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ON THE ELECTROSTATIC BORN-INFELD EQUATION
WITH EXTENDED CHARGES

DENIS BONHEURE, PIETRO D’AVENIA, AND ALESSIO POMPONIO

ABSTRACT. In this paper, we deal with the electrostatic Born-Infeld equation

. V¢ . N

—div| ——— | = in RY,

(BT) (\/1 - IV¢2> g
lim ¢(z) =0,

|z|—o00
where p is an assigned extended charge density. We are interested in the existence and uniqueness
of the potential ¢ and finiteness of the energy of the electrostatic field —V¢. We first relax the
problem and treat it with the direct method of the Calculus of Variations for a broad class of
charge densities. Assuming p is radially distributed, we recover the weak formulation of (BZ) and
the regularity of the solution of the Poisson equation (under the same smootheness assumptions).
In the case of a locally bounded charge, we also recover the weak formulation without assuming
any symmetry. The solution is even classical if p is smooth. Then we analyze the case where
the density p is a superposition of point charges and discuss the results in [17]. Other models
are discussed, as for instance a system arising from the coupling of the nonlinear Klein-Gordon
equation with the Born-Infeld theory.
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1. INTRODUCTION

Classically, the relation between matter and electromagnetic field in the space-time R xR? can be
interpreted from two opposite points of view. Following a unitarian approach, we can consider the
electromagnetic field as the unique physical entity and the matter is then given by the singularities
of the field. Conversely, according to a dualistic standpoint, field and particle are two different
entities: even if the particles generate the field and interact with it, they are not a part of the field.
In the dualistic approach, however, according to the original Maxwell theory of electromagnetism,
there is the so called infinity problem associated with a point charge source [8,13]. More precisely,
choosing suitably the physical constants, the classical Maxwell equations for the electrostatic case
in the vacuum are

V xE =0,
(1.2) divE = p,

where E is the electric field and p is the charge density. Since Equation (1.1) implies E = —V¢,
Equation (1.2) yields the Poisson equation

(1.3) —A¢p =p.
Therefore, if p = J, the solution of (1.3) is ¢(z) = 1/(4x|z|), but its energy is

1 1
7—[:/ |E[? d$:/ |Vo|? da = 4o0.
2 R3 2 R3

When p € L'(R3), which is another relevant physical case, we cannot say, in general, that (1.3)
admits a solution with finite energy (see e.g. [15] for a counterexample). In fact, it is easily seen
from the Gagliardo-Nirenberg-Sobolev inequality, see e.g. [21], that the mathematical assumption
which implies the finiteness of the energy is p € L%/ °(R3). This hypothesis does not cover all
relevant physical cases.

Maxwell’s equations are variational by which we mean that they can be derived as the Euler
equations of a Lagrangian. To avoid the violation of the principle of finiteness, Max Born proposed
a nonlinear theory [5,6] starting from a modification of Maxwell’s Lagrangian density. This theory
is built on in analogy with Einstein’s mechanics of special relativity. Indeed, one passes from
Newton’s mechanics to Einstein’s mechanics by replacing the action function Ly = %va with
Ly = mc?(1 — /1 —v2/c?) as this last expression is one of the simplest which is real only when
v < ¢ and gives the classical formulation in the limit of small velocities. By analogy, starting from
Maxwell’s Lagrangian density in the vacuum

F P
4 )
where F,, = 0,A,—0,A,, (Ao, A1, Az, A3) = (¢, —A) is the electromagnetic potential, (zg, z1, x2, x3) =

t,x) and 9; denotes the partial derivative with respect to x;, Born introduced the new Lagrangian
J J
density

(1.4) Ly =

E,, Frv

2
(15) £B =b (1 — 1+ 2b2> — det(g,ﬂ/),

where b is a constant having the dimensions of e/r%, e and ry being respectively the charge and
the effective radius of the electron. In this last formula, g, is the Minkowski metric tensor
with signature (+ — ——). Since Born’s action, as well as Maxwell’s action, is invariant only for
the Lorentz group of transformations (orthogonal transformations), some months later, Born and
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Infeld introduced a modified version of the Lagrangian density

(1.6) Ly = b (, [~ det(g,) — \/_ det <gW + Fg”)) ,

whose integral is now invariant for general transformations [7,8]. Since the electromagnetic field
(E,B) is given by

B=VxA and E=-V¢—0A,
(1.4), (1.5) and (1.6) can be written respectively as

_|EP =B _ 2 ¢ [E[* — BJ?
Ly = 5 , Lg=b[1 1 72

_ 2 [E*? - B[* (E-B)
Lr=0b <1—\/1— 12 — bl .

In the electrostatic case, in which we are interested in this paper, we infer that

2
EBZEBIZb2<1—\/ —‘?‘)

As emphasized above, we recover Newton’s classical mechanics from Einstein’s special relativity
for small velocities or when ¢ — 400. The same holds true with Born-Infeld formulation of
electromagnetism: if b — 400 or for electromagnetic fields having small intensities, both L£p and
Lp1 reduce to Maxwell’s Lagrangian density L.

In presence of a charge density p, we formally get the equation

and

(L.7) Cdiv (0=,
VI=VoP/P
which replaces the Poisson equation (1.3). This equation can also be obtained observing that the
Born-Infeld theory distinguishes between the electric field E and the electric induction D: the field
D satisfies
(1.8) divD =p
and the fields E and D are related by
B
V1= (E|/b)?

Substituting (1.9) in (1.8), we recover (1.7). Finite energy point particle solutions with d-function
sources have been called Blons (see for example [16]). When p = 4, one can easily explicitly
compute the solution, see for example [24].

(1.9) D=

From now on, for simplicity and without loss of generality, we fix b = 1. It is worth mentioning
that the operator (J—, defined as

] (v
. — —div|[ —22 |,
(1.10) Q(9) ( — ¢\2>

also naturally appears in string theory, in particular in the study of D-branes (see e.g. [16]) and, in
classical relativity, where ()~ represents the mean curvature operator in Lorentz-Minkowski space,
see for instance [3,9]. In this last context, the following definition is standard.

Definition 1.1. Let ¢ € C%Y(Q), with Q@ C RYN. We say that ¢ is
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e weakly spacelike if |[Vo| < 1 a.e. in Q;
e spacelike |¢(z) — ¢(y)| < |x — y| whenever x,y € Q, x # y and the line segment Ty C Q;
e strictly spacelike if ¢ is spacelike, ¢ € C1(Q) and |[Vo| < 1 in Q.

Our motivation in this paper is to study rigorously the boundary value problem

. Vo _ . N
- div (W) =p in R%Y,
Jim_o(r) =0,
for general non-trivial charge distributions. Assuming N > 3, we work in the functional space
(1.11) X =D RY) N {p € C¥'RY) | Vol < 1},
equipped with the norm defined by

1/2
lolle = ( [ 190 a) "

More properties of this space are given in Section 2.1. We recall that DV2(RY) is the completion
of C°(RY) with respect to above norm and we anticipate that X*, the dual space of X, contains
Radon measures as for instance superpositions of point charges or LI(RN ) densities.

For a p € X*, weak solutions are understood in the following sense.

Definition 1.2. A weak solution of (BI) is a function ¢, € X such that for all 1) € X, we have

Vo, Vi
N /1 —|Ve,l?
where (, ) denotes the duality pairing between X* and X .

(1.12) dz = (p,v),

Observe that the boundary condition at infinity is encoded in the functional space. We also
emphasize that if p is a distribution, the weak formulation of (1.12) extends to any test function
¥ € CP(RY).

