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1. Introduction

Essentially due to Hardy [20] it is well known that the following L”-Hardy inequality holds in
any dimension d > 2 for every 1 < p < d. If u € W' (RY) then u/|x| € L (R?) and it satisfies

Juf? d—p\’
VulP dx > — dx, =— . 1.1
~/]Rd| Lt| X Z Up,d - |X|p X Hp,d p (1.1)

Moreover, the constant i, 4 is optimal in the sense that (1.1) does not hold with any bigger
constant.

The work on Hardy inequality (1.1) and its extensions (including bounded domains) have
emerged significantly in the last decades due to its applications to nonlinear partial differential
equations with singular potentials both for stationary and evolution boundary value problems.
To randomly pick up few relevant references concerning L” Hardy—Sobolev type inequalities
with positive reminder terms involving potentials in terms of either the distance to the boundary
or the distance to a point we may refer for instance to [1, 3, 5, 11, 16—18, 21, 22, 30], the works
cited therein as well as the subsequent developments on this subjects. For more recent papers
related to L7-Hardy inequalities and their applications to singular elliptic equations we refer
to [12, 19, 25] and references therein. Part of the quoted papers provide various proofs for
inequality (1.1) which hold for real-valued functions u. For the sake of clarity, later in this
paper we will present a short proof of (1.1) which applies also for complex-valued functions
u. The extension of inequality (1.1) to domains with boundary, subject to Dirichlet boundary
conditions, follows straightforwardly by the trivial extension of the test functions u by zero
outside the domain under consideration.

1.1. The free p-Laplacian

The Hardy inequality (1.1) provides important information on properties of the well-known
Dirichlet p-Laplace operator, 1 < p < oo, and its L?(R¢) sesquilinear form formally defined
initially on C2°(R?) by

—Apu = —div (|Vul *Vu), hy (u,v) == (fA,,u,v)Lz(Rd) = /R[ (—Apu)v dx,

respectively. The associated L?(IR¢) closed quadratic form h, of —A, is given on its form
domain D(h,) := W' (RY) by

hylu)= [ |Vul’ dx, YueDh,). (1.2)
Rd

As usual, we understand the positivity of —A,, through the positivity of its quadratic form:
—A,>20 <= h,u >0, YueD(h,);
we say that —A,, is a non-negative operator.

In order to give a motivation of the main results of the paper we need to introduce some
definitions about finer properties of —A,,.
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Definition 1.1. We say that
—A, is a subcritical operator <= —A, satisfies a Hardy-type inequality,

which means that there exists a non-negative potential V € Llloc(Rd), V #0, such that —A, >
V|- |P=2., in the sense of L? quadratic forms, that is,

o [u] > / Vi dx, V€ W (RY).
RY

Otherwise, we say that —A,, is a critical operator (i.e. there is no Hardy inequality for —A)).
In view of (1.1) we deduce that in the cases 1 < p < d the p-Laplace operator is subcritical
since we may take V(x) := 1/|x[? and write in the sense of forms
|- |P—2.
—Ap = lpa W (1.3)
However, when p > d the p-Laplace operator becomes critical. More precisely we have

Proposition 1.1. Let p > d. If V € L}, (RY) is a non-negative potential such that
|VulP dx > / Viul? dx, Vue C (RY), (1.4)
Rd Rd

then V=0 a.e. in R%.

In view of (1.1) we also may address the question of studying the criticality of the Hardy
operator
|- ‘p—2.
H::—Ap—ﬂp7dw>0, 1<p<d
The following proposition shows that H is critical for 1 <p <d.

Proposition 1.2. Let | < p <d. IfV € Ll .(R?) is a non-negative potential such that

P
/ |Vulf dxfﬂpd/ JuP dx > / Viul’ dx, Vue C (R, (1.5)
R ’ R4 \x\p R4

then V=0 a.e. in R )
= ..
That is, the operator — A\, — “P»dliTV is critical when 1 < p <d.

The criticality of the shifted operator H can be also interpreted as an extra optimality of the
Hardy inequality (1.3): not only that the inequality does not hold with any bigger constant, but
no non-trivial non-negative function can be added to its right-hand side.

1.2. The magnetic p-Laplacian

For the scientific community working in mathematical physics area it is also important to
study Schrodinger-type operators in the presence of magnetic fields. To fix the ideas, let
B :R? — R¥*? be a smooth matrix-valued function representing the magnetic field. Such a
function B can be identified with a smooth tensor field (or a 2-differential form) that we denote
by the same symbol B. Physics dictates that B satisfies the Maxwell equation dB = 0, where
d is the exterior derivative. Mathematically, B is a closed form. Consequently, there exists
a smooth magnetic potential A : RY — R?, which can be interpreted as a 1-differential form,

3
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such that dA = B. More specifically, Bj; = A; ; — A;j, where by A;; we understand the partial
derivatives 0A;/0x' (see e.g. [8], where precise details for the formalism of A and B were
given). Given these physical quantities, we can extend the notions of divergence div, gradient
V and Dirichlet p-Laplacian A, operators to their corresponding magnetic versions diva, V4
and A, ,, respectively. The magnetic p-Laplacian is formally defined on C2°(R?) by

Apptt = diva (|VaulP >V au), (1.6)
where the magnetic gradient and magnetic divergence are given by
Vau:=Vu+iA(x)u; divaF:=divF+iA-F, 1.7)

for any smooth vector field F : RY — C9.
The associated quadratic form /4 ,, of the Dirichlet magnetic p-Laplacian Ay4 ,, with its form
domain D(hy p) is defined by

hap lu] = /R,|VAM\P dx= [ Vutid@up dx, Ve D) =CF ®)

where the norm || - || with respect to which the closure is taken is given by

ell := {/Pap [u] + N[l gy
(RY)

Let us point that the quadratic form above and its domain are independent on the choice of
A (for a given B). Indeed, if A, A : RY — R are two magnetic potentials such that dJA = dA = B
then A — A is a closed 1-form. Then from the Poincaré lemma we obtain that A — A is exact
form, so there exists a scalar field ¢ : R? — R such that A — A = d¢. It is easy to see that

D(hy,) =D (h;w) and ha, [¢)] = hy, [$€9], Vo € C®(RY).  (18)

In view of (1.8) the magnetic Hardy inequalities under consideration do not depend on the
choice of A (for distinct magnetic potentials A, A they are equivalent). This argument also
shows that the operators Ay , and AA,,; are equivalent in the sense of the relation Ay, =
e~'?A; € This is known as the gauge invariance if p = 2.

