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ABSTRACT. It is well known through the work of Majumdar, Papapetrou, Hartle,
and Hawking that the coupled Einstein and Maxwell equations admit a static mul-
tiple blackhole solution representing a balanced equilibrium state of finitely many
point charges. This is a result of the exact cancellation of gravitational attraction
and electric repulsion under an explicit condition on the mass and charge ratio.
The resulting system of particles, known as an extremely charged dust, gives rise
to examples of spacetimes with naked singularities. In this paper, we consider the
continuous limit of the Majumdar—Papapetrou—Hartle-Hawking solution modeling
a space occupied by an extended distribution of extremely charged dust. We show
that for a given smooth distribution of matter of finite ADM mass there is a con-
tinuous family of smooth solutions realizing asymptotically flat space metrics.

1. INTRODUCTION

The purpose of this paper is to establish the existence of an infinite family of smooth
solutions to the statically coupled Einstein and Maxwell equations within the Majum-
dar [20] and Papapetrou [24] metric describing the gravitational and electromagnetic
fields generated from an extremely charged distribution of cosmological dust.

Consider a system of massive particles carrying electric charges of the same sign.
In Newtonian theory, the inter-particle gravitational attraction and Coulomb repul-
sion both follow inverse square-power laws so that a perfect cancellation of the forces
is reached when the ratios of masses and charges of the particles satisfy a balanc-
ing condition. Under such a condition, a system of particles, as a distribution of
charged dust, is referred to as extremely charged. Thus, due to the balanced forces,
a static star of any geometric shape may be formed with an extremely charged dust.
It is obviously important to know whether the same conclusion may be reached in
the context of general relativity when the Einstein equations are coupled with the
Maxwell equations. The earliest study of the Einstein—-Maxwell equations was carried
out by Reissner and Nordstrém [35] who obtained a static solution to the coupled field
equations in empty space, which corresponds to the gravitational field of a charged,
non-rotating, spherically symmetric massive body and generalizes the Schwarzschild
blackhole metric. Since the Reissner—Nordstrom solution concerns only an isolated
single particle, it gives no clue to the above extremely charged dust question. At
roughly the same time as Reissner and Nordstrom, Weyl [36] classified all Einstein
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metrics induced by any static axially symmetric distribution of matter and charge.
The work of Weyl work did not generate as much interest as those by Schwarzschild,
Reissner, and Nordstrom, due to its geometric restriction of axial symmetry. A
dramatic development came in 1947 when Majumdar [20] and Papapetrou [24] in-
dependently extended Weyl’s work to include an arbitrarily distributed system of
extremely charged particles. In particular, the Majumdar—Papapetrou formulation
gives rise to the electrostatic solutions of the Einstein—Maxwell equations without
any symmetry restriction, which marvelously generalizes the Newtonian theory to
the relativistic situation of multiple charged blackholes [11]. It has also been argued
that, although astrophysical bodies are electrically neutral within a reasonable ap-
proximation, the Majumdar—Papapetrou solutions may provide simple quasi-static
analogies for complex dynamical processes preventing asymmetries in gravitational
collapses or collision of blackholes [I5]. More recently, it has been recognized that the
Majumdar—Papapetrou solution allows a natural extension to all higher dimensions
[18, 19] which is known to be important to issues concerning unification of gravity
with other forces in nature [21] 22} 26] 27, 28].

Within the Majumdar—Papapetrou framework of an extremely charged discrete
dust model, the coupled Einstein—-Maxwell equations reduce to a Poisson equation in
the vacuum space so that its solution represents a multiply distributed point charges
with masses [I1]. When a continuous distribution of extremely charged matter is
considered, the field equations reduce to a semilinear elliptic equation.

However, in the literature for the continuous case, much attention has been given to
dust models with spherical star or shell structures [3, O, 10, 12, 13, 14, 16, 17, 19, [34]
with the focus on explicit construction of solutions. There has not yet been any
study of the existence problem of the governing elliptic equation when the matter
distribution is arbitrarily prescribed nor of the transition process from the continuous
model to the discrete model. The purpose of the present paper is to establish an
existence theory for this important gravitational system.