As Born-Infeld equation is formally the Euler equation of the action functional I : X — R
defined by

(113) 16)= [ (1= VI=IVoP)ds — p.6)

we expect that one can derive existence and uniqueness of the solution from a variational principle.
Furthermore, since I is bounded from below in X and strictly convex, one can look for the solution
as the minimizer of I in X by the direct methods of the Calculus of Variations. However, one needs
to pay attention to the lack of regularity of the functional when ||V¢| = 1. Hence, as in convex
optimization or in the Calculus of Variations for non smooth functionals (see for example [12,26]),
it is natural to relax the notion of critical point: more precisely we say that ¢, € X is a critical
point in weak sense for the functional I if 0 belongs to the subdifferential of I at ¢, (see Definition
2.4), which, in our case, simply amounts to ask that ¢, is a minimum for the functional I, see
Remark 2.5. We refer to Subsection 2.1 for more details.

We first prove (see Subsection 2.1) existence and uniqueness for the relaxed problem.

Theorem 1.3. For any p € X, there exists a unique ¢, which minimizes I. This is the unique
critical point in weak sense of the functional I.
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Up to our knowledge, it is not known in the literature whether the weak formulation (1.12)
holds or not for critical point in weak sense under the mere assumption p € X*. This question
has motivated several publications in the past years. In [15], the authors deal with the second
order expansion of the non smooth part of the functional, assuming p € L'(RY), see Subsection
5.1. In [17], the author considers the special case p = 47 Zle a;0z,, however there is a gap in the
proof, see Section 4 for more details.

The first case in which we can deduce the weak formulation is when p € X* is a radially
distributed charge, see Section 3 for the precise statement.

Theorem 1.4. If p € X* is radially distributed, then there exists a unique (radial) weak solution
¢, € X of (BI).

Under stronger assumptions on p, still assuming radial symmetry of the source, we investigate
the regularity of the solution and we partially recover the regularity of Poisson equation, for which
we refer to [21], (see Theorem 3.2).

In the same Section 3, without symmetry assumptions, we consider the case of locally bounded
source.

Theorem 1.5. If p € L (RY) N X*, then ¢, is a (locally strictly) space-like weak solution of
(BI).

The case of a superposition of charges, namely

k
p= Z aifsxiu
i=1

where a; € R and 2; € RV, for i = 1,...,k, k € Ny, is studied in Section 4. We first identify,
as in [17], the possible singular points of the solutions. Basically, the minimum ¢, of I is always
strictly spacelike on RY \ T, where

I'= U TiZj.

i#]
We then prove that the minimizer is a distributional solution away from the charges and if the
intensities are small or if the charges are sufficiently far away from each other, then ¢, is strictly
spacelike on RV \ {x1,..., 23} and singular only and exactly at the location of the charges, i.e.

dim [Voy(z)] =1.
Theorem 1.6. Assume p = Zle a;dy,, where a; € R and x; € RN, foralli=1,...,k. Then ®p

is a distributional solution of the Euler-Lagrange equation in RN\ {x1,...,zx}. Namely, for every
(S CgO(RN \{z1,...,2}), we have

Vo, Vi
N /11— ‘V¢p|2

It is a classical solution of the equation in RN \ T, namely ¢, € C*°(RN \T) and

—div <W> =0
V1=1Ve?

in the classical sense in RV \ T'. Moreover,
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(1) for any fived x; € RN, i =1,... .k, there exists 0 = o(x1,...,x1) > 0 such that if

max |a;| < o,
i k

i=1,...,

then ¢, is a classical solution in RN \ {z1,...,21};
(2) for any a; € R, i =1,...,k, there exists T = 7(a1,...,ar) > 0 such that if

min Ti—Tj|>T
ij="1,eensk, i;éj' il >
then ¢, is a classical solution in RN \ {z1,..., 21}

In these last cases, ¢, € C°(RN \ {x1,...,zx}), it is strictly spacelike on RN \ {x1,...,zx} and

Tim [V6,(2)] = 1.

Moreover, in some cases, even if we do not know that minimum ¢, of the functional I is
actually a weak solution of (BZ), we can say that it is the limit of solutions of approximated
problems obtained by modifying the differential operator or mollifying the charge density. This is
the concern of Section 5.

We conclude in Section 6 by additional results and comments. In particular, we mention how
our method completes some previous studies [10,23,28,29] of a field, governed by the nonlinear
Klein-Gordon equation, coupled with the electromagnetic field whose Lagrangian density is given
by (1.5) or (1.6), by means of the Weil covariant derivatives.

We finally mention that the operator Q~ has been studied in other situations by many authors
in the recent years. We refer to [2,4] for some results in RV and to [22] which provides further
references for boundary value problems in a bounded domain. In particular Bartnik and Simon
have been among the first to deal with this type of differential operator and some of the ideas
from [3] are fundamental in our arguments. Observe that the results of Bartnik and Simon have
been used to deal with the Dirichlet problem in bounded or unbounded domains, see [18-20],
assuming the existence of prescribed singularities inside the domain. The results therein can be
used for a superposition of charges, if the intensities of the charges are sufficiently small, but they
are restricted to domains with boundary and with a given Dirichlet condition.

We close the introduction with some notations: C' denotes a generic positive constants which
can change from line to line, By is the ball centered in 0 with radius R > 0 and wy denotes the
measure of the (N — 1)-dimensional unitarian sphere. For every 1 < p < N, p* is the critical
Sobolev exponent in the Sobolev inequality, namely p* = Np/(N — p).

Acknowledgement. This work has been partially carried out during a stay of P.D. and A.P. in
Bruxelles. They would like to express their deep gratitude to the Département de Mathématique,
Université libre de Bruxelles, for the support and warm hospitality. D.B. acknowledge the support
of INDAM for his visits at the Politecnico di Bari where parts of this work have been achieved.

2. A RELAXED FORMULATION VIA NONSMOOTH ANALYSIS

This section is devoted to the proof of Theorem 1.3 and to useful properties of the minimum
¢,. We start with the functional setting and we recall some well-known facts from convex analysis
and non smooth critical point theory.
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2.1. Functional setting and the existence of the critical point in weak sense. We start
with some properties of the ambient space X defined in (1.11). The proof follows from standard
arguments that we give for completeness.

Lemma 2.1. The following assertions hold:
(i) X is continuously embedded in WHP(RN), for all p € [2%,00);
(i) X is continuously embedded in L>(RN);
(ii) if ¢ € X, then limy_,o ¢() = 0;
(iv) X is weakly closed;
(v) if (pn)n C X is bounded, there exists ¢ € X such that, up to a subsequence, ¢, — ¢ weakly
in X and uniformly on compact sets.

Proof. By definition, if ¢ € X, then for every ¢ > 2, we have |V¢| € LI(RY) whence ¢ € L4 (RY)
for ¢ € [2,N) by Sobolev inequality. Hence ¢ € W1P(RY) for p > 2*. The continuity of the
imbedding is clear and then the proof of assertion () is complete.
Assertions (ii) and (7i7) are direct consequences of (i), Morrey-Sobolev inequality.
As regards (iv), since X is convex, it is sufficient to show that X is closed with respect to the
strong topology. Take (¢y,), C X such that ¢, — ¢ in X. Then we have

[P () = dn(y)| < |2 —yl,

for all z,y € RV. Since ¢, — ¢ uniformly in R by (ii), we conclude that |Vl < 1. We
finally prove (v). Since (¢y, ), is a bounded sequence in DV2(RY), it contains a weakly converging
subsequence that we still denote by (¢,,),. By (iv), the weak limit ¢ belongs to X and by Ascoli-
Arzela Theorem, the convergence is uniform on compact sets. O

We now give some properties of the functional I. The simple inequality
1
(2.1) §t<1—\/1—t<t, for all t € [0, 1]
will be useful.

Lemma 2.2. The functional I : X — R is
(i) bounded from below,

(ii) coercive,

(iii) continuous,

(iv) strictly convez,

(v) weakly lower semi-continuous.

