if the equations

—Ayur =2 N,v)= (3,1
—Do(x-u)=(N—-1xz-u and ur ur - for ‘7) (1)
ur =0 otherwise

hold on RN\{0}, where ur denotes the toroidal part (E33) of u.

As an easy consequence of this remark, it follows that the equality sign in the
inequality () for v < 1 is never attained by any solenoidal field u # 0. For v > 1,
however, we do not have much knowledge about the attainability.

The proof of Theorem [ is parallel to the previous work [5] where the special
case N = 3 was proved by applying a so-called poloidal-toroidal (or shortly PT)
decomposition theorem of solenoidal fields. The PT theorem in our study, which
originates from G. Backus [I] on R, is still applicable to the case of R (N > 3),
and it enables us to separate the calculation of the best constant Cy  into two
computable parts. However, some techniques on R3, employed in the previous work,
is not allowed in the higher-dimensional case: we cannot use the “cross product” of
vectors in general R, and furthermore, there is no way to represent every toroidal
field in terms of a single-scalar potential. To avoid such a difficulty, we derive with
a simple proof the spherical zero-mean property of toroidal fields, from which one
can easily deduce such as a Poincaré-type estimate.

Incidentally, we also point out that there is an advanced formalization by N. Weck
[[0], who gave a very general PT theorem in the framework of differential forms.
Then the PT theorem in our discussion can be viewed as a simple case of his one,
by identifying solenoidal fields with coclosed 1-forms. However, our approach is
based on the standard vector calculus and does not need such as differential forms.

The remaining content of this paper is organized as follows: Section B reviews
vector calculus on RV\{0} in terms of radial-spherical variables. Section B gives a
systematic introduction to the concept of PT fields and establishes the PT decom-
position theorem on RY | together with some formulae or estimates. Section B gives
the proof of Theorem I (and Remark I32), where we compute the best constant
Cn, by making full use of the content of Section B.
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2. STANDARD VECTOR CALCULUS ON RN =R, x SN-1
In what follows, we basically use the notations
N={zeRY; 240} and SV '={zeRY; |z|=1}.

for the subsets of RY. We review gradient or Laplace operators acting on vector
fields on RYV and derive some basic formulae, in terms of radial-spherical variables.

§2.1. Radial-spherical decomposition of operators. From the viewpoint of
differential geometry, RV is a smooth manifold diffeomorphic to the product of the
half line Ry = {r € R; r >0} and the (N — 1)-dimensional unit sphere S¥~1,
which we denote by RN = R, x SV~1. Indeed, every x € RY can be uniquely
written as

T=ro
in terms of the radius r > 0 and the unit vector o € SV~ given by
T
r=|z|] and o=—. (2.1)
x|
Now let w = (uy,uz, - ,uy) : RN — RN be a vector field, and let o : RY — §N-1

be the unit vector field given by the second equation of (2). Then there exists an
unique pair of scalar field ug € C°°(R") and vector field ug € C*°(RY)¥ satisfying
U = OouRr + ug and o-ug=0 onRN,

which we call the radial-spherical decomposition of w.

Here let us consider the following two derivative operators The gradient operator
V = (3%1, e 7%) resp. Laplacian A = Zk 1 8 527 aps every scalar field f to
the vector field V f resp. scalar field Af. In order to extract only the spherical
part of them, we introduce two derivatives: the spherical gradient V,, and spherical

Laplacian A, (known as the Laplace-Beltrami operator) are defined for all f €
C>(SN~1) by the formulae

Vof=Vf and A.f=Af onSV!,

where f(x) = f(x/|x|) is the degree-zero homogeneous extension of f. When V,,
or A, acts on any f € C"C(RN ), such an operation is understood by regarding
f(x) = f(ro) as a function of o € SV~ for every fixed radius r. Then it turns out
that those operators are related by the well-known identities

V=00,+7r"'V, and A=2030.0,+7r2A,. (2.2)

Here
N-1

. /L
Op:=0-V= E |:B|8 - resp. O, :=0,+ -

denotes the radial derlvatlve resp. its skew L? adjoint, in the sense that

forgds =~ [ g0 sdo
RN RN

holds for all f,g € CEO(RN). As a simple application of (E2), we get the formulae
Vr = o and

Arr = ayr* 2 where  ay = A\ + N —2) VA eR. (2.3)
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When the gradient or Laplace operator acts on vector fields, such an operation is
componentwise: for u € C*°(RN)N,

Vu = (Vuy, -, Vuy) € C®(RN)N*N
resp. Au = (Auy, -, Auy) € C®(RN)V,
(as well as  dpu = (Qpuy, - ,0run) € C’OO(]RN)N,)

and the same also applies to V, resp. AA,. The divergence of u is given by divu =
V-u= Z;ICV:1 Ouy /Oxy, as the trace part of the matrix field Vu. The spherical
divergence of u, which we denote by V, - ug, is defined as the trace part of V,ug.
Then a direct calculation by using (222) yields

