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LP-L9 ESTIMATES FOR ELECTROMAGNETIC HELMHOLTZ
EQUATION. SINGULAR POTENTIALS

ANDONI GARCIA

ABSTRACT. In space dimension n > 3, we consider the electromagnetic Schrédinger
Hamiltonian H = (V —iA(z))?+V and the corresponding Helmholtz equation
(V—iA@)?u4+u+V(E@u=f in R,

where the magnetic and electric potentials are allowed to have singularities at
the origin and decay at infinity. We extend the well known LP-L9 estimates for
the solution of the free Helmholtz equation to the case when the electromag-
netic hamiltonian H is considered. This work extends the results that appear
in [G].

1. INTRODUCTION

In this paper we extend our previous results appearing in [G], where LP-L4
estimates for the solution of the electromagnetic Helmholtz equation were proven,
to the case of singular potentials A and V. We want to preserve the behavior of the
potentials at infinity, that is, consider potentials with short-range decay without
assuming smallness. Our goal will be to extend the well known LP-L9 estimates
for the free Helmholtz equation given in [KRS], [CS], [Gut] and [GutI], to the case
when we perturb the equation with an electromagnetic potential with singularities
at the origin. More precisely, conditions on the electric and the magnetic part of
the potential will be given in order to ensure that the estimates remain true. The
LP-1L9 estimates for the free Helmholtz equation are the following

(1.1) llullza@gny < CllfllLagny,
where u is a solution of
(1.2) Au+ (ttic)u=—f 1,¢>0.

The exponents p and ¢ in have to verify some specific conditions that will be
specified later on. Here C' can depend on 7, p, ¢ and n and is independent of e.

In the first part of the paper we will prove that the existing results for the
free Helmholtz equation can be extended to the perturbed equation by imposing
conditions on the admissible singularity at the origin and decay at infinity for the
potentials. This can be done without assuming smallness at infinity, neither for
the electric part, nor for the magnetic part. It will be concluded that the range
for p and ¢ where estimates are true is not the same as the one for the free
Helmholtz equation. Therefore this motivates the second part of the paper in which,
by setting A = 0, we consider the Helmholtz equation with electric potential and
prove estimates in the same region of boundedness of the free equation.

Therefore, we consider the electromagnetic Schrédinger hamiltonian H of the
form

(1.3) H=(V —iA(z))*+V(x),

Date: November 8, 2021.

2010 Mathematics Subject Classification. 35J10, 35L05, 58J45.

Key words and phrases. dispersive equations, Helmholtz equation, magnetic potential.
1



2 ANDONI GARCIA

and the Helmholtz equation in dimensions n > 3, namely,
(1.4) (V—iA(@)*u+u+V(z)u=f in R™

Here, A : (Al,..., A") : R — R" is the magnetic potential and V(z) : R® — R is
the electric potential. Since now on, we denote by

(1.5) Va=V —iA, Ay =V3.

The magnetic potential A is a mathematical construction which describes the in-
teraction of particles with an external magnetic field. The magnetic field B, which
is the physically measurable quantity, is given by

(1.6) BE€Muyn, B=DA-(DA),

i.e. it is the anti-symmetric gradient of the vector field A (or, in geometrical terms,
the differential dA of the 1-form which is standardly associated to A). In dimension
n = 3 the action of B on vectors is identified with the vector field curlA,

(1.7) Bv = curlA x v n =3,

where the cross denotes the vectorial product in R3.
We also define the trapping component of B as

T

(1.8) Be@) = B@), (B =3 1B
k=1

|z
and we say that B is non trapping if B,=0. Observe that in dimension n = 3 it

coincides with
T

(1.9) B, (x) := 7l x curlA(zx).
Hence, B, (z) is the projection of B on the tangential space in z to the sphere of
radius |z], for n = 3. Observe also that B, -« = 0 for any n > 2, therefore B, is a
tangential vector field in any dimension and we call it the tangential component of
the magnetic field B.

In order to ensure the self-adjointness of H we require some local integrability
conditions on the potentials. We will assume

(1.10) A; € LL.(R™), V € Lj,.(R™), /V|u\2da: < u/ |Vu|?dz, 0<wv<l1.

From this assumptions it can be concluded (See [Z1]) that H is self-adjoint on
L?(R™) with form domain

D(H) = {f € L*(R"™) : / IV 4 f2der — /V\f|2dx < oo}
Note that by (1.10) then D(H) is equivalent to the Hilbert space
HL(R") = {f € L*(R") : /|VAf|2dx < oo}

Since the spectrum of a self-adjoint operator is real, we conclude the existence of
solution of
(1.11) Hu+ (1+iec)u=f in R", €#0,
for any f € L*(R") and u € Hi(R"). See [IK], [LS], [AHS] or [CFKS] for more
details about the self-adjointness of the electromagnetic Schrédinger operator H.

The main difficulty in order to obtain the estimates is that when the magnetic
laplacian is expanded we have to deal with a first order term, namely A -V, and it

is well known that there are no LP-L9 estimates for the gradient of the solution of
the free Helmholtz equation,

(1.12) Au+u=—f in R"™
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The main result of the paper appears in Section [2| concretely Theorem
We will proceed in the following way. Let us consider the modified Helmholtz
equation with electromagnetic potential and fixed frequency 7 = 1. It is given by

(1.13) (V—iA@)?u+ (1 +icu+V(z)u=f in R" e#0.

Remark 1.1. For convenience we will deal only with the case 7 = 1, in contrast
with the case of general 7 > 0.

In order to derive the estimates for the solution of , LP-L1? estimates, inde-
pendent of €, will be obtained for the solution of the modified Helmholtz equation
with electromagnetic potential . The independence of € for the estimates will
imply that these will remain true for the solution of (L.4). This is true due some
results in [Z].

Our method is a mixture of a priori estimates and perturbative arguments. This
is what allows us to avoid smallness conditions in the potentials. Similar arguments
have been used in the setting of the free Schrodinger equation, as can be seen in
[BPST] and [DFVV]. Along the proof our basic tools will be the corresponding L?-
L7 estimates and a L2-local estimate for the solution of the free Helmholtz equation,
together with an a priori estimate for the solution of the modified Helmholtz equa-
tion with electromagnetic potential .