An important tool in the study of magnetic fields is the diamagnetic inequality also called
the Kato’s inequality (see, e.g. [4, section 5.3, theorem 5.3.1]). It says that

(Vau(x)| = |V]u| (x)| ae.xeRY YueD(hay). (1.9)

Itis clear that W' (R?) C D(h, ;) if A is bounded. Also, in view of (1.9), u € D(h, ,,) implies
lu| € Whr(RY).

We extend the notions of subcriticality/criticality of definition 1.1 also to —A,,. Of
course, if B=0 then one may choose A =0 and therefore A4 , = A, i.e. the magnetic-free
p-Laplacian is just the standard p-Laplacian.

If p =2, it is well known that introducing non-trivial magnetic perturbations of Hamiltonian
operators induces repulsive effects in quantum mechanics. These physical effects were math-
ematically quantified by improved Hardy-type inequalities in [27, 33] and also improved
Rellich-type inequalities in [14]. For more recent Hardy and Rellich inequalities for
Aharonov—Bohm type magnetic fields, further developments and applications in the L2-setting
we mention [7, 8, 13, 15, 26]. The objective of the present paper is to investigate these improve-
ments beyond the linear case p = 2. More specifically, when replacing the p-Laplacian with the
non trivial magnetic p-Laplacian, we intend to show that the corresponding L” Hardy inequal-
ities are improved.
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1.3. Main results
Our main results read as follows.

Theorem 1.1. Let p > d and B be a smooth and closed magnetic field with B# 0. Then there
exists a constant Cg ,, 4 > 0 such that for any magnetic potential A with dA = B we have

/d |Vaulf dx > CBJ,,d/[p(x) lulP dx, YueD(hap), (1.10)
R R

where

1
[log [x|[P + [x[P—*)”

PO

Theorem 1.1 improves proposition 1.1 by asserting that a non-trivial magnetic p-Laplacian
—Ay , becomes subcritical when p > d. Note that the constant Cg , 4 depends on B and not
on A, which shows that our result is correctly gauge invariant. Moreover, the local behavior of
the weight p both at zero and infinity seems to be sharp (it cannot be improved), as emphasized
in the proof of theorem 1.1.

Notice also that theorem 1.1 is known to hold when 1 <p <d with (p(x),Cppa) =
(1/|x?,(d —p)?/p?) due to Hardy inequality (1.1) and diamagnetic inequality (1.9).

Theorem 1.1 was previously analyzed in the case p = d = 2 in several papers. For any B 0
it was proved in [8] with p(x) = 1—Hx\2|]710g|x\\2' Under the additional condition 5- Je*Bdx ¢ Z
where *B := By, it was proved with p(x) = Tl\x\z in [27].

The result of theorem 1.1 is new for all the cases p >d or p =d > 2. Moreover, a very
important feature of the weight p arises at the origin where it is unbounded which allows
to improve the previous results even in L? setting where usually bounded weights have been
previously obtained, to our knowledge.

Very recently, in [9, theorem 6.1 and remark 6.6] the authors proved an inequality of
type (1.10) in the case p = d = 2 with an unbounded weight p but just for the particular case of

a compactly supported magnetic field B. For more particular vector potentials of Aharonov—
Bohm type A(x) = ( x ) (=2.1) inequality (1.10) was shown with the unbounded potential

) TP

p(x) = 1/|x|* in [27].

Theorem 1.2. Let 2 < p < d and B be a smooth and closed magnetic field with B # 0. Then
there exists a constant c¢(p) > 0 such that for any vector field A with dA = B we have

|ul”
/ |VAu|p dx — Hp.d W dx > C(p)
Rd Rd RI

The constant c(p) in (1.11) is explicitly given by

d=p\ |P —d
Va (u|x| ; )‘ P4 dx, VueD(ha,).  (L11)

(SIS

—1—ps

o(p) = e [ +5%+25+1]

€ (0,1]. (1.12)
(5,) €2\ {(0,0)} 2+ 52]

P

2
Our proof of theorem 1.2 is valid also in the case p € (1,2) with the constant ¢(p) in (1.12).

However, this case is irrelevant because c(p) = 0 when p € (1,2) (see proposition 3.1).

Remark 1.1 (open problems). The validity of theorem 1.2 in the cases p € (1,2) remains an
open problem (in this respect, the algebraic inequalities in [5, lemma 3.1] or [32, lemma A.4]
could be eventually useful).
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Also, finding the optimal constant in inequality (1.11) is an interesting open problem. We
expect it to be larger than the explicit constant in (1.12) and to depend also on the magnetic
field B and d as well.

Theorem 1.2 is very useful and effective for our further purposes. In the case B=0 and
p =2 we can notice that ¢(2) = 1 in (1.12) and this is indeed optimal since inequality (1.11)
becomes an identity. This ‘magical’ identity (applied in [6, equation (4.7), p 454] to radial
functions) was in particular the key point to show improved Hardy inequalities in bounded
domains with reminder terms in L? depending on the first eigenvalue of the Dirichlet Laplacian
in two dimensions and on the volume of the domain. In particular, this shows that the operator
—A— % is subcritical in bounded domains and explicit lower bounds are known (see, e.g. [6,
theorem 4.1]). The obtained lower bounds are optimal in balls. In view of theorem 1.2 similar
arguments could be directly applied in the L” setting, with 2 < p < d, to show that the operator
H:=—-A,,— ,up,d% is subcritical as emphasized in the following theorem.
Theorem 1.3. Let 2 < p < d and B be a smooth and closed magnetic field with B+# 0. Then
there exists a constant Cp , 4 > 0 such that for any vector field A with dA = B we have
»
/ |V aul? dx — 1.4 Jul? dx > CB,P’d/ p(x)|ulf dx, VYueD(hay), (1.13)
Rd Re [X[P Rd

where

p() = !
= (U loghl)

Theorem 1.3 improves the Hardy inequality (1.1) for 2 < p < d, when adding a non-trivial
—2
magnetic field. Thus, the operator —Ay4 , — /tp,d% becomes subcritical in contrast with the
magnetic-free operator —A, — ,u,,yd%l_pz' which is critical when 1 < p < d (cf proposition 1.2).
Also, as in theorem 1.1, the obtained weight p is unbounded. This generalizes and improves
[8, theorem 1.1] from L? to the L7 setting by obtaining an unbounded weight p.