Vo -o=r"'V, - (ro)=V-x—00, (ro)=N —1,
from which we further get
divu = (U@T + rilva) - (our +ug)

=0pur +r YV, -o)ug + 1 'V, - ug

=dug+r"'V,-ug  onRY (2.4)
as a radial-spherical representation of the divergence. We can deduce from this
result the following elementary fact:
Lemma 2.1.  For all f € C™(RY), the identity

V, Vof=Asf onRY

and the spherical integration by parts formula

/SN?lu-V,,fda:—/ (Vs -ug)fdo

SN—1
hold for all u € C* (RN)N, Here the integrals are taken for any fized radius.

Proof. Since the operations are relevant to only the spherical variable o, it suffices
to check the case where f is independent of the radius r. Apply (E4) to the case
of the spherical gradient field Vf = r =1V, f, and we get

divVf =r72V, -V, f.

This together with divVf = Af = r’zAaf.gives the first identity of the lemma.
To check the integral formula, let ¢ € C°(RY) be any radially symmetric scalar
field. Then integration by parts of (u -V, f){ =wus-V(rf({) yields

[ Vencas = [ @ivas)rfcds =~ [ (¥, us)fods
RN RN RN

where the last equality follows from (24). Since the choice of ¢ is arbitrary in the
radial direction, we get the desired formula, with the aid of the measure transfor-
mation formula dz = rV~ldrdo. O

For later use, we also show the following:

Lemma 2.2. The identities
Ng(of)=a(De =N+ 1)f+2V,f,
Aavo’f = VO'Ao'f + (N - 3)V[,f - QO'AUf
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hold for all f € C=(RN).

Proof. It suffices to check the case where f is independent of r. Then a direct
calculation by using (22) together with the Leibniz rule yields

No(of)=1/r)Ds(rof) =rANxf) —rd.0.(rof)
=2rVx - Vf+reAf—ro.(of)
=2rVf+olsf—(N—-1)of
=2V, f+o(Ls —N+1)f

to get the first identity of the lemma. A similar calculation also yields
DoVof = (1/1)D6(rVof) = (rA —10,0:)(rVs f)
=rA(V(r?f) —2zf) —rO.V, f
= VA f) = 2rA(zf) — (N = 1)V, f
=V, ((Ar?) f+1r2Af) —4rVf —2raAf — (N — 1)V, f
=(N=3)Vof+Volof —200,f

to obtain the second identity of the lemma. O

3. POLOIDAL-TOROIDAL FIELDS

After introducing the definition of pre-poloidal and toroidal fields on RY, we
construct the so-called PT decomposition theorem of solenoidal fields on RY, by
using a generator of poloidal fields.

§3.1. Pre-poloidal fields and toroidal fields on RY. We say that a vector
field u € C°(RN)N is pre-poloidal if there exist two scalar fields f,g € C(RN)
satisfying

u=xg+VSf onRY,
and we denote by P(RN ) the set of all pre-poloidal fields. Then it is clear from
(22) that this condition is equivalent to the existence of f, g satisfying

u=o0g+V,f onR".
By using the two equivalent conditions, one can easily check that
{Cu, dyu, Au, Ayu} C P(RY) Vu € P(RY), (3.1)

where ¢ € C°(RY) is any radially symmetric scalar field. Hence the pre-poloidal
property is invariant under the operations of radial multiplication, radial derivative
and (spherical) Laplacian.
A vector field u € C°°(RN)N is said to be toroidal if it is spherical and divergence-
free:
. m~ud1vu0}onRN.
or equivalently wur =V, -u=0

We denote by T(RN ) the set of all toroidal fields; then the same invariant property
(B) also applies to the case of toroidal fields 7(RY) (in place of P(R")). Here
let us show that every toroidal field has zero spherical mean:

/ u(re)de =0  Vr>0, VYueT(RY). (3.2)
SN—I
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To this end, let ¢ € C°(RY) be any radially symmetric scalar field with compact
support on RY. We set w := (u and notice that w € T(RY); then integration by
parts of the k-th component of w yields

/ ui(dx z/ wrdx = —/ xk%daj = Z/ xk%dm =0
RN RN RN 8xk ik RN axj

for all kK =1,2,--- , N; where the third equality follows from divw = 0. Since the
choice of ( is arbitrary in the radial direction, we arrive at fSN—l urdo = 0 and
hence (B2), with the aid of the measure transformation formula dz = r¥ ~!drdo.