Let us introduce some notation. For f : R® — C we define the Morrey-
Campanato norm as

1
(1.14) 17 = sup & / | da.
R>0 |z|<R

Moreover, we denote, for j € Z, the annulus C(j) by
C(j)={reR™:2 < |z| <20t}

1/2
(1.15) N(f) :=Z(2j+1 / 4)|f|2dx> 7

€L cG

and we easily see the duality relation

/ fodz < Jgll - N(f)-

These norms were introduced by Kenig, Ponce and Vega in [KPV].

Concerning the perturbative part of our argument, it is necessary to remind
the results that are true for the free Helmholtz equation. Firstly, we are going to
state the result concerning the LP-L7 estimates which appears in [KRS], [Gut] and
[Gutl]. Let

n+3 n—1 n+1l n—3
A= A =
( on -’ 2n>7 ( on -’ 2n>

B n?+4n—-1 n-1 B - n+1 n?—2n+1
S\ 2n(n+1) 7 2n )’ S\ 2n 7 2n(n+1)

and A(n), for n > 3, is the set of points of [0, 1] x [0, 1] given by

11 2 1 1 21 11 -1
(1.16) A(n) = -, =) €l0,1)?: S*—*S*,*>n+ a*<n :
p’ q n+1 " p q n'p 2n ¢ 2n

The set A(n) is the trapezium ABB’A’ with the closed line segments AB and B’ A’
removed (See Figure [1]).
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lig

FIGURE 1. A(n), n > 3.

Now, we are in conditions to recall the existing result for the Helmholtz equation
with constant coefficients.

Remark 1.2. In [Gut] (See also [Gutl]), estimates for the solution of the equation
perturbed with generals 7 > 0 and € > 0 are given, namely, the equation reads as
follows,

(1.17) Au+ (T +ie)u=—F, 7,e>0.
Recall that we will only deal with the case of fixed frequency 7 = 1.
The result is the following one.

Theorem 1.1. Let u be a solution of

(1.18) Au+ (1+ic)u=—F, €>0.
Then, there exists a constant C, independent of €, such that
(1.19) lullaeny = (A + (L +i€) " Fllpaqeny < CllF |l Lo (n)

when (l l) € A(n), n > 3.

As we mentioned, another tool that will be crucial in the proof is an L?-local
estimate, which bounds the Morrey-Campanato norm of the solution of the free
equation, defined in , in terms of the LP norm of the RHS data. This theorem
also appears in [RV], [Gut] and [Gutl]. The statement is the following.

Theorem 1.2. Let u be a solution of

(1.20) Au+ (1+ic)u=—F, €>0.
If

(i) n=3 and ig%f§<%, or

(1)) n>4 and —S%— ggi

w+

1
2
independent of €, such that

nt C,
1/2
[ i) < 1Pl

then, there exists a consta

(1.21) sup (

R>0
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Once we have established the theorems that we use in our perturbative argument
it remains to state the a priori estimate that we are going to consider. We have
that, given precise conditions on the admissible singularity at the origin for the
electromagnetic potential, and the decay at infinity as well, a Morrey-Campanato
type estimate for the solution of the perturbed Helmholtz equation holds for n > 3.
This can be seen in [Z].

We give now the main assumptions that must verify the potentials V(z) and
A(z) in [Z]. The electric potential will be decomposed as V(x) = Vi(x) + Va(z),
where V) is a long range potential and V5 is a short range one which might be
singular.

Let Vi(z), Aj(x), j =1,...,n, Va(x) be real-valued functions, o > 1 and p > 0.
For n > 3, if |z| > r¢p we assume

Vi ()]
||
for some ¢ > 0, where 0,V = ﬁ - V'V is considered in the distributional sense and

(0, V1)~ denotes the negative part of 9,.V;. On the other hand, we require

Cc

(1.22) i

+ (0, Vi(2)) - + |B-(2)| + [Va(2)] <

(1.23) Vi(z) = (0, Vi(z))- =0 if |z| <rg,
and
(1.24) Va(z)| < mg—a if |z| <ro, a>0,
for some ¢ > 0.
If n > 3, we consider

C*
(1.25) Bl< g lal<n,

for some C* > 0 small enough. Finally, in dimension n = 3 we assume
c

for some ¢ > 0.
Remark 1.3. For simplicity, from now on we take ro = 1.

Finally, let us define the following function

o W=y w oy

The theorem reads as follows (see [Z]).

Theorem 1.3. Let n >3, f such that N(f) < co and u € H}(R™) a solution of
(1.28) (V +iA(z)*u+ Vi(2)u + Va(z)u + (1 £ie)u = f, €#0,

where Vi, Vo and A(x) satisfy assumptions (1.22)-(1.24)), (1.25) for n > 3, and
(L.22)-(1.24), (1.26) for n = 3. Then, there exists a constant C, which depends
uniformly in €, such that the following a priori estimate holds

V qul? 1
120) 00+ [ g 2 o)
lz[<1 || r>0 B? Jjz=R
_ Jul? 2
w1 —xm) [ ar < ovrp.
o [olP
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Remark 1.4. In order to prove the a priori estimate , in [Z] is sufficient to
impose conditions on the trapping component of the magnetic field B, not on the
whole B. More precisely, they depend on the dimension. For n > 3, B, must
satisfy with C* < y/(n — 1)(n — 3),

C*
1.30 B,| < —— <1,
(1.30 Bl < 1o el <
and if n =3
(1.31) |B-| < |z <1 ¢, a>0.

- ‘x|2—a

Remark 1.5. The a priori estimates from Theorem 2.1 and Theorem 2.2 in [Z] are a
bit different from the one that we present in (1.29)). In the left hand side it appears
the term

where V4 denotes the tangential component of the magnetic gradient V4 defined
in (|1.5). In principle we can not conclude anything from this for the term

2
/ [Vaul dx.
|z|<1 |z

The estimate that we need for this term appears in [Z1], Lemma 2.4.1.

Remark 1.6. In [Z], Theorem 1.3 is proved for all 7 > 79 > 0 and € € (0,¢1). We
only deal with the particular case 7 = 1. The case 7 = 0 requires more decay on
the potentials, as can be seen in [F].

Once we have described all the tools which are going to be used, it is necessary
to introduce the region where we are able to extend the known results for the free
Helmholtz equation to the case when electromagnetic perturbations are considered.
During the discussion, it will appear a subregion of A(n), for n > 3, which will be
denoted by Ag(n), given by

11 1 1 1 1 1 1

1.32 A =<l=—] €An): S <=--Z=%.
(132 o) {<p Q> ) n+l=p 2 }

The set Ag(n) is the solid triangle determined by the points @, @’ and Q" (See

Figure .
This will be the region of boundedness for the perturbed Helmholtz equation.