Proof. Using (2.1), we infer that

1
1(¢) > §||V¢||% = [lpllx+ [Vl
for every ¢ € X and this yields (i) and (i7). As regards (iii), we only need to prove that J : X — R,

defined by
10 = [ (1= VI=VaP)da.

is continuous. To this end, we consider a sequence (¢y), C X that converges to ¢ in X'. Then,
up to a subsequence, V¢, — V¢ a.e. in RV and there exists w € Ll(]RN) such that |V¢,|? < w,
IV¢|? < w a.e. in RN, Thus, by (2.1),

|1 = VI=IV6aP) = (1 = VI= V9P| < Vol + Vo] < 20

and then, by Lebesgue’s Dominated Convergence Theorem we have that J(¢,) — J(¢). It is
straightforward to check that the convergence holds for the whole sequence.
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The strict convexity of J follows from the strict convexity of the real function y € B} — 1 —
1 — |y|2. Since J is continuous and convex whereas p is continuous with respect to the weak
convergence, the weak lower semi-continuity holds. g

As a consequence of the previous properties, we get the existence of a unique minimizer.
Proposition 2.3. The infimum m = infycx 1(¢) is achieved by a unique ¢, € X\ {0}.

Proof. The existence and uniqueness follow from Lemma 2.2. Therefore, we only have to show
that ¢, is nontrivial or equivalently that m < 0. Taking ¢ € X such that (p, ) > 0, we compute

I(te) < *[Vél3 —tp,6) <0,
for ¢ > 0 small enough, whence m < 0. O
We now recall some classical definitions from convex analysis, see [26].

Definition 2.4. Let X be a real Banach space and ¥ : X — (—o0,+0o0] be a convex lower
semicontinuous function. Let D(¥) = {u € X | ¥(u) < 400} be the effective domain of ¥. For
u € D(V), the set

0V(u) ={u" € X" |¥(v) —¥(u) > (u*,v—u), Yv e X}

1s called the subdifferential of ¥ at u. If, moreover, we consider a functional I = V¥ + &, with ¥
as above and ® € C1(X,R), then u € D(V) is said to be critical in weak sense if —®'(u) € U (u),
that is

(@ (u),v —u) + ¥(v) — ¥(u) >0, Vv € X.

Remark 2.5. Observe that, according to the previous definition, ¢, is a critical point in weak
sense for the functional I if and only if, for any ¢ € X we get

L (= VimweP)aa = [ (1=/1=1Va,2)d > (p.6 = 6

which is simply equivalent to requiring that ¢, is a minimum for I.
Proposition 2.3 and Remark 2.5 leads easily to Theorem 1.3.

2.2. Further properties. Here we present some properties that are useful in the sequel. We
start by recalling the convexity of the functional implies that weak solutions are minimizers and
therefore we deduce the uniqueness of the weak solution (if any). As before, for p € X*, we denote
the unique minimizer of I in X by ¢,.

Proposition 2.6. Assume p € X*. If ¢ € X is a weak solution of (BL), then ¢ = ¢,.

Proof. If ¢ € X satisfies (1.12), it is easy to see that |[V¢(z)| < 1 for a.e. z € RV, By convexity,
we get

(2.2) 1— /1= |Vép(@)2 = 1—/1— V()] + Vo(x) - (Vop(z) — V()

1—[Ve(x))?
for a.e. x € RN. Moreover, again since ¢ satisfies (1.12), we have
Vg|? Vo -V,
2.3 / ——dz — ————dx = (p, — ¢,).
2 S A SV A

Combining (2.2) and (2.3), we conclude that I(¢,) > I(¢). Uniqueness of the minimizer ¢, of I
in X leads to the conclusion. g
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Proposition 2.6 relies on the fact that weak solutions are minimizers. Actually, the fact that
the weak solutions of (BZ) with Dirichlet boundary conditions on bounded domains with regular
sources are unique minimizers of I, was already known in [3].

A question now arises naturally: does the reverse statement hold? Namely, is it true that the
unique minimizer ¢, is always a weak solution of (BZ)? We are not able to answer this question
in its full generality but we conjecture a positive answer and the following statement goes in that
direction.

Proposition 2.7. Assume p € X* and let ¢, be the unique minimizer of I in X. Then
E={zecR"||V¢,| =1}

is a null set (with respect to Lebesgue measure) and the function ¢, satisfies

Vo, l?
2.4 ———dx < {p,P,).
(2.4 T <)
Moreover, for all ¢ € X, we have the variational inequality
|V¢p’2 v¢p ' Vq/)
(2.5) / ————dzr — —L———dx < (p,p, — V).
Y /1= [V,[? By /1= [Vg,[? )

Proof. Since for every t € [0,1] and ¢ € X, ¢y = ¢, + t(¢p — ¢,) € X, we have I(¢p,) < I(¢1),
namely

20) [ (1-i-Va@p)ds- [ (1= VIZNa@P)ds < tp.o, - v)
RN RN
In the particular case 1 = 0, we have

/ VIOV, VI-V,P v2—1

t
dr + Y2 _2|E| < (p,
: v+ YN < (0. 6)

for all t € (0, 1]. Since both terms in the left hand side are nonnegative, we infer that |E| = 0 and
moreover

(2 - 1)V,
BV /1= [V,|2+ /1 - (1 -1)2[Vg,|?
By Fatou’s Lemma, letting ¢ go to zero, we get (2.4) and therefore
[Vo,|*
V11V,
Considering now ¢ # 0 in (2.6), as |E| = 0, we deduce that
/ (2—t)|Vo,|> —2(1 — 1)V, - Vb — t| V|2
RN VI=IV@? 4+ /1= [Vey|?
Aiming to apply Lebesgue’s Dominated Convergence Theorem in (2.8), we first notice that
(2—1t)|Vo,|> —2(1 =)V, - Vb — t|Vy|?

< C( L N\ )
\/1 - ’v¢p‘2 + \/1 - |V¢t‘2 \/1 - ‘v¢p|2 \/1 - ’V@)‘Q

The first term of the right hand side is L'(R") by (2.7). To estimate the second one, we observe
that

d:E < <p7 ¢p>

(2.7) e L'(RY).

(2.8) dz < (p, ¢p — V).

2
A, /1 =V, RN
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and ) )
VO V6l
AG 1 - ’V‘z’p‘g RN /1 — |V¢p|2
where we have set A, := {z € RV | [V¢,| < 1/2}. Since we are now allowed to take the limit as
t — 0% in (2.8), we get (2.5). O
Remark 2.8. If ¢, satisfies further
Vo,|°
then, by (2.5), it is easy to see that ¢, is a weak solution of (BI).

dx = <p7 ¢p>a

Remark 2.9. It is clear from the proof of Proposition 2.7 that it is enough to assume 1 € D?(RN)
together with V| € L®(RN) to get
Vo,V
7@) ¥ 5 dx
The next lemma states a useful convergence to prove Theorem 1.4.

Lemma 2.10. Assume p € X* and let ¢, be the unique minimizer of I in X. If (), C DV2(RY)
is such that ||V, |lee < C for some C > 0 and 1, — 1 in DVY2(RYN) then, up to a subsequence,

e R.

lim/ NOp VU0 g [ N VY
n=o0 Jry /1= [Vy|? RV /1= [V,|?

Proof. Keeping the notation 4, = {x € RN | |[V¢,| < 1/2}, we have

V¢p . (V¢n - Vw) ( ) )1/2 < ) ) >1/2
A, J1-|Ve,? dr < C /RN\VCM dx /RN IV (¢, — )| dx

whereas, on A,

v¢p ) (an — Vw) ’V¢p‘2

V1=1Vo,l? VIV 2

2
IV¢P’ eLl(RN)7

V1—=|Vo,|?

we can apply Lebesgue’s Dominated Convergence Theorem on Af so that the conclusion follows.
O

<C

Recalling that

In the spirit of [3, Lemma 1.2}, we next provide a monotonicity property of the map p € X* = ¢,,
where ¢, is the unique minimum associated to p. We first order the elements of X'*.