The following lemma summarizes some basic properties of the sets (or spaces)
of pre-poloidal fields and toroidal fields:

Lemma 3.1.  All pre-poloidal fields are L?(S™~1)-orthogonal to all toroidal fields,
in the sense that

v-wdo = Vv -Vwdo =0

SN—-1 SN-1
for allv € P(RN) and w € T(RY), where the integrals are taken for any radius.
Moreover, these fields satisfy
{¢v, dv, AN,v} C PRY)  and {¢w, d,w, Ayw} C T(RY),

where ( € C'*° (RN) s any radially symmetric scalar field; namely, the two spaces
P(RY) and T(RYN) are invariant under the operations of ¢, 0, and A\,.

Proof. It suffices to check the orthogonality formulae. The pre-poloidal property
of v says that v = og + V, f for some f,g € C*(RY), and hence

v-w=w-V,f

follows from the spherical property wgr = 0 of the toroidal field w. Then integration

by parts yields
/ v-wdoz—/ (Vo -w) fdo=0
SN*I SN*I

due to V, -w = 0. This proves the first orthogonality formula. To prove the second,
by using (E22) and Lemma P, integration by parts yields

Vv-dea:/

SN-1

(arv COpw + 1 2V,v - ng) do

SN—l
:/ 8Tv~8rwda—r_2/ v Ny,wdo =0,
§N—1 SN—l

where the last equality follows by applying the first orthogonality formula to the
fields {0,v,v} C P(RY) and {0, w, A,w} C T(RY). O

§3.2. PT decomposition of solenoidal fields on RY. A vector field is said to
be solenoidal if it is divergence-free. In view of g3-1], all toroidal fields are solenoidal,
while pre-poloidal fields are not necessarily so; we say that a pre-poloidal field is
poloidal whenever it is solenoidal.

Now let u € C>°(RY)Y be a solenoidal field smoothly defined on the entire space
RY. Notice that the surface integral of u over S¥ 1 gives

/ o-udo=0 (for any radius)
SN-—-1
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by use of Gauss’ divergence theorem; hence the scalar field urp = o - u has zero
spherical mean. Then it is well known that the Poisson-Beltrami equation

Nof =ugr on RV

has an unique solution f € C'* (RN ) with zero spherical mean; we denote such a
solution by f = A lug, and we call it the poloidal potential of w. To understand
this naming, let us introduce the second-order derivative operator

D=0/, —10.V, (3.3)

which we call the poloidal generator. It maps every scalar field to a poloidal field
on RY; indeed, it is clear that Df € P(RY) for every f € C®(RY), and that
divD = 9./, — 9.V, - V, = 0 follows from (24). Moreover,

u— DA ug = us + V, A, (rolug)

is a toroidal field whenever w is solenoidal. Hence we have obtained the following;:

Proposition 3.2 (PT theorem). Let u € C°(RM)N be a solenoidal field. Then
there exists an unique pair of poloidal-toroidal fields (up,ur) € P(RN) x T(RN)
satisfying

u=up+ur on RN.
Here the poloidal part of w has the explicit expression up = Df in terms of the
poloidal potential f = A ugr and the poloidal generator (B=3).

For later use, we show some L?(SV~!)-deviation estimates for a perturbation of
poloidal potential by radial multiplication:

Lemma 3.3. Let f € COO(RN), Then there exists some C > 0 depending only
on N such that the inequalities

B 2 "2 2
¢ [, IDeH-cDfPio < ¢ [ IDPdo

[Df?
r2

¢ [, wDEn-cpsPar < (¢4 0%)) [ P

hold for any radially symmetric scalar field ¢ € C* (]RN) together with the notation
for its radial derivatives ' = 8,¢ and " = 0%C. Here the integrals are taken for
every fized radius.

Proof. A direct calculation by using the Leibniz rule gives
D((f)—¢Df =-r('V, f, (3.4)
VD((f) =(VDf=0(Df—o(r()Vef —r('VVsf, (3.5)

where the second identity follows by taking the gradient of the first. We aim to
estimate these two fields. First of all, The L?(SV~1) integration of (84) yields

29 (12 2 (r¢')? 2
|, 1P =cDsfaa = ¢ [V ffar < 5 [ iDsia,

Here the last inequality follows by combining

Ao fl=lo-Df| < [Df
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with the spectral estimate

1
;0' 2d0 <
/SN—l | f| - N

1/SN71(AJf)2da

which can be easily verified by using the spherical harmonics expansion of f. There-
fore, we have proved the first inequality of the lemma. To prove the second, we
begin to estimate the last term of (83): the identity

IVV, f|? = 0.V, f|? + 72|V, V, f?

follows from (E2), and integration by parts on both sides gives
/ |VV, f|?do = / (|0 Vo f|? =172V f - DoV, f)do
SN—l SN—l

= / (|V05‘rf|2 — 772V, f -V, (Ag + N — 3)f) do  (due to Lemma 272)
SN—l

Lo

[ (ons- 2w

1 1
S [, DI+ 18 sRYe < [ DR,

~ o2 SN-1

N -1

voa;'f -

Vo f

g r?((A,,f)? +(N - 3)|ng|2>> do

g r_2((cr "Df)*+ (N — 3)|ng|2)> do

where the notation “<” means that
xSy <= x<Cy for some constant C' > 0 depending only on N

as a transitive relation between two nonnegative real numbers. By using this result,
the L2(SV~1) integration of (BH) yields