Remark 1.7. For the case of the perturbed electromagnetic equation, we are not
able to obtain a positive result of boundedness for the whole region A(n), since we
have not control for the gradient term, namely A-V, outside Ag(n). However, if we
consider A = 0, we can probe the estimates in the whole A(n) by imposing more
decay on V outside Ag(n).

2. ELECTROMAGNETIC HELMHOLTZ EQUATION

In this section we give the precise statement and the proof of the theorem, where
we extend the LP-L? estimates for the solution of the electromagnetic Helmholtz
equation. The theorems and the notations which will be used along the proof were
presented in Section We give first the result for the Helmholtz equation with
electromagnetic potential and afterwards, by setting A = 0 we extend the result to
the electric case.

Let us start by considering the Helmholtz equation with electromagnetic poten-
tial in dimensions n > 3. It reads,
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1q

FIGURE 2. Ag(n), n > 3.

(2.1) (V—iA@)u+u+V(zx)u=f in R
where A : (A,..., A") : R" — R"™ is the magnetic potential and V(z) : R™ — R is
the electric potential.

We will also assume that the magnetic potential A is divergence free, or in other
words, A satisfies the so called Coulomb gauge condition
(2.2) V-A=0.
We will prove LP-L? estimates for the solution of the equation (2.1). In order to do
that we will consider the solution of (2.1]) as the solution of the modified Helmholtz
electromagnetic equation,
(2.3) (V—iA@)?u+ (1 ticu+V(z)u=f in R" e#0,

via the limiting absorption principle, by taking the limit of the solution of
when € goes to 0. We will obtain the corresponding LP-L? estimates, independent
of ¢, for the solution of , so these will remain true for the solution of .
This procedure is justified by the results appearing in [Z].

The goal is to determine the region of p and ¢ where the solution of satisfies
LP-L17 estimates, namely,

(2.4) lull Lany < CllfllLr@n)-
with C' independent of e.
We will impose the following conditions on the potentials.

Asumption 2.1. Let us assume that the electric potential V' is such that

(2.5) V(z) = Va(z),
that is, V satisfies the assumptions of Theorem
(2.6) Vi(z) = Vi(z) + Va(z),
with V; = 0.

In order to use (1.29)), the magnetic potential A and the electric potential V'
must satisfy the assumptions (1.22)-(1.24) and (1.25) for n > 4 and (|1.22))-(|1.24])
and (|1.26]) when n = 3.
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Moreover, A and V must verify the following conditions on the admissible sin-
gularity at the origin and the decay at infinity. They read as

|A(z)| < |f|}7 B< st al <1,
3n+5
(27) (H].) |V( )| S 'y 7 < 2(77,11)7 |117| < 1,
|A( )| S 1+u7 /’[' > 0; |x| > 1’
V()| < ‘zﬁﬂu w>0, |z|>1.

Remark 2.1. The constant C that appears in (H1) and which measures the small-
ness near the origin of the potentials, does not need to be small as in Theorem [I.3]
since that we are far away from the critical admissible singularity for the magnetic
potential A and the electric potential V' given by the conditions and -

forn24andand-1fn—3.

The main result of the paper is the following. This is the natural generalization
of the Theorem 2.1 in [G] to the case of singular potentials.

Theorem 2.1. Let u € H}(R™) be a solution of
(2.8) (V—iA(x)*u+ A +icu+V(z)u=f in R, n>3, e#0.

where V' and A satisfy assumptions (1.22))-(1.24), (1.25) and (H1) for n = 3,
and (1.22)-(1.24), (1.26) and (H1) for n > 4. Then, there exists a constant C,
independent of €, such that

(2.9) lull Lany < CI fllLr@nys
when (%, %) € Ag(n).

Proof. Step 1. We will prove that, whenever n—_H < %
(2.10) [ullpa@gny < CN(f).
Let u be a solution of (2.8). Since V- A = 0, we have that (V —iA4)? can be written
as

(2.11) (V —iA)*u = Au—2iA -V qu+ |A]?u.

Notice that, the electromagnetic hamiltonian can be considered as a perturbation
of the free hamiltonian. Then, we have that u is solution of the following equation

(2.12) Au+ (1+ie)u= f+2iA-Vau—|APu—Vu.

Now we use the result from Theorem. If we consider the dual estimate of (1.21] -7
we obtain that, 1f 7 < 3 1_1 1t holds

(2.13) ”uHLq(R") =[(A+ (1 +i€)) 7N (f + 20A - Vau — [APu = V)| pagn)
< C(N(f)+ N(20A-V.au) + N(|APu) + N(Vu)).

with C independent of ¢ and N defined in ([1.15]).
We are going to estimate the terms that appear on the RHS of (2.13)). First we
deal with the term N(2iA -V zqu). We can split this term in two parts,

— %, then we get

(2.14) N(2iA -V qu)? = czsz/ |A -V qul®da
jeZ C(])

:CZZj'H/ |A -V qul?dx

§<0 C()

+Cy YTt / |A -V qul’de.

32>0
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Let us deal both terms separately.

First, consider >, ,2/%" fC(j) |A - Vaul?dz. Since |A(z)] < C/lz|* ™, u > 0,
|z| > 1, we have that this term can be bounded as

Zzﬁl/ 14+ 4ul dx<022ﬂ/ |A[2|V gul2d

>0 §>0 C(j5)
< 022—47‘2-%/ |V aul?dz
=0 i)
sup / |V au|?dx 22K
<R>1 R Jicizi<r ;
1 2
< Csup = |V au|dx.

r>1 R Ji<z<r

Now, we can treat the part 3, 2/% Jog) 14 V aul?dz. Let us consider a positive

that will be fixed below, a < 2/(n+ 1) (see (2.39))). Since |A(x)| < C/|z|?, |z| < 1,
we have that the following holds,

Z2J+1/ |A -V au] dx<CZQJ/ |AI2|V aul?dz

3<0 j<o 7€)

1 |VAu|2
J
<CY 2 / R

<0 C(d)

2
< CZ/ |V|;|Z| |x|“+1_2ﬂdac

j<0 C ()
|V aul?

o<1 |z

<cC

dx,

provided @ + 1 — 28 > 0. This condition, together with the previous one, a <
2/(n+ 1), leads us to the admissible singularity for A.