Finally, let us discuss the Aharonov—Bohm (AB) potential

(%2, —x1)
[x[?

in the case of dimension d = 2. Though very special and unpleasantly singular (A is not loc-

ally square integrable), (1.14) is sometimes considered as a magnetic choice ‘par excellence’.

Indeed, it leads to the Dirac delta magnetic field B(x) = 27 8d(x), so it can be considered as a

magnetic analogue of point interactions in the case of scalar potentials.

Ag(x)=p , BER, (1.14)

Theorem 1.4. Letd=2, 1 < p <2 and let Ag be given by (1.14). If 5 & Z, then there exists a

constant
2—p P
Ao (p) > ()
s (p) p

such that
P
/ [Va,ul” dx = Az (p) JuP dx, VueCX(R?). (1.15)
R? R x|
To our knowledge theorem 1.4 is new in the literature and it provides an improvement of
the best constant Ag(p) in the Hardy inequality (1.15) with respect to the non-magnetic case
when adding AB magnetic fields Ag with 3 & Z.

6
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Remark 1.2 (open problem). However, a more constructive proof with explicit estimates on
the constant Ag(p) remains an open problem. A reasonable question that we could address
is whether Ag(p) is comparable with a quantity depending on dist (,Z). If yes, then it will
match with the result in the case p =2.

The case p = d = 2 is known to hold for test functions u € C>°*(R? \ {0}) due to [27], where
the optimal constant was identified with Ag(2) = dist(/3,Z)?. The approach of [27] is based
on polar coordinates and it is not clear how to generalise it for p < 2. However, some partial
results were obtained in [2] where a compromise was done to get an improved explicit constant
for the Aharonov—Bohm potential with respect to the free magnetic case. This is a mean value
L7 inequality for the magnetic gradient and its adjoint as follows.

Theorem 1.5 (cf theorem 2.1.1, [2]). Letd =2, 1 < p <2 and let Ag be given by (1.14). Then

( HvAﬁuHU(RZ) + ||VA/3E

p
2
v\ [ VE=P + 5P /W
2 - R

— dx (1.16)
p

2 [xf?

for any u € C=*(R?).

Notice that |V, | = [V_4,ul, but not |V, u| = |Va,u| in general, unless u is real valued
test function. In this latter case inequality (1.16) reduces to (1.15) with

72— )2 1 B2p2 :
Ao () = 2-p) +5%p

P
which is strictly larger than (2’%”) provided 3 # 0. Although this answers partially to remark

1.2 the general case still remains open.

As we have already mentioned theorem 1.5 was proved in [2, section 2.5] by applying the
divergence theorem combined with Holder inequality against an arbitrary potential F which
was subsequently particularised to obtain the result. For the sake of completeness we give a
direct proof of theorem 1.5 in section 4.2. Further extensions in higher dimensions of inequal-
ity (1.16) were recently obtained in [24].

Remark 1.3. Inequality (1.16) gets better for large /3 (the right-hand side in (1.16) can be as
large as one wants when 3 becomes large) comparing it with the ‘proper’ Hardy inequality
when p =2 (see [27]), i.e.

21,12
/ |Va,ul? dx > dist(B,Z)Z/ |:‘|2 dx, VueC®(R*\{0}). 1.17)
R? R

The way [ appears on the right-hand side of the inequality (1.16) is a bit striking but in fact
natural. The interesting part (gauge invariance, etc) of the magnetic field comes exactly from
the cross terms when trying to ‘develop’ the p-powers of |V 4,u[? and |V 4,u[". But this diffi-
culty disappears (at least if p =2) when considering the mean value because the cross terms
cancel out:

\VAﬂu|2 + |VAHIQ‘2
2

Juf®
ER

= |Vul® + 5]
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This implies

dx. (1.18)

IV agullfz gy + 1 Vas il o) 5 [ |uf?
. > 1o [ 1

Alternatively, we can also see (1.18) rapidly by considering the Fourier expansion of u i.e.
u=u(r,0) =>"°___u,(r)e for which we have (due to the Parseval identity)

n=—oo

2 [x|?

HVA;;”HiZ(RZ) + ||VA5ﬁ||i2(R2)

2
o 0o )
:% Z/O /S (2Iu,i(r)|2+(In—6|2+|n+ﬁ|2) u"rgr)>rd9dr

n=—00
1 & [>™1
23 Z / 7/ (In— B>+ |n+ B*) up (r) rdédr
n=—o00”0 " Js
oo 0 |
2 2
> (4] n_z_:m/() r2/51 u?> (r) rdodr
2112
|u
=8 — dx.
o J b

Also, (1.18) yields

< IVagullizme) + I Vaytllr2 (e ) ? - IV asullZ2gzy + IV asill7 gy
2 - 4

2 i (1.19)
>0 [ Mo e (23 (0)).
R

2 2 |x]?
Estimate (1.19) is more likely in the spirit of (1.16) in the case p =2, although with a worse
constant (|3]?/2 instead of |3|?) caused by the first inequality in (1.19) which is too rough.
In any case, in constrast with (1.17), estimate (1.19) shows an improvement in the sharp con-
stant immediately which becomes greater as | 3| increases, even for the case 5 € Z. The same
phenomenon occurs if p # 2, but it is less trivial.

1.4. Structure of the paper

The paper is organised as follows. In section 2 we briefly present some well-known aspects of
free p-Laplacian and the magnetic-free Hardy inequality in L”. For the sake of completeness,
we give some short proofs and sketch main ideas of inequality (1.1) and propositions 1.1 and
1.2 pointing out some precise references, since they represent classical results frequently stated
in the literature in a form or another. In section 3 we analyze the magnetic p-Laplacian for
general smooth and closed magnetic fields and we prove theorems 1.1-1.3. We also show some
very useful preliminary lemmas, i.e. lemmas 3.1-3.4. Finally, in section 4.2 we are devoted
to Aharonov—Bohm fields potentials and we mainly prove theorem 1.4 and a direct proof of
theorem 1.5.

2. The free p-Laplacian

Before going through the main results and proofs, for the sake of clarity, in this section we
discuss the proof of inequality (1.1) and sketch the proofs of propositions 1.1 and 1.2.