Definition 2.11. Let p1,p2 € X*. We say that p1 < pe, if we have (p1,9) < (p2,p) for any
w e X with p 2 0.

The next lemma is a comparison principle for minimizers.
Lemma 2.12. If p1, p2 € X* are such that p1 < pa, then ¢p, (¥) < ¢py(z) for all z € RV,

Proof. Let ¢; = ¢,,. Suppose by contradiction that the open set QF := {z € RV | ¢1(z) > ¢a(z)}
is non-empty. Of course, by continuity, we have ¢1 = ¢ on 90QF. We define O~ := RV \ QF,
which may be the empty set and we introduce the functionals Iy, I : X — R, where

1@ = [ (1= VIZIVoP) dz — (p..0)
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We also fix the notation

Let

and

o) = {
Clearly, ¥; € X and ¥y — ¢o = ¢p1 — 1 > 0. Then

Ir(12) = J4(d1) + J-(92) — (p2,¢2)
= Io(¢2) + J4(¢1) — J1(P2) — (p2, 1 — 1)
< Ia(p2) + T4 (d1) — J4(d2) — (p1, b1 — ¢1)
= Iy(¢2) + Li(¢1) — L1 (¢n).

Now, since ¢ is the unique minimizer of I; and 17 does not coincide with ¢; on an open set, we
conclude that

Iy (¢2) + Ii(¢1) — I (1) < Ia(2),
and we reach a contradiction with the minimality of ¢s. O

We conclude this section with the following property which will be useful in the sequel.

Lemma 2.13. Let (p,), C X* be a bounded sequence. Then there exists ¢ € X such that Gp, — ¢
weakly in X and uniformly on compact sets.

Proof. For short, we set ¢, = ¢, and

0@ = [ (1= VIZIVoP) do = (pu.0)

By Assertion (v) of Lemma 2.1, it is enough to show that (¢, ), is bounded. Since (py), is a
bounded sequence in X* and I,,(¢y) < 0, we have

1
3IVonl3 < [ (1= VIZIVaF) do < (pus6) < CIV

namely (¢y,)n is a bounded sequence in X. O

3. WEAK FORMULATION FOR RADIALLY DISTRIBUTED OR BOUNDED CHARGCE DENSITIES

3.1. The case of a radial charge. We now turn our attention to radially distributed charges. In
this case, we are able to recover the weak formulation from the relaxed equation. Indeed we build
a dense set, within the set of test functions, of admissible variations. The argument is borrowed
from [25] where it was used to handle a monotonicity constraint.

We first precise the meaning of radially distributed charge density. For 7 € O(N), ¢ € X and
p € X*, we define ¢” € X as ¢7(x) = ¢(7x), for all z € RV, and p™ € X* as (p”,¢) = (p,)7), for
all p € X.
Definition 3.1. We say that p € X* is radially distributed if p™ = p, for any 7 € O(N).
We next define
Xead ={p € X |p" = ¢ for every T € O(N)}
and if ¢ € Xpaq, in order to simplify the notations, we keep ¢ to denote the function r = |z| €

Ry — ¢(r) of a single real variable. We make furthermore a similar identification for the radially
distributed maps p € ™.
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Given these definitions, we are ready to prove that radial minimizers are weak solutions.

Proof of Theorem 1.4. As starting point, let us show that ¢, € Xyaq. Indeed, for any 7 € O(N),
since p radially distributed, we have I(¢}) = I(¢,) and so we conclude by the uniqueness of the
minimum.

We now prove that ¢, is a weak solution of (BZ). Define, for k € N\ {0}, the sets

1
Ek:{r20|¢;(r)|>1k}.

E={r>0]|¢p(r)| =1}
is a null set, we have that ’ﬂk>1 Ek‘ =0.
Take 1) € Xaqg N CX(RY) with suppy C [0, R] and let
“+oo

Yr(r) = — V' (s)[1 — xm,(s)]ds.

r

Since

Of course, by construction, supp ¢ C [0, R], for any k > 1. Moreover, if |¢| is sufficiently small,
then ¢, + thy, € X. Indeed, since (¢, + tyr)" = ¢, + t¢'[1 — xg,], then, if r € Ej,

(6 + t40) ()] = 4, (r)] < 1

otherwise, taking || < W, we have

1
(8 + 0w)' ()] < 1G]+ [l lloo < 1= 2 + [l lloo < 1
Now, since ¢, is the minimizer of I, arguing as in the proof of Proposition 2.7, we infer that

. ¢y +thy) — B oo gy
(3.1) }LO t / 1— |¢/ 2

for every k > 1. Since Ej,1 C Ej, and |Egx| — 0, as k — 400, we have that xg, — 0 a.e. in RY
and so, by Lebesgue’s Dominated Convergence Theorem,

400 / / “+o00 / /
/ ¢ 4 — XE, T rNldr — / 7¢p¢ TN,
/1 \d>’|2 L— ¢,
Moreover, since it is easily seen that ¢, — ¢ in X', we have
<p7 ¢k> — <10a ¢>a

as k — co. Hence, for any ¢ € Xp.q N CX°(RY), taking the limit in (3.1) as k — oo, we conclude
that

——L 1 — xg,)rN " dr — (p, ) =0

Vo, Vi
N /1 —|V,|?
We finally show that (3.2) holds also for any ¢ € X;aq. Given 1) € Xyaq, it is easy to see that
there exists (¢,), C C2(RN), 1, radially symmetric such that 1, — @ in DY2(RY) and with
IVinlloo < C. Indeed it is sufficient to consider ¢, = (, * (xn¥), where (, are smooth radially
symmetric mollifiers with compact support, and x,, = x(-/n), where x : RN — R is a smooth
radially symmetric function such that

= {1 il <L
XETZ 0 if o] > 2.

(3.2) = (p, ).
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Then, by (3.2), we have

vd)p : an do —
—Tjﬁaﬁaf<m%m

for any n > 1, and since v, — 1 in D1 2(RN), with ||V, |leo < C, we infer from Lemma 2.10 that
(3.2) holds for any ¢ € Xjaq. To conclude, it remains to show that (3.2) holds for any ¢ € X.
Since ¢, is radially symmetric, we can take ¢ = ¢, in (3.2) and therefore Remark 2.8 allows to
conclude. g

Assuming further hypotheses on p, we can prove that the solution is C!.

Theorem 3.2. Assume that p is a radially symmetric function such that p € L*(RN )N L7 (Bs(0)),
for some s > 1, 0 > N and 6 > 0. Then the weak solution ¢, of (BI) is CHRN;R).

We start from the following proposition that basically states that |¢},(r)| = 1 can only happen
at r =0.

Proposition 3.3. Assume that p € L*(RN) with s > 1 and p is radially symmetric. Then,
b, € C1(0,+00). Moreover, for every 0 < ro < R there exists € > 0 such that \(ﬁ;(r)\ <1—g¢, for
every r € [ro, R).

Proof. From the weak formulation written in radial coordinates, we have

400 d)/ N 1 +o0
(3.3) / / PNLp(r)(r) dr,
V1 W’ P
for every ¢ € X,..q. We claim that for any R > 0, the function
N-1
a0
1— ¢, (r)[?

is continuous on [0, R]. From this claim we get the regularity of ¢, and we deduce that for every
R > 0, there exists a constant C' = C'(R) > 0 such that, for every r € (0, R]

G0 _cm)
N TUN-1C
L—|g,(m)> "
Consequently, for every ro € (0, R], there exists € > 0 such that

EAGIES T

(3-4) hr(r) ==

for every r € [ro, R] .