2 n+3
B-1<a<— = f<—t"
polsa<izy A< S+

Therefore we obtain from the separate analysis that

2
(2.15)  N(2iA-Vau)? <C / [Vaul dx + sup l/ |V qul?dz | .
ol<1 2] r>1 R Ji<jai<r

Let us continue with the term N (]A|?u). As before, we can say that

(2.16) N(|A%u)? Zzﬁl/ || Au|?dx
JEZ

—22]+1/ || A|?ul?dx
3<0

+y vt / || A[ul?dz.

7>0 )
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The term away the origin can be treated as above, and we get

(2.17) Zwl/ |A|2u|2dx<0227/ | A4 |u|?dx

j>0 §>0 C)
<oyt [
§<0 C(5)

1 )
< C| sup —/ ul?dz 2~2i(1+2p)
<R>1 R 1<|gc|<R| | Z

j=0
< Csup — / |u| dx.
r>1 R Jicjzi<r

Let us now proceed with the part concerning to the singularity at the origin for the
magnetic potential A. The analysis of this term will be different depending on the
dimension. We start by considering the case n = 3. Again, since |A(z)| < C/|z|?,
|z| <1, it holds

22j+1/ 1A 2ul? dx<022ﬂ/ A4 ufdz
. |

i<0 © j<o e
2

SCz:23‘(a+3)2—j(a+2)/ |ul da

i< cq) le*

- 1
— J(a+3—48) 2
_C'JZ:OQ 57(a+2) /C(]) |u|*dax
1 ‘

< C | sup 7/ |u?do g () 9i(at+3—40)

<R<1 B Jar=r %

1
< C'sup Tat1 /|I_R |u|?dor(z),

R<1

if « +3 —48 > 0. From this , together with o < 2/(n + 1), we can conclude

2 3n+5
48 — 3 < < — < —.
p R | P<imt1)
We have that
n—+3 3n+5
Vn > 1.

2n+1) An+ 1)
Hence, if |A(z)| < C/|z|?, B < (n+3)/2(n+ 1), |z| < 1, we get if n = 3,

(2.18) ZQJ’“/

1
| APul?de < Csup ) Rt / lu|?do g (z).
§<0 C(5) |z|=R

Now, we treat the case n > 4. We have that

Zwl/ |A\2u|2dx<CZQJ/ |A|*|u|?dz

7<0 j<o 7€)
|ul +3-48
=¢ |z|<1 |$|“+2|x‘a e
T
2
<cC Wl g
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provided o + 3 — 48 > 0. As before, if 3 < (n + 3)/2(n + 1), we can bound this
term as

(2.19) 221“/ |APul?dz < C

3<0

From ([2.16)), (2.17) and (2.18)), we get for n = 3
1 1
2.20) N(|APPu)? <C / u|?do + sup = ul?dz |,
(2:20) N(|4Pw)? < ( b s H:R\I we) v [
and for n > 4, from (2.16] and (2:19), it holds
(2.21) N(|APu)? <O / \u|2 dx + sup l/ lul?dz | .
N lzj<1 |z[oH? r>1 R Ji<jg<r

Now, it remains to consider the term concerning the electric potential V(x). We
proceed as above by splitting the term in two parts

(2.22) N(Vu)? = sz'“/ \Vu|?dz

jez C(j)
—ZZJH/ |Vul|*dx
3<0
+ZZH1/ |Vul?dz.
>0 C()

Due to V(z) < C/|z|* ™, u > 0, |z| > 1, the second part can be upper bounded as

(2.23) ZzJ‘H/ |Vu\2dmch2j/ [V 2 |u)?da

>0 C(j) >0 C()
< C’Z 279972 / |u|*dx
§<0 ()

1 )
< C | sup —/ uldx 2= 2in
<R>1R 1gng| | Z

=0
1 2
< Csup — |u|*da.
B21 R Jicpei<r

The term near the origin must be treated as the magnetic potential. We consider
separately the cases n = 3 and n > 4. For the n = 3, due to the singularity
assumption, namely |V (z)| < C/|z|?, |z| < 1, we get

221'“/ |Vu|2dx§CZ2j/ WV 2uf2de

§<0 C(j) §<0 C(j)
2
<C 2j<a+3>2—j<a+2>/ Jul®
;0 o) 1=*
=N 9ilat+3-27) / lu|?da
]Z:O 27 (a+2) cl)

1
<C (sup W/| lul?do g () >Z2J(O‘+3 )

Rs1 i

1
< C'sup Tat1 /lz—R lu|?dor(z),

R<1



12 ANDONI GARCIA
whenever a + 3 — 2y > 0. This, together with o < 2/(n + 1) leads us to

2—3<o<<i<:> <ﬂ
7 n+1 TS ot 1)

Hence, we can bound this term as
1
|Vul|*dz < C sup / |u|?dor(z).
R lz|=R

2.24 9i+1 / -
( ) Z <1 Ra+1

§<0 C(@j) <
When n > 4 we have

Z2j+1/

Vu|?dz < csz/ V|2 |ulda
: ,

<0 C@ §<0 C()
2
=¢ lz|<1 |x|Tf1+2|$|a+3_2vdx
|uf®
<C dx,
<1 |2[oT2
provided a4+ 3 — 2 > 0. As above we obtain
: |ul?
(2.25) 27“/ [Vul?dz < C x.
J; cl) zj<1 || F?