In the next section, we follow [18] to lay out the governing elliptic equation for
extremely charged dusts with a continuous matter distribution, within the framework
of Majumdar—Papapetrou. In Section 3, we consider the condition to be imposed on
the mass or charge density which ensures a finite ADM mass. In Section 4, we
use the methods in Ni [23] to establish an existence theory for the equation. We
show that, in fact, the Majumdar—Papapetrou equation allows a continuous monotone
family of finite ADM mass solutions labeled by their asymptotic values. In Section
5, we derive some asymptotic estimates for the solutions obtained which lead to the
expected asymptotic flatness of the gravitational metrics. In Section 6, we develop an
existence theory using an energy method [5] 4] that requires much weaker conditions
on the decay rate of the mass or charge density function. In Section 7, we present
some nonexistence results. In particular, we show that when the asymptotic value
of a conformal metric is larger than some [y > 0, there can be no solution (whereas
there are solutions when the asymptotic value is less than fy). In the special situation
when the mass or charge density function is radially symmetric, the set of permissible
positive asymptotic values is precisely of the form (0, 5y]. This result complements
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the conditions in our existence theorems presented in Sections 4 and 6. Finally in
Section 8, we draw our conclusions.

2. THE MAJUMDAR—PAPAPETROU METRIC

Consider the d = n + 1 dimensional Minkowski spacetime of signature (—+---+).
Following [18], the metric element is given by
(2.1) ds* = g datds” = VAt + hda'da?, p,v=0,1,---,n, i,j=1,--n

Here and in the sequel, since we are interested in static solutions, all field variables
depend on the space coordinates (z%) only. The universal gravitational constant and
the speed of light are both taken to be unity. Using V, to denote the covariant
derivative, A, the electromagnetic gauge potential, and F,, = V,A, — V, A, the
electromagnetic field, we can write the electromagnetic energy-momentum tensor as

1
(2.2) AT B, = FF,o — Zgwj.%lwﬁ.

Moreover, let U, be the underlying relativistic matter fluid d-velocity and p, and
pm the associated electric charge and mass densities, respectively. Then the current
density is expressed as

(2.3) Ju = peUy,

and the material energy-momentum tensor is written as

(2.4) T = pmUuUy + My,

where M, is the perfect-fluid, pressure-p, stress tensor given by
(2.5) My = p(UuUy + guv)-

With the above notation, along with the Einstein tensor G,, = R, — % 9w rep-
resented in terms of the Ricci tensor R, and Ricci scalar curvature R, the coupled
Einstein and Maxwell equations are

(26) G,uz/ = 87T(T,ul/+E,ul/>7
(2.7) V,F" = 4xJ*.

As usual, the Weyl-Majumdar—Papapetrou ansatz in higher dimensions is generalized
to be

(2.8) Ay = ¢80, U, =-VV5).
Thus, the conservation law V, (T" + E*) = 0, which is the relativistic analogue to

the Euler equation, reads [8| 18]

1 1
(2.9) ip + W(pm +p)oV — N

which takes, after substituting the Weyl-type relation V' = V(¢), the compressed
form

peaiQS:Ov 7::1,"',”,

!/

V Pe B .
(2.10) oip + ((pm —l—p)ﬁ — V)&(b =0, i=1,---,n.
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On the other hand, the higher dimensional generalization of the Majumdar—Papapetrou
condition obtained in [18] reads

(211) Vo) = (ax %qb)

for some positive constant a and the extremely charged perfect fluid condition [1§],
which follows from the compatibility of the Einstein and Maxwell equations, is

VV (0 —2 L n
vi\n—1"m"n_1P)
As a consequence of (2.11]) and (2.12), one arrives [I§] at

(2.12) pe =4

2(n —2) n
2.13 =t/ — p+——p].
(2.13) p — (p +n_2p)