To prove our claim, observe that as p € L*(R") for some s > 1, we deduce from (3.3), that
N-1
Gp(r)r
1—[a,(r)|?
for any R > 0. Moreover, by (2.7), we have
/ PpN-1 / / N-1
[ Gl +/ G
1—@/ )2 O.RIN{IéL(MI<3} /1 — |, (r)]2 O.8INI¢ (M >3} /1 — |, (r)]2

2

R‘qﬁ' ‘2N1
<C / rNldr —I—/ dr | < +oc.
1 — g (r

/

e L'(0,R),
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It follows that hg € W11(0, R) and the claim is therefore a consequence of the continuous embed-
ding of WH1(0, R) in C([0, R)). O

Assuming moreover that p € L7(Bs(0)) for some ¢ > N and § > 0, we can improve the
regularity up to the origin.

Proof of Theorem 3.2. Let R > 0 and ¢ : RY — R be defined as

_ JR—lz| [z[ <R,
vr(@) = {0 lz| > R.
By (1.12), we get

(3.5) —/R\;ﬁdr—/ Nldr—/ o dr.

By the Mean Value Theorem (remember that hr defined in (3.4) is continuous), we have

Bogye Gy (R R "
Ra0+_/ /1 \qb’ ‘2 dr = R*)O"" 1 |¢/ |2_COE ’

Moreover, if R tends to 0, the right hand side of (3.5) tends to 0 by the absolute continuity of the
integral. Therefore ¢y = 0.

The equation (3.3) means that the weak derivative of h(r) is equal to —p(r)r™¥~1. Since p is L]
we can integrate h'y on [0, R] to get

qb/( RN 1 / N71 0
1—|¢)(R ’

loc»

since ¢y = 0. Then, if R < 4,

R 1
1-|g,(R))2 BV

R
/0 ()Y dr < CRON ol o (o

Since ¢ > N, we deduce again from the absolute continuity of the integral that gb;(R) — 0, as
R — 0", Hence ¢, € C*([0,00)) with ¢/,(0) = 0. We conclude therefore that ¢, € C*(RV;R). [

3.2. The case of a bounded charge. Here, keeping in mind Definition 1.1, we prove Theorem
1.5, whose assumption is p € Lﬁfc(RN )N X*. Let Q be an arbitrary bounded domain with smooth
boundary in RY. We set

Cg;l(g) ={¢ € CPN(Q) | glaa = dplon. |Ve| < 1},

(3.6) K={y CQ|x,y €0z #y,|p(x) = dp(y)| = |z —yl},
and define I : C (Q)%Rby

(@) = [ (1= VI=VoP) o~ [ po da.

Proof of Theorem 1.5. Using the above notations, for any fixed €, it is easy to see that ¢,|q is a
minimizer for I in Cg;l(Q). By [3, Corollary 4.2], we have that ¢, is strictly spacelike in Q \ K
and Q7 (¢p) = pin Q\ K, where @~ is defined in (1.10). Furthermore,

dp(tr + (1 —t)y) = top(z) + (1 —t)dyly), 0<t<]1
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for every x,y € 02 such that |¢,(x) — ¢,(y)| = |z — y| and Ty C Q. If K =0, then ¢, is strictly
spacelike in 2.

Assume by contradiction that K # (). Then there exist z,y € 99 such that x # y, Ty C Q and
|bp(x) — dp(y)| = | — y|. Without loss of generality we can assume that ¢,(z) > ¢,(y). It is easy
to see that for all ¢ € (0,1)

(3.7) dp(tz + (1 = t)y) = ¢p(y) + tlz —yl.

Since, for any R > 0 such that Q C Bg, ¢,|p, is a minimizer of Ip, in Cg’pl(BR), then, by [3,
Theorem 3.2], we have that (3.7) holds for all t € R such that tx + (1 — t)y € Br. Now we reach
a contradiction with the boundedness of ¢,, for an R sufficiently large. g

Remark 3.4. As observed in [3, Remark p. 147], if p € CF(RYN), then ¢, € C*TH(RY).

4. THE ELECTRIC POTENTIAL PRODUCED BY A DISTRIBUTION OF k POINT CHARGES

This section is devoted to the proof of Theorem 1.6. In all this section we set

k

p= Zai&ci,

i=1

where a; € R and z; € RN, fori = 1,...,k, k € Nyg. We consider the problem

Y A (A I PP
(4.1) d1V< 1—\V¢]2>_;a15:€“ in RY,

¢(z) =0, as r — oo.

In the recent contribution [17], the author claims the existence [17, Proposition 2.1] of a weak
solution vs, of (4.1) under the assumption that z; € R? and a; € R for i = 1,...,k. However,
the proof of [17, Step 2.6, page 515] is incomplete because even if the Lebesgue measure of the set
{z € R® | [Vuso(z)| = 1} is zero, yet one cannot compute the variation F([us](v) for all test
functions 1. Therefore, [17, (22) page 516] does only vanish for a restricted set of test functions
which is not necessarily a dense set of C2°(R”Y). This means that one cannot conclude that v,
weakly solves (4.1).

The existence of a unique minimizer of the associated energy functional

I(¢) = /RN (1- VI=TVoP)ds - zk:aiqb(mi),
=1

is given in [17] or follows from Theorem 1.3. As before, we denote this minimizer by ¢,. Our
concern in this section consists in proving that this minimizer solves (4.1) in a weak or a strong
sense. We can prove this fact in some particular cases only.

We need some intermediate steps. First we prove that ¢, satisfies strongly (4.1) in RV \ T,

where
r=|Jzz;
i#j
and this is true whithout any restriction on the coefficients a; and the location of the charges.
This argument is already included in [17]. We give it for completeness.
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Lemma 4.1. The minimum ¢, of I satisfies strongly

Vo _ N
v (W) 0, in RY\T,

¢(z) — 0, as ¥ — 0.

Furthermore, we have that
(i) ¢p € C°(RN\T)NCRY);
(ii) ¢, is strictly spacelike on RN \ T;
(iii) for i # j, either ¢, is a classical solution on T;T;, or

Oplti+ (L= 1)) = t6,(x) + (1~ Dy(x;),  0<t <L,

Proof. Let © be an arbitrary bounded open domain with smooth boundary in RN \ {z1,..., 23}
Here we repeat the same arguments of Subsection 3.2, using the same notations. The main
difference now is that p = 0, since @ C RV \ {z1,...,2}. As in Subsection 3.2, we infer that ¢,
is strictly spacelike and Q™ (¢,) = 0 in Q \ K where K is defined in (3.6). Furthermore, we have

gzﬁp(tx + (1 —=t)y) = t¢p(x) +(1- t)¢p(y)7

for every 0 <t < 1, where x,y € 02 are such that |¢p,(x) — ¢,(y)| = | —y| and Ty C Q. Again, if
K =0, then ¢, is strictly spacelike.

We now show that K contains at most I". Assume by contradiction there exist x,y € 92 such
that  # y, Ty C Q and |¢,(z) — ¢,(y)| = | — y| and such that the straight line spanned by =y
intersects I' at a finite number of points (possibly zero). Without loss of generality, we can assume
that ¢,(x) > ¢,(y). It is easy to see, again, that for all ¢ € (0,1)

(4.2) Pp(tz + (1 —1)y) = dp(y) + tlz —yl.
Observe also that, since the line spanned by x and y intersects I' at a finite number of points only, we
can arbitrarily stretch (2 in at least one direction of Z7 to build new open sets ' € RNV \ {1, ..., zx}

with smooth boundaries and such that © C €. Observe that ¢,|q/ is a minimizer for I in Cg;l(Q’ )

and, by [3, Theorem 3.2], we have that (4.2) holds for all ¢ € R such that tx + (1 —t)y € . Now,
we reach a contradiction with the boundedness of ¢, by choosing Q' long enough in the direction
z7.

Arguing in a similar way, we see that on each edge of I', either Q7 (¢,) = 0 or the full edge belongs
to K, namely (iii) holds.

Assertion (i) follows from [3, Remark p. 147], assertion (ii) from [3, Corollary 4.2]. O

The next Lemma shows somehow the continuity of the minimizer with respect to the coefficients
a;, 1 =1,...,k. As a consequence, when the coefficients are small, the minimizer ¢, is smooth on
I.