Therefore, from (2.22)), (2.23) and (2.24), we get for n = 3

1 1
(2.26) N(Vu)?> <C | sup TH/ lul*dor(z) + sup —/ lu|?dx | ,
R<1 RO Jig)=r r>1 B Jicjoi<r

and for n > 4, from (2.22), (2.23)) and (2.25)), it holds

2 1
2.27 NVu)?<C / [l dx + sup f/ ul?dx | .
o . ( e T TR R S

From (2.13)), (2.15), (2.20) and (2.26]), for n = 3 and from (2.13)), (2.15)), (2.21)) and

(2.27) for n > 4, we get that whenever n%_l < % — é, we can estimate as follows

(2.28)

[l Loy = (A + (1 £ €)' (f + 2iA - Vau — [APu = V) || paeny
< C(N(f) + N(2iA -V au) + N(|A]Pu) + N(Vu))

— 1/2 . 1/2
<CN(f)+Cy / [Vaul dx + sup—/ |V aul*dz
wl<1 |z]® r>1 R Ji<jz|<r
X 1/2 X 1/2
+x(n) | sup —— ul*dog(x + | su —/ ul?dx
\ ><R§ el R >> <R£ L )

1/2
U 2
(1 x(n) ( /| N |'|de> ,

where y(n) was defined in (1.27)).
Now we remind the a priori estimate given by Theorem which ensures that,

under the assumptions (1.22))-(1.24), (L.25)) for n > 3, and (1.22)-(1.24)), (1.26] for
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n = 3, there exists a constant C, such that the following holds

V qul? 1
e20) P+ 1vaul+ [ T aesup 2 pupdon(o)
lz[<1 || r>0 B? Jjz=R
_ |ul? 2
w1 —xm) [ M ar < ongrp,
o [olP

where y(n) was defined in (L.27).
Remark 2.2. The constant C' in depends uniformly in .
Remark 2.3. Since o < 1, the terms containing « in are always smaller than
the corresponding ones in .
Then, from , and Remark we get
(2.30) [ullLagny < CN(f).

Consequently, we get the desired estimate.
Step 2. By applying duality to the last estimate, we get that if %H <

(2.31) lull < Cllfllze @m)

Remark 2.4. The adjoint operator is the one corresponding to Fe. Since we can do
the same argument for both signs, all the computations are justified.

Step 3. This is the final step in the proof. As we said in the introduction the main
difficulty will be to handle the first order term given by A -V 4u, since there are no
LP-L9 estimates for the gradient of the solution of the free Helmholtz equation. In
the analysis we will consider ||V aul|, being this norm controlled in Ag(n).

We have that, if (1, 1) € A(n) such that 2= < 1 -1 from the LP-L? estimates
p’q n+1 2 q

for the solution of the free equation, namely (1.19), given in Theorem and
proceeding as in the Step 1 for the terms 2iA4 - V qu, |A|?>u and Vu, we get

ullparny = [[(A 4+ (1 £ i€) 7 (f + 26A - Vau — [A]Pu + V)| paen)
< C||fllpe ey + C1(N(2iA - V qu) + N(|APw) + N(Vu)),

where C' and C7 do not depend on e.
Let us remind that, for the term N(2iA - V 4u), it holds for n > 3,

2
N(2iA-Vau)> < C (/ [Vaul dx + sup L |VAu|2dx> .
\

o<1 |@]® rx1 B Ji<pzi<r

Concerning the term N (|A|?u), we have for n = 3

1 1
N(|A]Pu)? < C | su 7/ ul?dog(z) 4 sup — ul?dz |,
(JAFu)” < SUP ot \o;|:R‘ “dor(x) S R 1g|z|gR| |

and for n > 4,

§ 1
N(JA]Pu)? < C / [ul dm—l—sup—/ ul?dx | .
(1APw) (W perde ey [

Finally, for the term N(Vu), we get for n = 3

1 1
NVu)?2<C|su 7/ ul?dog(z) + sup — ul?dz ,
(Vu) <R§ Rt |m‘:RI |*dor(x) S R ISMRI |

and for n > 4,

Juf?

1
N(WVuw?<C / 7dx—|—sup—/ ul?dz | .
(V) ( ej<1 7|12 r>1 R 1§|x\§R| |
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Hence, we have that

lull Larny = (A + (1 i) 7 (f + 204 Vau — [APu — V)| agn)

IV 4uf? 1/2 1 1/2
< Ol fllzemny + Ch / AZ dx + | sup = / |V au|?dz
el<1 || r>1 R Ji<izi<r

) 1/2 ) 1/2
+x(n) | su 7/ ul?dog(z + | su —/ ul?dz
X( )<R<13 Tt MZR\ "dor( )) <R>I;R 1S|$|SR| |

Finally, we conclude that if « is solution of (2.8]), by applying (2.31)) we have that
if (1%, %) € Ag(n) we conclude

(2.32)

IV auf? 1/2 1 1/2
< O fll o) + € / A0 4 (sup L / IV aulde
o<t |7l r>1 R Jicjsi<r

. 1/2 2 1/2
U

+x(n) [ sup —— ul?dop(z + (1 —x(n / dx

X ><R§i ot | o >> (1 >>< - )

We have to bound the remaining factors in in terms of the LP norm of f.
This will be done in two parts. During the discussion we will distinguish between
the terms related with the behaviour of the solution u near the origin and those
ones related with the behaviour at infinity. Therefore, we consider separately the
cases R <1 and R > 1. Let us first proceed with the case R < 1.

Consider a radial function ¢ = ¢(|z]) € C§°(R™). By multiplying Helmholtz
equation by ¢ in the L?-sense and taking the resulting real parts it gives the
identity

1
(2.33) —/ cp|VAu|2d:E+f/ Acp|u|2dx+/ apV|u\2d:E+/ o|u?dz

=R foudz.
Rn

Then, we choose the appropriate multiplier ¢. Consider, for R < 1, op = nYg,
where 7 € C§°(R™) and g are defined respectively by

1 if |z <1
(2.34) n(x) = {0 ¢ :x: ; 2:
and
—= if 2| <R,
(2.35) Yr(z) = —ﬁ if R<|z| <1,

0 it |z| > 2.

where ao < 2/(n + 1).
Notice that g is continuous. Since R < 1 and this multiplier is chosen in order
to control the terms near the origin in (2.32), the interesting region is |z| < 1, and
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it is easy to compute that A(p R is given by
a(n — (a+2))
Apr(z) = Ra+1 ——70z|=R T FEE X{R<|z|<1}(Z).
By inserting g in (2.33)), we get

1 V aul?
e [ wapaes [ iy [ o s
R* Jp, R<|z|<1 || 1<|z|<2

o aln— (a+2)) |ul?
— lu|?dog(z) + ———22 —— —dx
2R+ /lac:R 2 R<lal<1 |T]*12

1 1
by [ Aenhuds<| [ pnfudel+ o [ ViluPds
2 <|z|<2 R™ R Br

V|ul? 1
+/ | ”a' dw+/ ItﬂRI\VHUIdeJrj/ |ul*da
R<|z|<1 |z| 1<|z|<2 R* Jp,

+ wdm + \ 2d
a erllul"dz.
R<|z|<1 7| 1<|z|<2

We are going to bound the terms appearing in the RHS of (2.36]). First, we consider
ﬁfBR |V ||u|>dz. Recall that |V (z)| < C/|z|", v < (3n +5)/2(n + 1), |z| < 1.
Therefore, we can proceed for n = 3 as follows