8



Nonlinearity 37 (2024) 035004 C Cazacu et al

Short proof of inequality (1.1). For the sake of completeness next we present a very short
proof for complex-valued functions u valid for any p, which is based on an integration-by-parts
formula, Cauchy—Schwarz and Holder inequalities. Let u € C3°(R9\ {0}) (this is enough by
density arguments) and then we successively have

P 1 1
de:—/ div(x) |u|”dx:——/ i-V(|u|‘") dx
Ra X7 d—p Jra |xl? d—p Jga |x?

p 2 X _
=—— — -Re(uVu) d
y |ul P e(uVu) dx

p—1 P 1-1/p 1/p
< P [ G a2 / 2 4 IVl dx | .
d—p Jga Jxp~! d—p \Jpa |x|P RY

Looking at the extreme terms above after raising the p-power we move the singular terms on
the right-hand side and we get exactly (1.1).

O

Proof of proposition 1.1 (main ideas). By density arguments, it is enough to build a
sequence {u}eso in W' (R?) such that

. fRd [VulP dx — 0, as € \, 0;
o u.— lae. ase\,0and |u/| < 1ae. in R

By direct computations, one can check that the sequence {u,}.~o C W' (RY) defined by

1, x| < 1/e,
_ ) og(1/(€x
e (x) = % 1/e<|x| <1/, @2.1)
0, otherwise,

satisfies both properties above. Then from Fatou lemma we have

Og/ Vdx gliminf/ Viue|P dx < liminf/ |Vul dx =0,
Rd eN0 Rd eN0 Rd

which forces V =0. So, the proof is completed. O

For alternative proofs of proposition 1.1, we refer for instance to [29, example 1.7] or more
precisely to [28, theorem 2].

Proof of proposition 1.2 (sketch). Let us first show that if inequality (1.5) holds it can be
extended to functions u € W' (R9). Indeed, let u € W' (R?) and, by density considerations,
let {u,}, C C>°(R?) such that u, — u in W'?(R¢) as n — co. Particularly, we have

Uy, — U, in 27 (RY)
Vi, — Vu, in L (RY), 2.2)
Uy — U, ae. x € R4

In view of Fatou lemma, (2.2) and (1.5) applied to u,, we successively have

9
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P P
/ Viul? dx—&—/ip,d/ Ju dx < liminf/ Viu, [P dx—}—/uLp,dliminf/ ] dx
R Ra X[ n=00 JRa =00 Jga |x|P

p
< liminf / Viu, P dx—i—upd/ M dx
n—00 \ JRa e |1l

<liminf [ |Vu,|? dx
n—0o0  Jpd

= [ |Vuf dx.
R4

Next, let us consider the sequence {u. }.~o C W' (R?) defined by

d—p

uc(x)=1x|” 7 0. (x), >0,

where 6. is the sequence given by

log \x\/ez .
ﬁ if 62 < ‘X‘ § €,
0. (x) = 1 if e<<|x] <1/, 2.3)
‘ log(1/(€?|x| . .
Re(ULED) i 1je< v < 1/€,
0 otherwise.

By direct computations or, alternatively, following the estimates in the proof of [31, the-
orem 1.3] we can show that

|t |? 1
0< [VuelP dx —ppq | —— dx <O
Rd ’ Rd |X|p lo

) — 0,as € \( 0.

1
€

In consequence, since . — 1 a.e. as € \, 0 we have
1
0< / V]x|~“=P) dx < liminf / VlueP dx < liminfO [ — | =0,
Rd N0 Rd eN0 1 =

which forces V =0 a.e. in R?. This concludes the proof of proposition 1.2.

3. The magnetic p-Laplacian

This section is concerned with the improved Hardy inequalities for the magnetic p-Laplace
operator —A, , and it is mainly devoted to the proofs of theorems 1.1-1.3.

3.1 Preliminary lemmas

Lemma 3.1. For any R > 0 let B(0) be the ball of radius R centered at 0 in RY, B4 (0) the
exterior of the ball Bx(0) and let 1 < p < co.
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(1) If p > d then

D p_l i 1 ‘u|p 00 (D
|VulP dx > = — dx, VYue CX (Bz(0)).
Bg(0) p R S 0) |x|d (log %)
(2) If p < d then

/31%(0) ‘V (“

(3) If p#£d then

d— P
/ [Vul’ dx > a-p
B (0) p

(4) If p=d then

d d—1\* |u|? :
/ﬁ |Vu|dx2:(>l/ — M 4x vue e (BY(0)).
B (0) d B (0) |x|d( R

log W)

—p\ |P _1\? 14
7 )‘ x[P~? dx > (”71> / L,, dx, Vue C (B;(0)).
p Bz(0) |x|p (log %)

lul”

dx, Yue CX(B;(0)).
< (0) |x|

(5) If p £ d then

— p _ p P
/ ‘v <u|x|d7p)‘ P~ dx > (”71> / Mk vue c (B5(0)).
B (0) p BL(0) |x[P <log %)

Proof. Parts of this lemma have been already proved in the literature (see e.g. [1] for item (1),
for p = d and radially symmetric and non-decreasing functions). For the sake of clarity, since
our lemma has a more general character, we present the proof in what follows.

Item (1); Writing in spherical coordinates and integrating by parts we get

p p R\ 7
/ S S dx = //'”' <log ) ~ldrdo
(0) |x|4 (log

gd—1 0

~ 1-p
- /Wa, ((logR) )drdg
1-p r

gd—1 0

=P / /Re|u|p_2ﬁ8,u (log) drdo.
—p r

gd—1

1
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Then, by Holder inequality we successively obtain
3 .
P R
[« —— dx < P lufP =" |0,u| | log = drdo
B3 (0) d R P pP— 1 r
R |)C| (]Og W) -1 0
1 p—1
R Z R g 7
< _P_ / /|6,u|prd_'drda / /|u|”r:l7:[ll <log> drdo
p—1 r
d—1 () d—1 ()
p—1
1 P
7 14
<2 (/ [VuP dx) / (d_])p|u| — dx
P =1 \Jgy0) B;(0) |x| 71" <log \%)
o—1
P
P

< ——

» pd

/ [VufPdx | R7 / .
Bg(0) B (0) |x|? (log ﬁ)
Now, the proof ends up by removing the L” log-weighted term on the rhs and then raising the

2l

inequality to the power p.