[, VD ~CVDfPdo = [ oD~ (¢ 'V, ~ VY SR
1\2 2 IN\2 2 N2 2
SR [ DR+ (¢)? [ 18efPao + 600 [0V pRas

D 2
S ((TC/)2 + (T2C//)2) / | £| do
SN—1 T
to arrive at the desired result. O

4. PROOF OF MAIN THEOREM

In the following, we always assume that the test solenoidal fields u satisfy
u#0 and / |Vu|?|z|Vdr < oo,
RN

since otherwise there is nothing to prove. This integrability together with the
smoothness of |Vul|? tells us that there must be an integer k > —v — % such that
Vu = O(|z|¥) as || — 0. Then, by using the “additional condition” stated in
Theorem [T, we get u = O(|z|*+1) for v <1 — &, and hence

/ Pl %z < oo
RN

due to the support compactness of u on RV,
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§4.1. Reduction to the case of PT fields with compact support on RY,
Recall that the formula u = wp +ur in Proposition B2 is an L?(SV~1)-direct sum
in the sense of Lemma BT Then the ratio of the two integrals in inequality (),
which we simply call the H-L quotient, can be expressed as

Jan [VuPlelde [on [VupPle*Vde + [on [Vur |z de

T TaPIaP =2 ~ o TupPlal? 2+ Jy i PlaPds

Taking the infimum on both sides over the test solenoidal fields u, we get

B S~ [Vul?x]|?dz
dive=0 [oy |uf?|z|22da

C’N’7 = min {C’p’]\],77 CT,N,'y} (41)

as the best constant of H-L inequality for solenoidal fields, in terms of the notation

) Jon [Vupla[*de . [on [Vulla[*Vde
CpN,y = inf -
T ;13%07 fRN |'U/P|2|CC|2772dJC ueP fRN |u|2|;1;|27*2d1'
ivu=0

Jan [Vur|?|z>de Jan [Vul?x]|*Vdz

. C = inf = inf
P TINT T wrgo [ TurPle R de T weT [ uPlef 2 de
ivu=0

denoting the best constant of H-L inequality for poloidal resp. toroidal fields. Here
the abbreviation “u € P” resp. “u € 7”7 on the right-hand side means that w is
poloidal resp. toroidal (as well as u # 0). Therefore, the computation of Cy  is
reduced to that of the individual Cp n and Cr N -

To compute the best constants, we can further assume that all the test solenoidal
fields are compactly supported on RN , for the following reason: Let f € C'* (RN )
be the poloidal potential of any solenoidal field u, and hence we have

u=up+ur, up=DF.
Define {u,, }nen C CEO(RN )Y as a sequence of solenoidal fields by the formula
u, = D(Cnf) + Guur Vn € N,
where {(n}, ey C C2° (RN ) are radially symmetric scalar fields given by
(@) = Go(|2| ™) VzeRY, VneN

for some 1-variable smooth function (5 € C*°(R,) with compact support on Ry
such that {y(1) = 1. Then a direct calculation by applying Lemma B3 to ¢ = (,
yields

C/ |un—CnUI2|w|2”_2dw§/ (rG)? |uf* "~ *da,
RN RN

c / Vatn — CaVullef?de < / ((rC)2 + (P2CY2) P aef2Y 2
RN RN

for some constant C' > 0 depending only on N. Notice on the right-hand sides that
the radial factors have the estimates

1 1 1 c
Gl = 3 e < =

<

1 /1 1 1 1
e =5 (5 - 1) G + o

PG (re)| <
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for some constant C' > 0 depending only on (y, and hence we have

[ o= GuuPla %z o,
RY as n — o0
/ |V, — ¢ Vul?|z|*Ydr — 0

RN

by using the integrability [,y |u|?|2|*?~?dz < co. Since the dominated convergence
theorem says that

(ou —u  rtesp.  (,Vu, — Vu (n — o0)

holds in L?(|z|?7~2dx) resp. L?(|z|*'dx)Y, we obtain
/ |u, — u?|z[*2dz -0 and / |V, — Vul*|z|*"dz — 0
RN RN

through the L2-triangle inequality. Therefore, the two integrals in H-L inequality
for solenoidal fields on RY can be approximated by those with compact support on
RV,

§4.2. Estimation for poloidal fields: evaluation of Cp y .. Throughout this
subsection, u is a assumed to be poloidal with compact support on RY. Notice
from Proposition B2 that

u=up=Df=0cN,f—10.V,f onRN

for the poloidal potential f = AZlug. Now, let us transform w resp. f into a
vector field v resp. scalar field g by the formula

v(x) = |z T lu(x)