Lemma 4.2. For any € > 0 there exists 0 > 0 such that, if max;—1,__j|a;| < o, then ||¢pllcc < €.

Proof. Assume by contradiction that there exists ¢ > 0 such that, for all n € N, n > 1, there exist
at,...,a} € R with max;—;__j|a}| < 1/n and such that ||¢,,|« > ¢, where p, = Zle aldy, and
®p, is the minimum of the functional associated with p,. Since p,, — 0 in X* and — Ele 0z, <
Pn < Zle 0z, by Theorem 5.3, we infer that ¢,, — ¢o = 0 uniformly in RY and we reach a

contradiction. O

Finally, we show that the minimizer is bounded uniformly with respect to the coefficients and
that the location x;, ¢« = 1,...,k, do not influence this bound. Again, as a consequence, the
minimizer ¢, is smooth on I' as soon as the charges are far from each other.
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Lemma 4.3. There exists C = C(ay,...,a;) > 0 such that, for all z; € RY, i = 1,...,k,
[¢plloe < C.

Proof. Since I(¢,) < 0 and using (2.1) and the continuous embedding of X into L>(RY), we have

cleyle < lVeplE < [ (1= y1=199,2)ds < (p.0,) < Clar.osan) 6yl

With these lemmas, we can complete the proof of Theorem 1.6.

Proof of Theorem 1.6. We start with the key argument to prove that ¢, is a weak solution outside
{z1,..., 1}

Claim 1: for every bounded domain € such that Q c RV \ {x1,...,21}, there exists a unique
distributional solution ¢, of the problem

—div <V¢> =0, nQ,
V1=1[V,|?

O = ¢p, on 0f).

The proof of this claim follows from a general result of Trudinger on divergence elliptic operators
with measurable coefficients, see [27, Theorem 3.2]. The assumption [27, (3.21)] is clearly satisfied
in our setting since the right-hand side of the equation is zero in €.

Claim 2: we have ¢, = ¢,. By the arbitrariness of  in RV \ {x1,..., 24}, we deduce that ¢, is
the unique distributional solution of

. Vo .
—div (W) :0, m RN\{$17...;xk}7

o(z) — 0, as r — 0o.
Lemma 4.1 and the uniqueness of (ﬁp then imply that qu = ¢, a.e. in RN,

Proof of (1). Using the same arguments as in the proof of Lemma 4.1, we aim to prove that K = ).
Assume by contradiction that K # (). Then there exist z,y € 0 such that x # y, Ty C Q and
|6p(z) — ¢p(y)| = |x —y|. Without loss of generality, we can assume that ¢,(x) > ¢,(y). It is easy
to see that for all ¢t € (0, 1)

Pp(tz + (1 =1)y) = ¢p(y) + tlz —yl.

Two possibilities occur: either Ty intersects ' in a finite number of points (possibly zero), or Ty
intersects I' in an infinite number of points. In the first case, we conclude as before. In the second
case, without loss of generality and applying, if necessary, again [3, Theorem 3.2], we can assume
that Ty can be any piece of Z173. Fixing ¢ > 0 such that 2¢ < min; j—1 _x, i; |2: — x|, by Lemma

4.2, there exists o > 0 such that, if max;— __|a;| < o, then [[¢,]lc < €. Since we can find
2,y € Tyxz with |2/ — /| > 2e, we reach a contradiction, indeed

2 < o — o] = ¢ple) — B (/)] < 2.

The behavior of the gradient of ¢, near the singularities x; is a consequence of [11, Theorem 1.5]
(see also [17, Theorem 1.4]).

Proof of (2). This simply follows by modifying the arguments used to prove (1) and taking 7 = 2C,
where C is given by Lemma 4.3. g
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Remark 4.4. Since p is the divergence of the field

%, the equation (4.1) can be written

where b; = =)
—div LQ =divF(z), forzeRY.
V1—=1Vo,|
Trudinger’s result [27, Theorem 3.2] then applies in a bounded open set Q2 containing all the points
g if
Ek
(@ — i) - (v — @)
bib~/ 1—1|Vo,|2 dr| < +oc.
2200 J e ¥ — gy v V1 IV

i=1 j=1

But checking this last assumption is delicate as it requires a precise study of the behaviour of |V,
around the points x;.

We conclude this section by showing that we can prove that ¢, satisfies classically (4.1) in
RN \ {z1,..., 2} under some symmetry assumptions. This is yet another case where indeed ¢,
solves the partial differential equation outside the points {x1,...,zx}. Assume for simplicity that
we have two charges with equal coefficients, namely

p = a(bz;, + 0z,).

By uniqueness of the minimizer and since the functional is now invariant under the orthogonal
transformations that exchanges x1 and xo, we infer that ¢, is symmetric and therefore cannot
be affine with slope 1 on the segment T;z3. Therefore, the assertion (iii) of Lemma 4.1 allows to
conclude. The same argument can be used when we have a symmetric configuration of charges
with equal coefficient.

In some special situations, we can argue without assuming any symmetry to prove that the
minimizer is not affine with slope 1 on some of the edges of I'. As an example, take three charges
located at 1, x2 and x3 and suppose that those points are not colinear. One can order the value
of ¢, and assume without loss of generality that ¢,(z1) < ¢,(z2) < ¢p(x3). Then, ¢, cannot be
affine with slope 1 on Z7Z3 and T3x3 since otherwise we have

Gp(x3) — p(1) = Dp(T3) — Pp(T2) + Pp(22) — Pp(w1) = |23 — 22| + |2 — T1| > |23 — 21 ].

Other similar situations can be ruled out with the same argument but this is clearly an incomplete
and unsatisfactory approach towards the understanding of the general case.

5. APPROXIMATIONS OF THE MINIMIZER

In this section, we provide several ways to approximate the minimizer ¢, by a sequence of
solutions of some approximating PDEs. It is unfortunately unclear that the sequence of PDEs
leads to (BZ) at the limit except if p is smooth but this case does not require any approximation
procedure since it is covered by Theorem 1.5.

5.1. Approximation through a finite order expansion of the Lagrangian. One way to
overcome, in some sense, the non differentiability of the functional (1.13) was proposed by Fortu-
nato, Orsina and Pisani [15] where the authors consider N = 3 and observe that for b large,

(5.1) J—. (1 o Jie 'WP) Vel [velt

b2 2 82
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Then, for every density p € L'(R?), the Euler equation

—div << 53 yv¢\2> v¢> =p, inR3

has an unique finite energy solution [15]. This means somehow that if we substitute Maxwell’s
Lagragian by the right-hand side of (5.1), the contradiction to the principle of finiteness of the
energy disappears.

We extend the study of approximated solutions [15], see also [29], by looking for higher order
expansions, assuming p is in the dual space of D 2(IRN YN D2 (RN) for some n > 1. This include
the case of a Radon measure. Setting b = 1, for n > 1, we define &y, as the completion of C2°(RY)
with respect to the norm defined by

1/n
2 R 2 2n
lolB, = [ 1voR+ ([ 1vorrac)

Formally, the operator @~ (defined in (1.10)) can be expended as a sum of 2h-Laplacian, namely

= apAyg,
h=1

where for all h > 1, o, > 0 (the exact values of the coefficient «y, are given in [17,29], they are not
important for our purpose) and Ag,¢ = div(|V¢|>~2V¢). The curvature operator is formally
the Gateaux derivative of the functional

L (=vizwep)an= [ Z 7 p[ do

where the power series in the right hand side converges pointwise when |[V¢(z)| < 1. Assuming
p € X5, let us denote the nth approximation of the functional (1.13) by

I, = ¢ € Xop Z / ‘V¢|2h dx — <p7 ¢>X2n

This functional is C' and we have existence and uniqueness of a critical point.