1 Vv 2 d
L Wi < / | "“' / L[ Wi (z)
R Br Br |z|=p

! 1
< / sup |z||V(z)|dp sup - / |u|?dor(z).
( 0 lzl=p 1R Jig=r

1
(2.37) zlVilLL_, zoe(s,) :/0 ‘Slllp |||V (z)|dp.
z|=p

This norm is obviously finite under the assumptions for V(z) in 7

1 L dp
lelVley sy = [ s lallVG@idp <€ [,

|z|=p

(2.36)

Let us denote by

The last integral is finite whenever v < 2. We have that
3n+95
2(n+1)

Consequently, we can ensure that for n = 3

1 2 1 2
e, VI S etV oo o gy [ done).

v Z dz. Proceeding as above, we get
|] ’

2 1
I i
R<|z|<1 ‘.’[| R P |z|=p

1
1
<( [ s allV@lds | sup s [ uPdon(a).
(0 jal=p LR g
Hence,

[V Jul? 1 / 2
de < |||z|V||p1 e sup —— ul“dogr(z).
/R<z|<1 || Il HLT“L (5r) r<1 RO IzI:R| | (@)

<2 <= n>1.

Now, we treat the term fR<|m|<1
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Let us now consider the case n > 4. We have that

1 V| |ul?
7/ |V|\u|2da:§/ WVl®
R> Jg, Bn |T|*
|ul?

u
< PV e oy / LI
(lz|<1) o<1 |x|a+2

Moreover

1122V [l qaf <1y = sup |2V (2)] < C sup |o[>77 = C
lz[<1 lz|<1

provided v < 2. We have that this condition holds, since v < (3n + 5)/2(n + 1).
Similarly, we get

Vjuf? ) uf?
dI’ S |||l" VHLoc <1 7di€
/R<|m<1 2] Gel<t) | TafoT

Now, we consider fR<‘r|<1 \‘z||“ dx. This can be bounded as follows. Let J € Z,
j <0 such that 27 < R < 27%1. We get
i1
Jul? / Jul® , /
——dzr =
/R<x§1 ||« J;SO folt)) |$|a Z 2 2“
1
< Csup —— / ul?dog(x).
R<1 Ra+1 \z|:R| | ( )

In the same way, we obtain

1 / 1 )
o lu|?dx < C’sup / |u|*dog(x)
R 1 RO 1 =r

We also have that

/ \<pRHV|\u|2da:+/ [orllufds < sup R/ luf2da.
1<|z|<2 1<|z|<2 1<|z|<R

The last term is the one which contains f. Let us apply Holder inequality to this
term, obtaining

(2.38) /]R lprfulde < | fllcellullzalleorllz,

whenever 1 =1/p+1/q+1/r.
We are going to consider the following subregion of A(n), for n > 3, which will
be crucial during the discussion. It is defined by

11 1 1 1 1 1 1
= — : < — — = < ——— 5.
Bo(n) {(p’q) € An) n+l " p 2°n4+17" 2 q}

Ag(n) is the solid triangle determined by the points @, Q" and Q" (See Figure [3).
Let us consider the point Q' € A(n) and apply Holder inequality when p and ¢ are
the coordinates of Q. The point @’ satisfies that

1 1 1 1 1 n+2

p 2 n+1 2 ¢ nn+1)
Therefore, the corresponding r in is given by

1 1 1 1 1 2

r (2‘q> B <p‘2> EEICER

Then, we have to compute ||¢gl||Lr, with r given above, under the assumption
R<1. If n—ar >0, we get

(2.39) lerllz- <

RnMor
—ar
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1q

FIGURE 3. Ag(n), n > 3.

So, in order to keep under control the factor n — ar in the denominator, we take
a < 2/(n+1). This choice of « justifies the allowed singularity for the potentials
A and V given by the (H1) assumption (See (2.7)). With this choice we have that

n—ar > 0.

Therefore, we have that, for the point @', the L™ norm of g is bounded from above
lerllz- <C.

Now, after taking supremum in , we get for the the point Q' in the 3-D case

|V aul? o 1 / 9
dr + — sup —— u|“dogr(x
|l‘|0‘ 2 Rgpl Ro+1 rl=R | | R( )

1 / 9
sup —— ul“dog(x
R<1 Ra+1 \z|:R ‘ | ( )

1 2
sup — |V aul dx—i—/
r<1 R /g |z|<1

S Clflleellullze + Culllz[Vilzr oo cs,)

1
+ Oy sup — / \u|2dax
r>1 B Jiciai<r

Therefore by making |||z|V|| 11

r<l1l

sup L/ |V au|?dz +/ |VAu‘2da: + sup L/ |u|*do g (z)
r<1 R Jpg ej<1 17 r<1 RO J 2R

1
<C (nfnmnunm o [ |u|2daz> .
Rzl 1<|z|<R

where p and ¢ are the coordinates of the point Q’.
Similarly, for n > 4 and observing that, since o < 1 we have that

Lo=(s,) small enough, we finally, we obtain for n = 3

an—(a+2)  an-23)
2 ~ 2 ’
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we get, after taking supremum in ([2.36)),

1 5 IV aul? a 1 2
sup — |V au|*dx + / dr + — sup —— |u|*dog(x)
r<1 R Jp, <1 |@|* RO+ Jip =R

2 g<1
a(n —3) |u|? , fu?
+ = |x|a+2dx < C| fllizellullze + Cill|lz]* V] Loo (o)< 1) U g
|z[<1

z|<1 |T|*F2
1 2
+ Cysup — |u|“dx.
r>1 B Jicpzi<r

As before if we take ||[z|?V|| po(jz)<1) sufficiently small , we get for n > 4

1 2 |VAU‘2 1 2
sup —— V aul“dx + / dx + sup —— ul“dog(x
r<1 R¢ BR| | i<t lz[® Ro+1 |w\:R| | ()

Ju? 1 .
4 / dz < C (1 flloo lull o + sup ful?de ),
lzj<1 |z +? r>1 B Jicpzi<r

where p and ¢ are the coordinates of the point Q’.