N } Ve ¢ RY, (4.2)
resp. g(z) := |2["T2 7 f(x) = A wp(z)

o

which stems from an idea of Brezis-Vdzquez [2]. Then v can be expressed in terms
of g by the following calculation:

v= r7+%_1D(rl_7_%g) =0 g -1V, (7‘1_7_%9)
=oN,g—V, ((r& + % — ’y)g)
=00;9— V5 (B =7+ 5)9) - (4.3)

Here and hereafter we employ the notation ¢ := log |x|, which serves as an alterna-
tive radial coordinate obeying the differential chain rule:

Oy =10, =x-V, dt=r"tdr (4.4)
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Taking the derivatives of (E=3) also yields the calculation:

v =001 g — Vs (0 =7+ F)drg), (4.5)
DoV = Do(0L09) — DoV (0 — 7+ 5)g)
=0 (A2g— (N —1)Asg) + 2V, 09
+200, (0 — 7+ X) g) = Vo(Bo + N =3) (8 — 7+ N)g)
=0N2g+0 (20, —2y -~ N+4)N,g+ (N —3)ol,g
+Vo (0 +7 =5 +2)Dog) = (N =3)V ((0: =7+ 5) 9)
=0 (A2g+2010,9—2(7+ 5 —2) Lsg)
+V, (0 4+ 7= ¥ +2) Avg) + (N —3), (4.6)

where the equality in the third line follows by using Lemma 2. On the other hand,
to express in terms of v the integrals in (IT), we have the following calculation:

[ JuPial s = [ joPle] Va. @)
RN RN

/ |Vu\2|:1:|27dx:/ |V(r1_'y_%v)‘2r27dx

RN RN

:/ ‘(1—7—%)7«—%%@”1—7—%%} 27 dx
RN

‘2
= / ((7 +4 - 1)2 o+ (1—v—Z)ro|v> + |TV'U|2) r~Ndx
RN
= (’y + % - 1)2/ |u|?| x| 2dx —|—/ |7“V'v|27‘7Ndx, (4.8)
RN RN

where the last equality follows from the first and the support compactness of v on
RY. In particular, taking the ratio of (E=8) to (EZ7) gives

~ |[Vul?|lz|>Ydz 2 v rVol2r—Ndx
R = (r+ X1 R
Jon [ul?|z[>~2dx 2 Jan [v|?r~Nda

(4.9)

Hence the evaluation of the H-L quotient is further reduced to that of the quotient
on the right-hand side. To this end, let us compute in terms of g the L? integrals
of v and rVw. First of all, with respect to the measure

r~Ndr =dtdo  over RN =R xSV (4.10)

the L? integration by parts of (E23) and (E3) yields
/ [v|?2rNdr = // ((Aag)z + (O —v+%) Vag|2> dtdo
RN RxSN-1
= // ((Aog)2 + 10,V + (v - X)° |Vgg|2) dtdo, (4.11)
RxSN—1

/ |opv|*rNdx = // ((atAag)z +107Vg)® + (v — %)2 |5‘th,g|2) dtdo
RN RxSN-1
(4.12)
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by using the support compactness of g. Next, in order to compute the L? integral
of V,v, taking the scalar product of (B33) and (E8) yields

—v- (Do0) = —(Dgg) (D29 + 20,009 = 2(7 + 5 = 2)D09)
+ (O =7+ %) Ve9) Vo (-0 +7 =5 +2) Log) = (N =3)[ol”.
Then integration by parts on both sides with respect to the measure (B10) gives

/ \Vyv|?r Nde = — (N — 3)/ [v|?*r~Ndx
RN RN
// Dog) (D29 + 20,009 =2 (v + 5 = 2) Dgg) e
RxSN-1 8t—|-’y——) Aog) (—5t—|—'y—%+2)AUg
=—(N —3)/ |'v|2 “Ndg
// ( )A39+2(v+ﬂ—2) (8og)? >dtda
Rx§V-1 0809 + (V= 5) (v = 5 +2) (Log)®
=—(N - 3)/ [o|?r Ndx 4+ 4(y - 1) //]R . 1(Agg)zdtdcr

// |V DNog)? + (0:069)% + (v — —) (Agg)z) dtdo, (4.13)
RxSN—1

where the second equality follows again from the support compactness. To further
proceed, let us consider separately the two cases v <1 and v > 1.