Item (2); With the transformation w = u|x|% (which implies w € C.(B(0))N
C>(Bx(0) \ {0}), w(0) = 0) it is enough to show that

P
[wl dx,

1 P
[omwreocs (2] [ :
B4 (0) P/ oo |xft (10g £

Indeed, proceeding as in item (1) we get

R a1
/ / Re |w|P~2wo,w (1og7) drdo

|w]” _ P
/B~ o 7 dx = P
20) Jx] (logm) R
p / R
< 2 p—1 _
S oo / /|w| |Orw| <log r) drdo
sd—1 0
_ 1 . p—1
R ! R R\ P !
<2 //|6rw|”r"_]drda /|w\" <10g7> ~drdo
p—1 r r
d—1 () d—1 ()
p—1
7

lwl”
/B y 7 dx
£0) x| <logm)

i

P </ |V w]? [x[P ¢ dx)
Bg(0)

gi

p—1
Now, the proof follows by removing the L’ log-weighted term on the rhs and then raising the

inequality to the power p.
Item (3); The proof of this item mimics perfectly the proof of (1.1) in section 2.

12
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Item (4); The proof of this item mimics perfectly the proof of the first item (1) in the case
p =d. Alternatively, we can apply item (1) and we proceed with the transformation which
maps the ball Bg(0) to its exterior, i.e.

¢ X
BR(O)'_)BR(O)a xX=y, y:WRz

Computing the metric G = (Gag)a,3=1,4 induced by the Jacobian matrix [g—ﬁ} of the
ki=1,d

above transformation we obtain that
oyt oyt R*
af = 5 5 7B = T oas
Ox> OxB x|
Then we obtain the determinant |G| := det(G) = (R/|x|)* and the Jacobian of the transform-
ation is J := |G|'/? = (R/|x|)**. Denoting u(y) = u (Rﬁ) = v(x) we get

W v |x

‘Vy"‘(y) |2 2.6

T oxe oxP F\va(x) I

Therefore it is easy to notice that

Md: V.de
[ Feoray= [ e e

3 Br(0)

and

/ Ju ()| dy :/ v (x) | dx
d d
5 |yl (log ) 51 [ (log &)

Hence we can apply item (1) in the ball Bg(0) and then transfer it outside of the ball.
Item (5); The proof mimics perfectly the proof of item (2).
O

Lemma3.2. Letd > 2 and 1 < p < co. Assume also that B# 0 and let A be such that B = dA.
Let R > 1 be fixed and consider the annular domain g := Bg(0) \B% (0). Then we define

fQR |(V+iA)ulP dx

R) := inf . 3.1
s (R) uewlyﬂl(rslzk),u;éo Jo, lulP dx S

Then pp # 0 on (1,00).

Proof. First we point out that y3(R) is achieved by, say a function g € W'”(Qg). In order to
show that, let us consider a sequence {u, }, C W' ({2z) such that

litallrcnn = 1, / Vst dx g (R), 11— o0,
Qg

Since A is bounded on ¢ then by the diamagnetic inequality (1.9) the sequence {v, },, given by
Vp := |u,|, is bounded in W'?(Qg). The fact that W' (2g) is compactly embedded in L7 ()
implies that there exists v € W!'?(€2z) such that

v, =g weakly in W'? (Qg),
v, — g strongly in I” (Qg) .

13
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Then we get |||z (o) = 1 and Oy v, — Oy,g in LP(2g) for any j = 1,d. Applying the weakly
lower semi-continuity property of the LF norm (see, e.g. [10, section 3.1, p 90]) and the dia-
magnetic inequality we get

ps (R) < [|Vg

g < it [V < Jim [ 9" dx = ().

So, p(R) is attained by a non-trivial g.
Assume that p3(R) = 0 for any R > 1. Then |[(V +iA)g||;(q,) = 0. On the other hand,
from the diamagnetic inequality this leads to

0=[(V+iA)gx)| = |V]|gx) || =0, ae. xeclk,

which implies that V|g| =0 a.e. in Qg. We obtain that |g| = go = constant. Without losing
the generality we may assume that gg = 1. Let ¢ be a smooth function such that g = e/®.
Since Vg = 0 we have V4 (') = 0 which is equivalent with (iV¢ +iA)e'? = 0. Therefore,
—Ve =A on Q for any R> 1, which implies,by letting R — oo, that A is exact on the
punctured space R?\ {0}. Since B is smooth hence B=0 on R?. Contradiction. The proof
is completed. O

3.2. Proof of theorem 1.1

Roughly speaking, it is based on lemmas 3.1 and 3.2, a cut-off argument and the diamagnetic
inequality.

Let us fix a constant R > 1 such that p15(R) > 0 (this is possible in view of lemma 3.2).

Next we introduce a radially symmetric cut-off function n € C>°(R?) with 0 < 1 < 1 such
that 7 = 1 on Q5 and 1) = 0 on Bg, (0) \ B, (0), where Ry, R, are two constants such that 3 <
R; < 1 < Ry < R. Therefore, we have that supp(|Vn|) C Qg and supp(1 —n) C Qx.

Then we successively have

[ l? ;
X
s [l ([Tog P + 7 ~7)

R e
- d P p—d X
re X[ ([log|x|[P + [x|P=)

- 1L—n)ul’ |nul?
<2 1( / € dx + / dx
g [x|4(|1og |x][P + [x[P—4) we [X]9([log |x[|7 + |x|P~4)
B L—n)ulP |nul?
=or—1 / € dx+/ dx
( e 1X|4(|1og |x[[P + [x[P=) B,(0) 1X1* (| Tog x| [P + [x[P—)

|mpul”
—i—/ dx
5:(0) [X[* (|log|x|[P + |x[P=)

=270 () + L (u) + I (). (3.2)

First we have from lemma 3.2:

1-— P RP
1 (u) g/ mdxglep/ P dx < / Vaul dx.  (33)
Qr Qr Qr

x| 115 (R)

14
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By lemma 3.1, item (1) with the choice R =1 we have

|nul?
b (W) < / B UL
B (0) [x|9[log |x[|P

< (”) [ G ox
r—=1) Jgo

P
_ p
< (2 [ v+ ) ) ax
p B,(0)
el (AL i P ax+ [ V() dx
X p—l nLoo(Rd)
By (0)\3% (0) B1(0)

p
_1> (IVTIIIPM(R,I)/ |u|? dx+/ IV (Jul) P dx). (3.4)
p Qr(0) B1(0)

Applying lemma 3.2 and the diamagnetic inequality in (3.4) we get

J p—1 P b ||V77||ioc(R¢/) » »
2 (u) <2 1 |Vaul’ dx + |Vaul’ dx | . (3.5)
p— s (R) Qx B, (0)

~

<!