Proposition 5.1. Given ng > 1 and p € X3, , then, for all n > no, the functional I, : Xop, — R
has one and only one critical point.

Proof. The proof is standard and does not deserve many details. Existence follows from the direct
method of the calculus of variation since this functional is bounded from below, coercive and
weakly lower semicontinuous on X5,. Uniqueness follows from the strict convexity of I,. O

We now describe the densities covered by this statement. As soon as 2n > max{N, 2*}, Sobolev
inequality comblned with Morrey inequality show that &5, is continuously imbedded in Cj 0:Pn (RM),
with 8, =1 — %, where we recall that u € Cg P (RY) if there exists C' > 0 such that for every
z,y € RN,

lu(z) —u(y)] < Clz —y/’ and lim wu(z) = 0.

|z|—00

It follows that if 2n > max{N, 2*}, Xa, C Co(RY) and therefore (Co(RY))* C X,
As first important examples, we cover the case p € L*(RY) since the linear functional

W/RNPW
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is bounded on Cy(R™) and the case p = Zle a;05, since the linear functional

k
¢ Y ai(x;)
i=1
is also bounded on Co(RY). In fact, we can cover the case of Radon measure. Indeed by Riesz-
Markov-Kakutani Representation Theorem, see for instance [14], (Co(RY))* can be identified with
M(RY;R), the space of signed finite Radon measures (i.e. Borel regular measures which are finite
on compact sets of RY). This means that if p € (Co(R™))*, there exists a unique Radon measure
1 such that

(. ) = /R odp, Torall g € Co(R).

Observe also that we can also deal with Ll (RY) densities. Indeed, the dual spaces of C.(R")
and Co(RY) coincide in the sense that if p € (Co(R™))*, then the restriction of p to C.(RY) is a
linear bounded functional whereas if p € (C.(R"))*, then it has a unique extension p € (Co(RV))*
such that (p, ¢) = (p, ¢) for ¢ € C.(RY) and the norms of p and p are equal.

By interpolation, if ¢ € X, then ¢ € DM(RY) for any 2 < ¢ < 2n. It follows that X,
also contains the weak divergence of any vector field ¢ € L7 (RV; RYN), where 1 /qg+1/¢ =1 and
2 < q < 2n,ile. 235 < ¢ < 2. In particular, observe that if ¢ € LY(RY;RY), then div¢ € X
but in general we cannot conclude that div§ € Xy, for a finite integer n. This implies that for
¢ € LYRY;RY), we can take p = div¢ in Theorem 1.3 but this case is not cover by Proposition

5.1 nor by Theorem 5.2.

Let p € Ay, for some ng > 1 and, for all n > ng, let ¢, be the unique solution of the
approximated problem given by Proposition 5.1. The next theorem was basically the heart of the
existence of a minimizer of the functional in [17]. We give it here in a general setting, providing a
detailed proof for completeness. We mainly follow the idea of [17, Subsection 2.4 (first part)].

Theorem 5.2. If p € X3, for some ng > 1, then ¢y, tends to ¢, weakly in Xom for all m = ng
and uniformly on compact sets.

Proof. Let Z,, = I,(¢,). For every m < n, we have Z,,, < L,(¢p) < Z,,. Thus (Z,), is a strictly
increasing sequence. Since Z,, < 0 for all n, such a sequence is bounded from above. Hence we
infer that Z := lim,,_,c Z,, € R.

Since, for all m < n, L,(¢y) < Z, < Z, we deduce that ||V, ||2m < C(m) by coercivity. Then, we
infer that (¢,), is weakly convergent in AXb,, for all m > 1. Hence, by a diagonal argument, we
conclude that the limit ¢ is the same for all m and belongs to the ﬂm>1 Xoyn,.

For every m,n > 1, with ng < m < n, since &»,, C Xa,, and Z,, < 0, we have

m
a1 2, Ono 2 Oh 2h
5 Va3 + 3 2 IVenliy < ; 27, 1Vénll3h

n
ap 2h
< ;%HV%H%

< lpllag, l9nllazn, -

2ng
It follows that ||¢|,,, < C(no) and

m

ap
S SHIVnl3h < Clno).
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We can now take the limit as n — oo in this inequality. Indeed, ¢,, — ¢ in DL2™(R¥Y) so that
the weak lower semicontinuity of the norms gives
m
Z IVolI3h < C(no),
h=1
for every m > ng. This in turn implies that
+oo
Z Vol <
h=1
from which we deduce that
limsup [ Vo|lon < 1

h—00
We now claim that |V¢| < 1 a.e. in }R]\i . Indeed, assume by contradiction that there exist ¢ > 0
and Q C RY with |Q| # 0 such that [V¢| > 1+ ¢ a.e. in Q. Then, for every h > 1

1/2h
QY201 +¢) </ yw\?hdx) <1

which is a contradiction for A large enough. ~ -
From here, we argue as in [17, Subsection 2.5] to prove that ¢ = ¢,. We already know that ¢ € X
We first show that

(5.2) 16) =1
and then that
(5.3) I= min I(9).

To get (5.2), observe that, since X C Ab,, for every m > 1, we have I,,,(¢) € R and
lim I,(¢) = 1(9).
m—00

Moreover Z,, < In(6) < I(¢) and so T < I(¢). On the other hand, since I,, is weakly lower
semicontinuous, we have

n—oo
But, since I,,(¢,) < T for m < n, we have that I,,,(¢) < Z and so, passing to the limit, we get
that I(¢) < Z.
Finally, to show (5.3), assume by contradiction that there exists ¢ € X such that I(¢) = Z — ¢ for

€ > 0. Then Z,, < I,,(¢) < Z — ¢ which contradicts the fact that Z,,, > Z — ¢ for m large enough.
The uniform convergence on compact sets follows arguing as in Lemma 2.1. O

We end up this section by observing that other approximation schemes can be used. The
truncation of the power series to a finite order gives a lower approximation of the action functional.
Another truncation was successfully proposed in [4] to deal with a related problem and could have
been used here as well. Let us set ag(s) = (1 —s)~'/2 for all s < 1. Then

_ % /R AV dz — (p. ),

t
where Ay(t) = / ao(s) ds. Take 6 € (0,1) and define ag : RT — RT by
0

ap(s) for s € [0,1 — 6]
QQ(S) = n—1
ys" Tt 46 forse (1—6,+00)
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where v and § are chosen in such a way that ag is C'. The truncated functional I, : Aoy — R
defined by

1
loa®)i= 5 [ AIVoP)dz = (p.0),
RN
t
where Ay(t) = ap(s) ds gives another lower estimate of I(¢). Then we can show that given

n>1landpe€ )(2*?1, the functional Iy, has one and only one critical point which is a weak solution
of

—div (ag(IVe[*)V9) = p.
In this approach, n is fixed which makes the functional setting easier than in the finite order
approximation of the power series. It is chosen in such a way that p € X5 . Taking a sequence
0 — 1, we can show that the sequence of minimizers of Iy, ,, converge to the minimizer of I, giving
yet another way to approach the minimizer by a sequence of solutions of approximating problems.

5.2. Approximation by mollification of the charge density. In the previous section, we
have shown that we can approximate the minimizer by a sequence of solutions of a family of
approximating problems. We next show that, under sufficient conditions, we can approximate the
minimizer by a sequence of solutions of the Born-Infeld equation. The starting point is the fact that
a smooth charge yields a smooth minimizer that solves the Euler-Lagrange equation associated
to the minimization problem. The approximation is then obtained by a first mollification of the
charge.

As before, we still denote by ¢, the minimum associated to p € X* and we recall Definition
2.11 that we will use.

Theorem 5.3. Let p € X* and suppose that there exist (pp)n C X* and p € X* such that p > 0,
pn — p i X* and —p < pp, < p. Then ¢, converges to ¢, weakly in X and uniformly in RY.