§4.2.1. The case v < 1. In order to estimate the last two integrals in (E-13), we
express the spherical harmonics expansion of g as

g = Z 9u,s Ugu = Qaygy (VV € N)7
veN

by using the same notation a, = v(v+ N —2) as in (E23). Then a direct calculation
gives the following estimate:

401 [ @onrar+ [ (1V8008 + (1= 5" (4,07 do

o (ai + (=), +4(y - 1)%) 9;

(]

N
Z

€

>

7

1(0412,4— (y— %)Qa,,—kél(v— Day, g

N
m
z

7

2
1(a3+(7—)au+4( >(‘N13*)g
N T2
=( ) X (e - ) w)

veN

)] (a3

Here the second inequality follows from that the coefficients of g2 are all nonnega-
tive, and the third inequality follows from v < 1; notice that both the equalities in
these inequalities are simultaneously attained if and only if g, = 0 Vv > 2, namely

m
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—A,g = a1g. Considering also the spherical harmonics expansion of d;g, we have
the estimate:

/ (0:L59)*do > al/ 0:V,g|*do.
SN*] SN*I

Combine the above two estimates with the right-hand side of (E213), and we get

/ Vo2~ Ndx
RN

> a1<1 e et ) // ((Aag)2 +(r— %)2|V09|2> dtdo
RxSN-1

(r= %)+

+ay // |0;V,g|?dtdo — (N — 3)/ [v|?r~Nda
RxSN—1 RN

4(1 —y)on / 2. -N 4(1 —y)on / 2 -N
( (7—%)24—&1) ]RN‘ I v (V—%)2+a1 RN| WVoglr v

by use of () (and (B0)). Add [ [0:w]*r~Ndz to both sides, and we get
/ lrVo|*rNdz = / (|0wv)* + |Vov)?) rNdz
RN RN

4(1 —y)eu ) / 20272
> (2 - ul*lz|*""“dz + Ry [u
= (7_%)2_’_&1 ]RN| | | | N77[ ]
to estimate the last integral in (A8). Here we have defined

Ry, |u] ::/ |8tv|2r_Ndm+74(l_z)al / |8thg|2r_Ndx
' RN (v—5) +a1 Jrn

as a nonnegative functional; it coincides with that given in Remark 2, as one can
easily check by recalling (72) and (B=). Therefore, we have obtained the inequality

/ |Vu|?|x|? dr > Cp7N7,y/ lu?|z|*"2dz + Ry - [u] (4.14)
RN RN
together with the constant number

2 4(1 — y)ay N 2 (v- )+ N+1
Cony=(+Y—1) 4220V (N 20 2) 707
PNy = (V+ 5 ) -5 T a (v+ 3 ) (- Y2 yN_1

where the equality of (BId) holds if and only if —A,g9 = aj1g or equivalently
—Agup = oqup on RN,

§4.2.2. The case v > 1. In a similar way as the previous case, a calculation by
using the spherical harmonics expansion of g yields

// (|VO'A0'9‘2 + (atAag)2 + ('Y - %)Q(Acfg)Q) dtdo
RxSN-1
> // ((209)? +10:%g* + (v~ ¥)*IVagl?) dide
RxSN—1

= (N — 1)/ [v|?r~Ndzx
RN

to estimate the last integral in (E13); hence we get

/ |V,v)?r Ndx > 2/ lv|2rNdr +4(y - 1) // (Ayg)?dtdo,
RN RN RxSN—1



SHARP HARDY-LERAY INEQUALITY FOR SOLENOIDAL FIELDS 15
where the equality holds if and only if —A,g = ;g on RN. This estimate together
with the equations (B1) and (BT2) further yields

Jan [rVoPPr—Nda C(412) + [on |V, v|2rNdx
Jan [0P2r~Ndz (4.11)

32V0 2 _ N\2 |2
// 09)* +10:Vogl” + (v = 5) 10:Voyl dtdo
RxSN -1 —1) (Nyg)?

= Jhexgv-a ( 9)? + 10, Vogl? + ( g)ﬂvc,gp) dtdo

o Jhvev-—19 (—a?Af, — N+ (v = V202N, +4(y - 1)A§) gdtdo
Jhxsv-19 (Ai + 0L — (v~ %)2&,) gdtdo

_oy Sfoxsv—1 9Q1(—02, —Lg)gdtdo )

JRxsn—1 9Qo(=07,=Ag)gdtdo’
where we have defined the two polynomials Qo and @ by the formulae

Q1(7,0) :=1a* + %0 + (v— %)27'04 +4(y — 1)a?,
Qo(r,a) == Ta + o + (v— %)2a.