Now, we are going to deal with the case R > 1. Let us consider ¢ € C§°(R")
given by

0 if |z[ <3,

pr=9—-¢ if 1<|z[<R,

0 if |z|>2R

By inserting this function in (2.33)), we get

1
(240)(/‘ |¢RHVAude+——l/ \VAude+:/ oIV aul2de
1<]e|<1 R Jiciz<r R<|z|<2R

1
+ 5/ Apprlul?dr < |/ orfudr] —I—/ lor||V]||ul?dx
|z|<2R R™ I<|z|<1
l 2 2 2
t 3 [V u[*dz + ler||V|[|ul"dz + lpr||ul*dz
1<|z|<R R<|z|<2R I<|z|<1

1
+f/ |Wm+/ ol dz.
R 1<|z|<R R<|z|<2R

Some terms on the LHS of (2.40) are positive, so we discard them, obtaining the
following inequality

1

il auPdr<) [ enpadel+ [ JenlViiuPds
1<|z|<R R™ I<|z|<1

1

b [ WikPde [ jerlVilPde+ [ sl
1<|z|<R R<|z|<2R lojzl<1

1
+ L / 2z + / orllul?de.
R 1<|z|<R R<|z|<2R
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We treat the terms appearing on the RHS of the previous inequality. Since |V (x)| <
C/lx|*T#, |x| > 1, we can proceed as follows

1 V||ul?
(2.41) 7/ |V||u|2dx§/ Wl ;.
R Jicizi<r 1<|z|<R 2|

< CZQ—j(1+#)2—j/ |u|2dl‘

>0 C(j)

1 )
< C'| sup —/ ul*dx 2 3(1+m)
<R>1R 1§\z|§R| | Z

>0
1 2
< Csup = |u|“dx.
r>1 R Ji<z<r

Similarly, we have

1
[ lerlViPdr< g [ Vi
R<|z|<2R 1<|z|<2R

1
< C'sup —/ lul?dz.
r21 1 Ji<ja<n

Moreover
1
/ lor||V||u|?*dz < C sup —/ |u|?dz,
1<lel<t r>1 R Ji<ji<r
1
/ |goR|\u|2dx < Csup —/ |u|2dm,
1<]zI<1 r>1 R 1<|z|<R
1 / 2 1 2
- |u|*dz < sup —/ |u|“dx,
R Jicz<r r>1 R Jicjz<r
and
2 1 2
(2.42) orlufde < = juf?d
R<|z|<2R R Jicizi<2r

1
< C'sup —/ |u|2dx.
r>1 R Ji<pz1<r

Hence, after taking supremum in the LHS of ([2.40)), we obtain

1 1
sup — |V qul?dx < |/ wrfudz| 4+ C sup —/ lul?dz.
r21 1 Jicjzi<r R r>1 B Jicjei<r

As when we discussed the case R < 1, for the term containing f, we apply Holder
inequality and obtain

(2.43) / lorfalde < ||7]| e llullze lor o
R’n

whenever 1 =1/p+1/q+ 1/r.
Therefore, we have to compute ||¢g| - under the assumption R > 1. We get
the following
lerllL < CR™".
This term is bounded for R > 1 if
1 1 1
S T
p q T
So, vge have to find the region for p and ¢, for (I%, %) € Ag(n), where (2.44) are
satisfied.

(2.44)

=
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We have that (2.44]) holds if (3, =) € A, (n), where AOT(") is given by

11
p’q

The region Ag (n) is determined by the points (%, %) € Ap(n) under the diagonal

1/¢ =1 —1/p, including the points (%, %) in the duality line (See Figure .

1q

0 L N lp

FIGURE 4. Ay (n), n > 3.

Hence, if (%, %) € Ay (n), we can apply Holder inequality and we obtain
1 2 1 2
(2.45)  sup = |V au|*dz < C||f|lr|lv)|ze + C1sup = |u|*dx.
r>1 B Jicz)<r r>1 R Ji<iz)<r

Recall that we were able to apply Holder inequality for the case R < 1 if p and
q were the coordinates of the point Q. We are going to remind the results we
obtained. For n = 3, we got the following

1 |V aul? 1 9
2.46) sup —/ Vaul?dz + / dz + sup / u|*dor(z
( ) r<1 R* Jg, | | lz]<1 || r<1 ROl |a;\:R| | (=)

1
c (nfnmnum o [ |u2da:> .
R>1 1<|z|<R

and for n >4

1 |VA'UJ‘2 1 2
2.47) sup — V qul?dz +/ dx + su 7/ u|“dop(x
( ) RSFi Ro BR‘ | sl < ] RSIi Ro+1 Im\:R| |“dor(z)

|uf® 1 2
+/ de < C | || fllzellullLe + sup = ul|“dx | .
o<t 172 I r>1 R 1<|m|§R|

Now, we are going to apply all the obtained results in order to get the desired
estimate. From the analysis for the cases R < 1 and R > 1 we have that, for n > 3,
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from (2.45)), (2.46]) in the 3-D case, and from ([2.45)),(2.47)) for higher dimensions,
we can ensure that for the point @’ it holds

1
2

1
lullLa@ny < CllflLe@n) + C1 (IIvauHLq + sup E/ IUIde>
R>1 1<|z|<R

Then, we remind (2.31)). It verifies that, whenever %H <

lull < Cllf1Le@n)-
By using this inequality, we have that, for the point @Q’, it holds

[ull Lo rmy = I1(A + (1 £4€) 7 (f + 20A - Vau — |A]Pu — V)| pogen)
< Cllfllzr + Allullza + G fllzr-

for A, C(A\) > 0. We choose A sufficiently small and conclude the desired bound for
the point Q'

(2.48) lullLa@ny < CllfllLe@n)-

We also have that is true for the points in the segment QQ’, (see Figure
, since the coordinate p is the same for all that points, and the boundedness of
the solution when the coordinates p and ¢ belong to points in the segment QQ’ is
derived from the corresponding one for Q’.

Now, by duality, the same holds for the points in the segment QQ" and finally,

— % we have

=

by an interpolation argument, we have that, if (%, %) € Ag(n), we get the desired
bound

llull Lawry < CIfllLe@n)-
The proof is complete. i

We have that, due to the presence of the first order term associated to the gradi-
ent, the region where we prove the estimates for the solution of the electromagnetic
Helmholtz equation is smaller than the one valid in the free case. Therefore it is
natural to wonder if, whenever A = 0 (i.e., we deal with the Helmholtz equation
with electric potential), this region can be extended to the whole A(n). Therefore,
we will pass to consider the case of Helmholtz equation with electric potential V.
Logically, outside Ag(n), the assumed decay for V' will not be enough in order to
get the estimates.