Items (3)—(4) in lemma 3.1 and diamagnetic inequality lead to

Js: 0 |x|duog\xuﬂ dx, p=d
fB‘(O |x|f’ dx, p>d
(%) fB" 0)‘VA”‘de p=d
(%) S |Vt dx, p>d.

I(u) <

(3.6)

Combining (3.2), (3.3), (3.6) and (3.5) we finally obtain

[ul?

re || ([Tog x| |7 + [x|P=)

dx < CB,p’d/ |V aul’ dx,
Rd

where

N 197 ,
o 1(u§(m+2p () ( ) () ) p=d

C =
o Il R P 1( p_ ) M+1 + (L)p < d
ps(R) p—1 1 (R) p—d y P .

The proof of theorem 1.1 is finished now. []
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3.3. Proof of theorem 1.2

The proof is divided in three steps.
Step 1. We prove the following identity:

Lemma 3.3. Let 1 < p < d. We have for all complex-valued functions u € C>*(RY) that

d—p\" [ |uf’ _d=p
Pax— (2P} [ gy = g
/|Vu| X ( - > P X /C,7 (Vu,|x| V(u|x
R R

Rd

h)) dx, 3.7)

where the function C,(-,-) si given by

Cp(x,y) := xf’ — x—y[” —plx—yRe(x—y) - 3. (3.8)

When preparing the revised version of the paper we were brought to our attention that the
identity in [23, theorem 1] is very similar to (3.7) for real-valued functions u« and for the full
gradient Vu replaced with radial derivative O,u := X'|xv‘”. Since our identity (3.7) extends to
complex-valued functions, we give the detailed proof in what follows.

d—p

Proof. With the transformation u(x) = w(x)p(|x|) and () =r~ 7 we have

/Cp (Vu,|x|7d1;’pV(u|x|%>) dx
R(/
:/CP(VLM@(M)VV) dx

RY

- / Vuf? dx / ! (Ix])” dx
R4 R4

= [ I ()P Rew () - o () Y .

[
R4

Switching to spherical coordinates, we have

— X —
Fim = [’ ()P Rews! () 5 - () Vi an
Rd

[

[ee]
= / /Re\w<p'|p_2wg0’np8,.Wrd_ldrda

si—1 0
o0

= //Re@,(|wg0’|p72wg0’cprd*1)wdrdo

gd—1
oo

= / /Re@,(|w|p_2wg0|<p’|p_2ap’r‘j_l>wdrda

si—1 0
o0

= //Rew(pf1)|w|p728,wg0|<p'|p72g0’r‘i*1drda

gd—1
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+//Rew|w|p_2w<p’\<p'|p72<p’rd71drdcr
§d—1 0
/!
+//Rew|w|p72wcp(\go’|p_2cp'rd_') drdo.
si—1 0

!
:(1—p)1—|—//|w<p'|prd71drda—|—//Rew|w|p_2wg0<|<p’|p72gp’rd71) drdo.
0

Sd—1 §d—1 0

That is
[ee]
pl—//\wgo'|prd_ldrda
=1 0
/
= //Rew\w|p72wgo(|<p/|p72g0'rd*1> " ldrdo
sd—1 0
oo
!/
= //IW\pso(lw’l”_zs@’r"‘l) drdo
si=10
r 1 (d—pY’
//|WP¢|P<”) 4= 1drdo.
”\ P
Sdfl 0
Therefore, identity (3.7) is finally obtained. O

Step 2. We extend the identity in lemma 3.3 to magnetic gradients:

Lemma 3.4. Let 1 < p < d. We have for all complex-valued functions u € C2° (Rd) that
d—p\’ ’ _d—p d=p
/|VAu|p dx — (p) ||u||p dx:/Cp (VAu, |x|” 7 Va (u|x| v )) dx.
R P R? * R?
Proof. It is enough to show that

|Vaul” = C, (VAu, x|~ W Va (u |x

;)) = Vuf’ - C, (Vu, N (u|x

)

Note that |x|” — C, (x,y) = [x — y|” + p|x —y/" *Re (x —y) - 3, we have

_d=p d—p _d—p d=p\ |P
[Vul’ —Cp (Vu,|x| P V(u|x| v )) :’Vuf\x| » V(u|x| b )’

_d=p d=p\ |P—2 _d=p d=p _d=p d=p
+‘Vu—|x| 7 V(u|x| ; )‘ Re(w—m z V(u|x| z )).m z v(um z )
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Similarly

Vaul’ =G, (VA”v \x\fd”;p V4 (u |x d’;p)>

_dp d=p\ |P
Z‘VAu—|x| 7 Va (u|x| P )‘

_d—p d—p\ |P—2 _d—p d—p
+‘VAM—|)C| 7 Va (u|x| g )‘ Re(VAu—|x| 7 Va (u|x| g ))

_d=p d—p
T ().

We note that
_dp d=p
Vau— x|~ 7 Yy <u|x| g )
_dp d—p d—p
=Vu+iAu—|x|” 7 (V (u |x| 7 )+iAu |x| 7 )

d—p
P

_d=p
=Vu—|x|” 7 V<u|x

Therefore, we just need to show that

_dp = = =

Re (Vu— K~V (u|x| z )) : (vA (mx| z ) v (ﬁ|x| z )) =0.

Equivalently
_d=p dp 5 . d=p

—Relx|” 7 ulx| * “x-iAulx| 7 =0,

which is true since A is real vector potential. O
Step 3. Now, if we prove the following algebraic inequality: x,y € C?:
-2 _
Cp(xy) =" =[x =yl =plx=y""Re(x—y) -3 = ¢, I’

with

. [t2+sz+2s+l]%fl—ps€(

= inf 0,1],whenp > 2,
P (snern\{(0,0)} 2+ sz]g ]

we complete the proof of the theorem.
Proof. Letx —y=a+ibandy=c+id with a,b,c,d € R?. Then
nf* = la+cf* +[b+df
=laf* + b +2(a-c+b-d)+|c|* +|d

2 2 2
e —y[" = la]” + |b|
2 2 2

yl™ = lel™ + 1|
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Then
P
Co(x,9) = [lal’ + b +2(a-c+b-d) + |ef + la’|
14 2_1
~ |l + 6P| =p|lal + BP| " (a-c+b-d).