In order to evaluate (B-IH), we now introduce the 1-D Fourier transformation
—1Tt
xT) = — g(T,0) dt
9(x) = g(e'o) — G( o / ‘o)

in the radial direction, which commutes with the spherical derivatives and changes
t-derivative into an imaginary scalar multiplication: d;g = i7g, i = +/—1. Then,
by expressing the spherical harmonics expansion of g as

g = Zgw agu = augu (VV € N)7
veN

the L?(R) isometry of the Fourier integration yields the following estimate:
I&XSN71 ng(iafgv 7A0)gdtdo' 20 1 I&XSN 1 Q1(7_2 O‘l/)|/g\v|2d7_dg

Jhwon—1 9Qo(—=07, —Dg)gdtde — >07 1 [ onv—1 Qo(T2, o) (G| ?drdo

(
Ql(T ;) (T v)
(1,

> inf inf =———% = inf inf
reRveN Qo(72, )  7m>0veN Qg v)

= inf inf (7‘ + 4(7_—1”")2>

(0%
(0%

>0 veN o+ (v &
T, -
—minin( ) = min (7’—|——40{1(7 1)N 2),
>0 Qo(T 041) 7>0 T+ a1 + (’y— 7)

where the second last equality follows by using v > 1. Combine this result with
(E1H), and we obtain

Jo IrVoPrNdz . <T+ AN = 1)(y - 1) )
)2

> 2 + min
f]RN |v|2r—Ndx ~ >0 T+N_1+(,y_%

to evaluate the quotient on the right-hand side of (B39); therefore, the inequality

[ IVuPlafds = Cr, [ JuPlal s
RN RN
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holds with the constant number

N 2 . 4(N —1)(y—1)
c :( ——1) 2 . 416
PNy = (713 + +I7¥1218(T+7+N1+('y];’)2 (4.16)

64.3. Optimality of Cp . It follows from EZ2.1] and §Z:2.7 that the inequality

/ |Vu|2|:c|27dx20p71\/7,,/ |u|2|m|27*2d:v
RN RN

together with the constant number

_ N 2 . Qu(r,a1)
CP’N"Y_(’Y—’_E 1) +2+I7¥1218m,
where Qu(r0n) =7+ 4(N_1)(7_13V 7

Qo(T,Oél) T+N71+(’yf7)

holds for all poloidal fields w in C°(RN)N, regardless of the case v < 1 or v > 1.
Let us show that this number is the best possible. To do so, choose 7, > 0 to satisfy

min Ql(T7O£1) _ Ql(’r’?val)
720 Qo(T,01)  Qo(72, 1)’

Define {gn }nen € C°(RY) as a sequence of scalar fields by
gn(x) = gnlela) = ¢ (%) o1 cos(Tyt) vn e N, Vo € RY,

where o = (01, ,on) =z /|z| € S¥~! and t = log |z| € R, and where ( : R — R
is a smooth function # 0 with compact support on R; notice that the g, satisfies
the eigenequation

~ANpgn = a1gn  on RY (Vn € N)

since —A,01 = ayo1. In this setting, define {v, }nen C P(RN) by
v, = T7+%_1D(T1_7_%gn) VneN

in terms of the poloidal generator, and apply the same calculation in (ETH) to the
case v = vy
R Sfexsn—1 9n Q1(—=02, a1)gn dtdo
S~ |on[?r~Ndx Jfessv—1 9n Qo(—=07, o1 )gn dtdo

thanks to the above eigenequation. In order to compute the quotient on the right-
hand side, notice that the 1-D Fourier integration of g,, yields

. 1 Cint . o1 / : e—i(T—‘r,y)t + e—i(T+T,Y)t
n(T,0)=—— [ e g, (e'o)dt = (7) dt
f(ro) = o= [ o= T [ o ;
noy —4 _ _4
_ t (6 in(T—7y)t +e zn(7'+'r.y)t) dt
Wor: RC( )

= " (C(nlr = 7)) + C(nlr + 7))
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By using this formula, the L?(R) isometry of the Fourier integration yields the
following calculation:

IA&XSN—l In Ql(fatza al)gn dtdo o fﬁ{xgz\ul Q1(7—27041)|§;‘2d7—d0
f‘ﬁgst—l In QO(_aga al)gn dtdo I&XSN—I QO(7—27 O‘l)l%PdeU

, [ Bl = )+ ot + 7))
/]RQI(T , Q1) +2Re<m (n(r + 7y ))
[ it | 1~ e
=\ 2Re(Snlr — 7)) Lty + 7))

[ (@ (7 + P00 + @ (7 = Pen) [ ar |
B R +2Re(Q1 ((7‘,),4»%)270[1)%/\(7'4»277,7'7))

[ (Qo ((+ 2%00) + Qu (7 = 2% 00) JJEOar )

R

+2Re (Qo (79 + Z)%,00) C(T) (T + 27”7))

¢
Q1(72,00) [ [¢(7)Pdr _ Q1(72,a1)
Qo(72,01) [ [C(T)[Pdr Qo(72, 1)

Here the convergence in the last line follows by using

~

/]RQj ((7'nY + %)2,041) TT) (1 + 2n7,)dr

. 0 if 7, #0
(n—o0) Q] 041 f |< | dr if Ty = 0

for both 7 = 0 and j = 1; this fact is ensured by that Eis rapidly decreasing.
Combine the results above, and consequently

V’Un 2 —Nd 2’
fRN ‘7“ 2‘ fN €z 2 + Ql(Tf; O[l) —9 + min Ql(T7 al) )
fRN |vn| r dl’ ("4)00) QO(T')M 0[1) 720 QO(Tv al)

Therefore, it turns out from (B9) that the sequence of poloidal fields

un:TI*V*%vn:D( - g ) (n=1,2,--)

satisfies
Jan Vg |*|2[* dx
fRN |w, 2|22 —2dx

as the desired optimality of Cp n .