Proof. Observe that by Lemma 2.12, ¢; > 0 and ¢_; < ¢, < ¢5. It is easy to see that ¢_; = —¢;
and so |¢,,| < ¢5. By Lemma 2.13, there exists ¢ € X such that ¢p, converges to ¢ weakly in
X and uniformly on compact sets. This implies that |¢| < 2¢;. Thanks to this uniform decay at
infinity, it is easy to see that ¢,, — ¢ uniformly on RN,

To show that ¢ = ¢p, let us denote

1) = [ (1= VI=IVP) do = (p.0)

Since p, — pin X*, ¢,, — ¢ on X and the first term of I is convex, we infer that

1,(6) < lminf I, (,,).
Moreover, since I, (¢,,) < 1,,(¢,) for all n > 1, and
Ip(¢p) = nh_{lgo Iy, (¢P)a
we have
lim sup /, n(¢pn) < li_{n Ipn(¢p) = Ip(¢p)
n—00 n—00
and we conclude. O

By Theorem 1.5 and Theorem 5.3, we get the following approximation of ¢, as uniform limit of
smooth solutions of a sequence of approximated problems.

Corollary 5.4. Let p € X* and suppose that there exist (pn), C X* N LX (RY) and p € X* such

loc

that p, — p in X* and —p < p, < p. Then the sequence (¢, )n of (locally strictly) spacelike
solutions of (BI) with p, converges to ¢, weakly in X and uniformly in RY,
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Remark 5.5. If (p,), C LP(RY), with 1 < p < +o0, is such that p, — p in LP(RY), we can
immediately conclude that ¢,, converges to ¢, weakly in X and uniformly in RN, In particular,
for a datum p € LP(RY), the approzimating sequence (¢p, )n, where (pp)n is a standard sequence
of mollifications of p, is made of smooth strictly spacelike solutions of (BZL) with the data py,.

6. THE BORN-INFELD-KLEIN-GORDON EQUATION AND OTHER EXTENSIONS

Another interesting problem which involves the Born-Infeld theory appears when we couple
a field, governed by the nonlinear Klein-Gordon equation, with the electromagnetic field whose
Lagrangian density is given by (1.5) or (1.6), by means of the Weil covariant derivatives.

In the wake of [10,23], Yu, in [28], deals with the system
v __Ve =u?(w+¢), xR
V1=Vl

Au= (m?— (w+¢)?)u— |[ufu, zeR3.

(6.1)

Fixing v in a convenient space of radial functions, Yu considers the functional

E.(¢) = /RS [(1 —/1- yv¢|2) + wu¢ + %¢2u2 dz,

and proves that F, possesses a minimizer ¢, without proving that the minimum ¢, is a critical
point of E,. Then the second equation of (6.1) is solved with ¢, in place of ¢. Yu’s conclusion is
then that (u, ¢,,) is a solution of (6.1) in a generalized sense, meaning that the second equation is
classically satisfied while ¢,, is a minimizer of F,,.

Our aim here is to show that the minimizer of F,, and of similar functionals, is actually a
solution of the corresponding equation. This leads us to consider more general equations of the
form

g Vo _ N
(62) div (W) + f($7¢) 0, zeRY,
P(x) — 0, as |z| — oo.

We assume that f : RY x R — R is a Carathéodory function such that
(f1) there exists p > 2* — 1 such that for all (z,t) € RY x R

|f(z, )] < Clt]7;

(f2) f(-,t) is radially symmetric, for all ¢ € R;
(f3) the functional Ir : X — R defined by

Ir(9) —/RN (1— W) dw+/ F(z,¢) du,

RN
t
where F(x,t) = / f(x,s)ds, has a nontrivial radial local minimum ¢¢ in X
0

Remark 6.1. The existence of a local minimum of Igp in X follows, for example, by standard
assumptions such as the coercivity of Ir and the convezity of the function F(x,-).

We can prove the following

Theorem 6.2. Suppose that (f1)-(f3) hold, then ¢5 is a nontrivial weak solution of (6.2).
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Proof. Let ¢y € X be a local minimum of Ir. Arguing as in Proposition 2.7, since the map
¢ € X — [on Flz,¢) is of class C!, we infer that

Vo, /
———dz + flz,¢p)prdx <0
/RN e ox (z,05) 0y
and that the set of points where |[V¢| = 1 has zero measure. Then one concludes as in the proof
of Theorem 1.4. O

Remark 6.3. Arguing as in Theorem 6.2 we can complete the arguments of [28] concerning the
existence of a nontrivial solution of (6.1). In that precise case, one can even conclude that the
solution is classical and even smooth.

We finish this section by showing that, if Ir has a nontrivial local minimizer in the generalized
sense of Morse, i.e. the function is minimal with respect to compactly supported variations, see
for example [1], then it is a solution of the (6.2). Of course, any local or global minimizer is a local
minimizer in the sense of Morse. We emphasize that we do not require any radial symmetry here.

Theorem 6.4. Suppose that (f1) holds and that there exists ¢pg € X such that for any bounded
open set Q C RN and for any ¢ € X with ¢ = ¢g in RN\ Q, Ir(¢o) < Ir(¢). Then ¢g is a weak
solution of (6.2).

Proof. Set p(z) := f(x, ¢o(x)). For any Q C RY bounded, arguing as in the previous sections, we
infer that the functional I defined by

o) = [ (1= VI=IVoP) d+ [ po o

has a unique minimizer ¥q € Xq, where Xy is the set of functions ¢ € X with ¢ = ¢g in RV \ .

For every zg € RY and R > 0, we simply denote the minimizer YByp(xo) PY ¥R, Where Bsg(xo) is
the ball of radius 2R centered at xg. We claim that

(6.3) Cdiv [ RO ) 4 f(a o) = 0

V1=Vl
on the ball Br(zp) when R > 0 is sufficiently large. Since ¢q is bounded, we may assume that
|po(z) — do(y)| < R/2 for every x,y € RY and therefore, as soon as |z — y| > R, we have
|po(x) — po(y)| < |z —y|/2. Arguing as Subsection 3.2, and keeping the same notations, we know
that 1R is strictly spacelike and solve (6.3) in Bog(xo) \ K where

K = {7y C Bar(wo) | ,y € 0Bar(w0),x # y, |po(x) — do(y)| = |z — yl}.

Of course, if KNBg(xo) = 0, then our claim is proved. Assume by contradiction that KNBr(xo) #
(). Then there exist 2,y € dBar(xo) such that x # y, TyN Br(xg) # 0 and |¢po(x) —do(y)| = |z —1y|.
But it is easy to see that in such a case |z — y| > R and so |¢o(z) — ¢o(y)| < |z — y|/2 which is a
contradiction.

We now conclude by showing that 1o = ¢¢ whatever Q € RY which implies YR = ¢o for every
zo € RY and every R > 0. This follows from a totally standard argument in convex analysis. To
simplify the notations, we set

Ta¢) = [ (1= VI=IVoP) dx

Since ¢ is a local minimizer in the sense of Morse for I, we deduce that for 0 < t < 1, we have

Ja((1 —t)pa +teo) +/QF(33, (1 —t)qa +teo) dz = Jo(go) +/QF(9C, o) dz.



ELECTROSTATIC BORN-INFELD EQUATION WITH EXTENDED CHARGES 25

Using the convexity of Jg, we deduce that

(1 —t)Ja(va) + tJaldo) +/ F(z, (1= t)a + tdo) dz = Ja(do) +/ F(z,¢o) dz,

Q Q
or equivalently

1

() > Jalen) + 4 ([ Pl 0= 0n -+ ton) o~ [ Plaona).

This yields
Jo(a) > Jaldo) + /Q £, d0(x)) (60 — 1)

and therefore
Io(Ya) = Ia(do).
By uniqueness of the minimizer of I, we conclude that ¢q = ¢g in €. O
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