In the following result we extend the boundedness of the solution to the whole
A(n). We obtain the next result.

Theorem 2.2. Let u € H(R™) be a solution of
(2.49) Au+ (1tic)u+V(x)u=f, in R", n>3, €e#£0.
Let V' satisfies assumptions (1.22)-(1.24)) for n > 3 in Theorem and suppose

that there exist positive constants C,~, 6 such that

S izl <1,
(2.50) V() <= N
Ik if |x| >1

where 7y and 0 satisfies for (l, %) € A(n)\ Ao(n),

p
1 2 1 1 1 1 1 1
(251) Jlptmian— Gy m<a Ty <w
‘ L [FAIRSS (S5 S ) G NS S P i
2 n+1 p 2 ’ 2n p 2 n+17
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1 2 11 1 11

(2.52) 5ozt G- m<s—i<mm

' S L e
2 n+1 p 2 ’ 2n P 2 n+1

Then, there exists a constant C, independent of €, such that

(2.53) llull Larry < Cllflle@n)-

Proof. As for the proof of Theorem this will be divided in three steps. The
first two steps are the same, so we will skip them. The main difference appears in
Step 3.

Remark 2.5. As we have seen in Theorem for (%, %) € Ap(n), the short-range
decay assumptions for the electric potential V' and the magnetic potential A are
sufficient in order to prove the LP-L? estimates. As we will see, outside this region,
more decay for the electric potential V' potential is needed.

Step 3. Now let us consider ( ,q) € A(n) such that 1 <z3—37< nT—l Then,

from Theorem [1.1{and observing that, since the dual estlmate of in Theorem
can not be applied for the perturbative term Vu because we are outside the
allowed range for ¢, we conclude that the L? norm of the solution of the equation
(2.49)) can be bounded as follows

(2.54) [l ageny = (A + (1 £ €))7 (f = V) || Larn)
< CIf llr®ny + IV ull Loy ge))-
where C' does not depend on e.
Here p; is given by

1 12 1<1 1< 1
ppr g n+1l 2n "2 ¢ n+l’

We have taken the point p; being in the line 1/p; —1/¢ = 2/(n + 1) since we want
to require the smallest decay at infinity for V.

In order to give the necessary conditions that must satisfy the electric potential,
namely, the admissible singularity at the origin and the decay at infinity, we analyze
separately the LP* norm of Vu.

We have that
/ |[VulPrde = Z/ |VulPrdx
|z|<1

3<0

where, C(j) was the annulus given by
O(j) ={r e R" : 27 < [af <2771},

Therefore, if |V (z)| < C/[z|7, |z| < 1, we get

/ |[VulPrde = Z/ |[Vu|Prde < C’Z/
lz]<1 c@)

3<0 j<0 C(7)

|$|7

Now, we apply Holder inequality for

(2.55) 1_1+ 22 1 1 +1_1+1
' p g n+1l n+1l 2 q N ’
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and we obtain the following.

porgielt) o \% Jey o@) (27)072)r
(W J dx) [
r<1 R i<o \/CW) (27)0=2)r

1

1
1 2 dx "

Vallorgaien <€ (sw o [ uPae) S [ S
1Vellnetsn (fzuPR/BR “ x> ( () (2j)(”_2)r>

7<0

(sup R/ |l da:) (2j)%_(7_%
R<1 i<

(2.56) ~ (=35>0,

P1
7‘

\%‘l7

Then, we have that

Hence, by imposing

we get that

1
1 3
V|l pe (2 <C{su —/ u2dx) .
Vil goin <€ (s [ 1
Remind that, from (2.55))
12 11
r n+1 2 q/)°

Therefore, (2.56) is satisfied whenever

1 2 1 1
2.57 = = -,
(2.57) vezenf{Zi-G-0)
Now, we proceed with the term ||Vul| e (z/>1). We have that

/| o [VulPrde = Z/ |Vu|Prde.

j>0

Now, since |V (z)| < C/|z|?, |z| > 1, we get

/ o |[VulPrde = Z/ [VulPrdae < CZ/

>0 §>07C0)

|l‘|5

As before, if we apply Holder inequality with the exponents

1 1 2 2 11\ 1 1 1
+()++ ,

pr ¢ n+l n+l 2 q 2 r 2
we obtain
L P1
1 dx "
dx < C 7/ |u|2dx> </ >
;o/ oG W ; <23 () o) (29)072)r

P1

1 H d o
X

< C | sup —/ ul?dz / _ .

<R>1R 1<|w\§R| | Z c@) (27)0=2r

j=0
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Hence, it holds

) 3 i %
Vullre <(C|su —/ ul?dx / — T
[VullLer (jo)>1) < <R>Ii R 1<|w\SR‘ | > Z ( c6) (23)(67%)7’

j=0
]. 2 son 1
< C'|[ sup —/ u|2dx> Z(QJ)?*(‘s*E).
<R>1 R Jicizi<r =
Then, if we assume that
n 1
2. ——(6—-=
(259) " G-g<o,

we have that

N

1
Vullzer (z21) < C <Sup E/ u|2das>
R>1 1<|z|<R

This is satisfied if
1 2 1 1
2. 0> = —— (=) 7.
(2.59) >2+n{n+1 (2 q)}
Now, from (2.54) and under the assumptions (2.57) and (2.59) for V(x), we

conclude
]l pagrny = [|(A + (1 £i€) " (f = Vo) || pa(iny
< C(If Loy + IVal o ary)

1
1 , o \? 1 .\’
<O fllrny + { sup — lul*dz ) + [ sup = |u|dx
r<1 R Jp, r>1 R Jicz<r

Finally, reminding that |Ju|| is still bounded for (l l) € A(n) such that 5 <

p’q
% — L <« L we can conclude the final estimate
q n+1’

[ull Laeny < Clf Il @n)-

Now, by applying duality we have that the result is true whenever (%, %) € A(n)
1 11 1 .
such that 5- < 2 < ayt This ends the proof. O

Remark 2.6. Notice that the necessary decay for V' given by § in (2.59)) grows as we
approach the upper frontier of A(n) (See line segment AB in Figure [4). However,
we can always take for |z| > 1, |V (z)| < C/|z]|*, a < 2, where C' is not necessarily
small.
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