—>prva (n—>oo),

§4.4. Estimation for toroidal fields: evaluation and optimality of Cr y .
In this subsection, u is assumed to be toroidal with compact support on RY. Let
v be the toroidal field given by the same transformation

v(x) = |z|"T> tu(z)  (VxeRY)
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as the first formula of (£2). Applying the same calculation as in (£22) and (£3),
we have

/ \Vul|z[*de = (v+ & — 1)2/ |u|?|x|? da
RN RN
—i—/ |8tv|2r_Nd$+/ \Vyul?|z[2da.
RN RN

On the other hand, recall from (83) that every toroidal field has zero spherical
mean; then, considering the spherical harmonics expansion of (every component
of) the toroidal field u, we easily get the Poincaré type inequality

/ |Vyu|?do > ay / |u|?do (for any radius),
SN-1 §N-1
and hence / |Vou|?|z|*2de > al/ w222 2de,

RN RN

where the equality is attained if and only if —A,u = ayu on RY. Combine this
integral inequality with the above integral equation, and we get

/ Vul2zPds > cT,N,V/ P 2dz +/ Ow2rNdr  (417)
RN RN RN
together with the constant number
N 2
Crva=(v+5-1) +N-1, (4.18)

where the equality in (BI7) is attained if and only if —A,u = a;u on RY. In
particular, we get the Hardy-Leray inequality

[ vublaf e > Cr, [ uPlef s
RN RN

for toroidal fields. To show that the constant number given by (EIR) is the best
possible in this inequality, we set

'U()(a;') = (_anxlvoa"' ,0) VSC ERN
as a toroidal field satisfying the eigenequation
7AG'/UO = 1?g on RN.

In this setting, define {v, }nen and {wu, bnen as two sequences of toroidal fields by

on() = ¢ (22 v (w/|)

up () = |w|1_v_%vn($)

Vo e RN, Vn € N,

where ¢ : R — R is a smooth function # 0 with compact support on R. Now apply
(ETT2) to the case u = u,; then, thanks to the above eigenequation, we get

/ |Vun|2|w|27dx:CT,Nﬁ/ |un|2|w|27_2d$+/ |0y, |2~ Ndr  (Vn € N).
RN RN RN
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Dividing both sides by [on [un|?|2[*Y"2dz = [ |vn|*r =V dz, we obtain
Jan Vg |?|2* da o Jan [0pv,|2rNda
2 pl2v—20. TNy 2.—N
N n n
S~ |wn|?z|>—2dx Jon |on|?r~Ndx

. Ja(n™1C (8 /n))%dt
PN (¢t /n))2dt

as the desired the optimality of Cp n .

— CT,N,’y (n — OO)

§4.5. Conclusion of the proof of main theorem and its remark. Substituting
(E18) and (EIR) into (), we get

Cny =min{Cpn,Cr,N~}

_ N 2 . . 4N —1)(y—-1)
_(’y—|—2 1) +mm{2+21>1{)1<7-+7-+N—1+(»y—1;’)2 s, N—-1

as the desired best constant (I2) of the inequality (IT) for all solenoidal fields w.
Moreover, for the case v < 1, we get the additional term of H-L inequality in the
following way: Notice from a direct computation that

CYP,N,’\/ = C'T,N,'y for (Na ’Y) = (37 1)3

Cny=Cpny and .
Cpny < Cr.Ny otherwise.

By using this fact, the calculation of (BId),—q,, plus (BI7)y—v, gives
/ |Vu|?|z|*dr = / \Vup|?|x|*dx —|—/ |Vur|?|z[* da

> Crvo [ urPlaf" s+ Crovs [ JurPlaf~2ds
RN RN

2

+RN},Y[UP]+/ |6t(\a:|“/+%—1uT)\ N e
RN

= CN,v/ ul?|lz*~*dz + (Cr.vy — Crvy) / lur*|2[*"2dz + Ry 4 [u]
RN RN
> CN,v/ ul?|*" 2 de + Ry 4 [u]
RN
to arrive at the desired inequality (IZ3). Here the second resp. last equality sign is
attained if and only if
—Agur = ajugr and — Ajur = ajur on RY
resp. if and only if
ur=0 or (N.)=(31)
hence both the equality signs are simultaneously attained if and only if
—Asur =2ur for (N,v) =(3,1)

. n RY,
ur =0 otherwise

—Agsur = aqur  and {

which gives the same attainability condition as in Remark 2. The proof of Theo-
rem [0 and its remark is now complete.
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