If |a)* + 6> = 0 or |c|* + |d|* =0, then it is obvious. If |a|* + |b|* # 0 and |c|* + |d|* #0,
then we need to prove that
2 2 2 2|8
(cle|lal® + 6P +2(a-c+b-d)+[c]* +d

14 2_1
= [lal* + 1P| = p|laP + 6P| (a-e+b-a)

¢, = inf ; > 0.

el + la*

2 2 2 2 2
c+b- 14| 2 . 2 (a-c+b-d) |e|"+]d|
We set s = actbd lel+ldl ¢ + 72 (since s* = < . Then
lal>+16* |al*+b]* ( (|a\2+\b|2)2 = Ia\szIZ)

[t2+s2+2s+1]%—1—ps

Cc, = inf 5
(s,)) ER\{(0,0)} [+ 5%)2
We show that 0 < ¢, < 1. Indeed, choose s = —%, and let r — oo, we deduce that ¢, < 1. To

see that ¢, > 0, we note that [ + s? + 25 + 1]% > 1+ (P +s*+2s)5 > 1+psforall (s,1) €
R?\ {(0,0)} by Bernoulli’s inequality. Also, when 7> + 5% — 0o, ¢, — 1. Finally, when #* +

5% — 0, then s — 0. Let N, := inf,cp+ [(x+ 1)§ fx%} and since p > 2 we have N, > 1. Then
4 4 4

whens > —1 weget [P+ +2s5+1]° > 2s+1)2 +N, [2+5%]2 2 14ps+N, [ +5]°.

Hence,

2os+25+1]° —1—ps

[ =t-ps

3

lim
24520 [ + 52

Proposition 3.1. Ifp € (1,2) then ¢, = 0.

Proof. By Bernoulli inequality itis trivial that ¢, 2 0. On the other hand, taking s = ¢ we obtain

P

. (2s2+2s+1)2717ps
c, < In 5 .
seR\{0} 2380

Considering the function f(x) = (x+ 1) ,x > 0, and expanding in Taylor series we have f(x) =
14 5x+5(5 — 1)x* + O(x*), as x — 0. This implies

2 - 2
(2s+2s+s11)) ! PS:%sz—uo(ﬁ—ﬂ)eo,asﬁﬁ

Thus ¢, = 0. ]
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3.4. Proof of theorem 1.3

With the same election of 7 as in section 3.2 and the transformation w = u|x| 7 we have

/ Ju” dx

re [X[7 (| log x[[” + 1)

_ [ A =nutnul
~ Jra lxlP(Jlog x|l + 1)

1— P P
coni([ iy, )
g [x[P(|loglx||P + 1) ra [x[7(|log|x[|P + 1)
_ P I
= Ty L
o [X[P(log |x||P + 1) 5,(0) [XIP(|log |x||P + 1)
I
)
B:(0) 1x7([log |x||P + 1)
- ’ |nul”
<22 1(/ e dx+/ dx
o [X[P([log|x[|” + 1) 5,(0) [XIP(|log |x||P + 1)
I
)
B:(0) x|P([log |x[|F + 1)
- ’ [nwl?
=2 1(/ I dx+/ dx
oy [X|“(|Tog|x[|? + 1) 5,0y 1¥[“([log x|[P + 1)

[pwl? )
—|—/ dx
B:(0) 1x|*(|log |x||P + 1)

=201 (u) + o () + T3 (w)). (3.9)
First we have from lemma 3.2 that
14 R4
i (u) g/ |W|d dx <R[ wPdx< —— [ [Vawl dx
o X IR 1 (R) Joy,
R2d7p /
<—— [ |VawlP|xP~ dx. (3.10)
1 (R) o

By lemma 3.1, item (2) with the choice R =1, we have

Jz(u)é/ [npw|P

8,(0) 1xI]|Tog|x][P

r \’ d
<(,%) [ Ivamhprrte
p By (0)

p
<2 (G2 ) [t b () ax
p B;(0)

P
<ot (L) Ivnllf WP P~ dX+/ IV (w]) PP~ dx
p—1 Leo(R) BI(O)\B) (0) B1(0)

p
P P Py p—d Py p—d
AR N ST / PP~ dx + / IV (jw]) Pl dx |
P—l) ( LR o0 B1(0)

20
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Applying lemma 3.2 and the diamagnetic inequality from above we get

P (RIP|Vn|P g
> (1) gz!’—‘( P ) E) [ [ Tawp? dx+/
p—1 1s (R) % B1(0)

V4wl P~ dx)

P (Rl
<2P—‘< L ) ED [ 1wl e~ dx + / IV awp x4 dx
p—1 15 (R) o B1(0)
P (Rl
gzp—‘( P > E) 4 /|vAw|”|x\"‘ddx. 3.11)
p—1 1 (R) Bg

Similarly, by lemma 3.1, item (5), we get

Js () < / [nwP

5:(0) 119 log [ 7

r Y —d
< (—7 1) / IV (o) Pl dx
p B; (0)

P
<2 (G2 ) [t b () ax
p B;(0)

P
<2 (L2 ) (19 [ e~ dx [ 9 () Pl
p—1 L= D Jpe0)\8:(0) B5(0)

1
p
<! (L) Vg [ Pt~ axt [ ax ).
-l E Ja, 5 0)

Applying lemma 3.2 and the diamagnetic inequality from above we get

P (R
J: u<2p_l( P ) ®) prdx—i—/
3 < p—1 1B (R) szk‘ Al B(0

IV awl |xfP ¢ dx>
)

(R |Iplfh
< =1 ( p ) L (Rd)/ \VAw|p|X|p_d dx+/ |VAw|p|x|p_d dx
p—1 18 (R) O B (0)
(R |oplfh
S E) 4 IV awl x7 % dx. (3.12)
pP— 1 “B (R) R4

Combining (3.9)—(3.12) and theorem 1.2 we finally obtain

P -
/ Jul dx < Capa / IV awP x4 dx,
R Rd

x|7 (|log|x||” +1)
= 63’],7,1/ ‘VA <u|x
R4

. P
<c(p)Crpa </ |VulP dx — ppq JuP dx) )
R4

Re X[

;) IP|xfP— dx,

21
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where c¢(p) is the constant in (1.11) and

2d—
Cppai=2"" R +2p(
s (R) p

) <R2d p ||V77||LOC(R(/)

s (R)

Thus the proof of theorem 1.3 is completed now with Cp , 4 := ¢(p)Cp p 4.

4. Aharonov—-Bohm magnetic fields

4.1. Proof of theorem 1.4
Proof. By using polar coordinates we have

oo 21

/|vAu|" dx—// [|a 1+ 1% “*’B’” ] derdr.

Consider the L?-spaces on (0,27) X

oo 2w 14

Iwll, = / / w|? d rdr

0 0

Then

/I

|Oru

Now, by applying the reverse Minkowski inequality that asserts that when g < 1:

1+ 8llg = 1Al + [lgll,

Ol +|8 u—|—16u| ]

2, |Opu —l—ziﬁu|
r

dordr

‘ 14
2

when both f and g are non-negative, we get (since 0 < § < 1)

2
’ A+ iBul?
(‘R/|VAM|I’ dx | = | |3,u|2+%
2

> |8M2

oo 21

= //|8ru|pd<prdr
00

22

oo 271
ca 1P
//|8@u+lﬁu| dordr
rp
0 0

)

(0,00) with the measure dy rdr equipped with

SIS
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So

2
oo 27 P

oo 21

) 0, Bul”
/|VAM|1 dx > //\&u\pdgprdr + //7| Wu—,;lﬂu| dprdr
R? 00 00

It is easy to see that

oo 21

P
//|8,u|pd<prdr—/‘|x|-Vu dx
x
00 R2
2 p P
2 (p) /% dx.
p ]
R2

Now let
27
[ 10pu+iBul’ dp
A(B,p) == o 0
(8,p) UEW'r (0.27) u(0)=u(2m) Tlul”dw
0

We claim that A (3,p) > 0. Therefore

//7Ia ot + il derdr > X(B,p)

0

27
/7| prdr
0

=A(B.p) | Tkl dx.

ul”

S

Hence

2
2w P 2w

[ 2
oo 00 ;
P
/|VA”|p dx > //‘&u\pd@rdr + //la ”+15”| dordr
R2 00 r

[(2-p\ 17
(p) +A(B.p) ] /|x|p dx
R2

WV

2 _ p 14
> (p) % dX,
p x|
R2?

and the proof finishes.
Now, it remains to show A(3,p) > 0.

=

s

Indeed, assume by contradiction that there exists a sequence {u, }, C W'? ([0,27]) such
that f02ﬂ |u,’ dp =27 and fozw |0ty + iBuy|” dp — 0. Hence, f027r |0pun|” dg is bounded

23
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As a consequence, u, — u weakly in W' ([0,27]). Note that because of the embed-
ding W' ([0,2x]) < =7 7 ([0,27]), we have that u € oty 7 ([0,27]). We can also get
that u, — u strongly in L ([0,27]) because of the compact embedding W'? ([0,27]) <>
L7 ([0,27]), and that O, u, — O,u weakly in L7 ([0,27]). So, Op,u, +ifu, — O,u+ifu
weakly in L”(][0,27]). As a consequence of the lower semi-continuity property of the
L? norm,

/|6¢u+ iBul’ dp < liminf/ |0ty + iBuy |’ dp = 0.
n—oo
0

That is u=e ¢, Now, since u, —u weakly in W'”([0,27]), by Mazur’s lemma,
there exists a sequence {v,}, made up of convex combinations of the u,’s that con-
verges strongly to u. Therefore, by the embedding W' ([0,27]) — C* = 7 ([0,27]), w

have ||v, — ul| o ]”([02 S S Avn = ullyin(o,20)) = O- As a consequence, v, (0) — u(0) and
v (2m) = u (27r) But since u, (0) = u, (27) for all n, we get v, (0) = v, (27) for all n. Hence,
u(0) = u(27) which is impossible since 5 ¢ Z. Therefore, A (5,p) > 0. O

4.2. Direct proof of theorem 1.5

First we denote Oy, := Oy, +18A| and Oy, := O, + i BA,, where A = (A},Ay) := (M27 m‘;) .

Let ¢t > —i be a real number which will be well specified later. Successively we have the
identity

0o [t = [ (o (525 i) o (52 i) o
=re [ " Kﬁﬁ"ﬁ)( Oulul’ +i8 1 |2'”'>
(55 i) (- ) o
_Re/ - 2{(%%4%)( (W, -+ 00, 10) 18 5 |2|u|)

p X XL Y-
+(27p FD +ll“x|p) <2(u8xZu+u8xZu) i3 ‘x|2|u| )} dx

So,
. 2 f( =P @ X ) (1o Lo
(1+p1) e P dx =Re R2|u\ 3 ztmp 2u8A1u+2u8Alu
-p X2 . X 1_ 1 _

_ - X 1 1 1
R p=2( 2 2 jtA—— | - | zuV + —uVy, u .
e/2|u‘ ( | ‘p it. | |p 5 UVpyu UVagl dx
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Applying the Cauchy—Schwarz and Holder inequalities we obtain

(1+ Bt) P
— dXx
r2 x|
pox

/|u|"-2 x
Rz|x|p2 PR
"*1 (190l + [V, dx
2 p =t A A
| 1 1
P »
Sf 2 \V 7 d Va.ulP d .
2 (2p> y ( il ) {(/' it )+ ([ 19 >}

Dividing properly the common terms above we get

—itA

(‘MHVA/3M| + |MHvAﬁu|)

1
1+ St P z \Y (r2) + || Va, 1
+5 [ ) < [Vagullr @) + |l ABMHU(R2)7 vie L @3
» 2 ) R2 |x‘p 2 B
(E) +1t
Considering the function
1+ Bt
f(1) = T
(s5) +#
we obtain that
a2
277) -1
f/(t): ! 5
A
() +)
2
Notice that r = /3 (2%;) is a maximum point of f and since
» \ (2-p)*+ B2
(3 - ,
-p p
from (4.3) we finally obtain
P
luf < p [ Vasullre) + I Vas ttll ey p. 4.4
e |XP 2

(2—p)* + B2p?
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