In view of (2Z.I0), 2I1)), and ([2I3), it is seen that there holds (n — 2)V;p = pd;V,
which, upon an integration, gives us the relation [I§]

(2.14) p=CVis,

where C' is a constant. In a perfect-fluid star, we have p = 0 at the boundary surface
of the star. Thus, we arrive at C' = 0. In other words, p = 0 everywhere and the
fluid becomes a dust. In particular, we are led to the following general dimensional
extremely charged dust condition [I8] extending that of the Majumdar—Papapetrou
solution given as

2(n —2)

2.15 .=+
(2.15) P 1

Prm-

In the bottom situation with n = 3, we have the classical condition for the extremely
charged cosmological dust

(2.16) [Pel = Pm-

Choose U > 0 and set

1

=T

Following [21] and [18], we rewrite the metric element (2.1]) diagonally as

(2.17) 1%

(2.18) ds® = —U2d¢* + Un-26;da’ dad

Then, under the condition (2.15), the Einstein-Maxwell equations are reduced to the
following single nonlinear elliptic equation [18§]

n

-2
(2.19) AU + 87r(n )pm(z)Un2 =0, zeR"

n—1

A solution of this equation will give rise to gravitational and electric forces gener-
ated from the extremely charged cosmological dust distribution. In the subsequent
sections, we aim at constructing solutions of the equation.



CHARGED COSMOLOGICAL DUST SOLUTIONS 5

3. AN ADM MASS CALCULATION

Recall that the ADM mass [I, 29] of the space (R",{h;;}) housed within the
Minkowski spacetime of the metric element (2.1]) is given by the formula

1 . ;

wn_l r—00 BBT
where dS, is the area element of 0B, (B, = {z € R"||z| < r}), v denotes the
outnormal vector to 9B, wy, is the surface area of the standard unit sphere S*, and
the metric {h;;} is asymptotically Euclidean satisfying
(32) ki =cdi+ O] "), Bhgiy = O(|[~""),  dudrgi; = Ol ™),

for |z| — oo with ¢ > 0. Inserting (2.I8) into (B.I), integrating, and using ([2.19), we
obtain

1 0 2
- - I Lyt ) ds,
mADM Whn—1 7‘1}1’50 9B, (a]j 2)
1

- / (AU?) dz

2wn—l

1 8mpm .4 2(n—4)_ _26-n 5
3.3 = — ——Un~ — U™~ Ul* ) da.
(33) o o (e + Ggp S vt

From (B.3), we clearly see that, when n > 4, mapp; = 0 and mapy; = 0 if and
only if p,, = 0 and the conformal metric is flat, U =constant. This statement may
be viewed as a much simplified (Majumdar—Papapetrou) version of the positive mass
theorem [25] 30, B1], 32] B3, B7]. Curiously, though, (8:3) is not as clear in the classical
dimension n = 3. Thus, we need to take a different path to recognize ma\[-

Since ([B.2)) is translated into

(3.4) U="Us+0(z|""?), oU=0(z|"™"), 80,U=0(z|™),

as |xz| — oo for some Uy, > 0, we have, in view of (Z19]) again, and the decay estimates

stated in (B4,
1 —n QU

S o Rl
"ADM (n —2)wn_1 e 9B, v v ds:
1 4—n d-n 8U d=n 8U
et B 1 n—2 — 07572 R r 07672 - r
(n = 2)wn—1 o (/aBr [U ] v A% /aBr o 4 )
8w % n_

which is indeed positive-definite and vanishes only when p,, = 0 and the metric
becomes globally flat. Thus, we have arrived at a rather transparent (simplified)
version of the positive mass theorem within the Majumdar—Papapetrou metric in all
dimensions, n > 3.

In view of (3.4) and (B.5]), we obtain the finite integral requirement

(3.6) /n pm(x) dz < 00.
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In the subsequent sections, we will construct solutions of the Majumdar—Papapetrou
equation (2.19), observing the condition (3.6]).

4. EXISTENCE OF SOLUTIONS BY A SUB-SUPERSOLUTION METHOD

Following the above discussion, we rewrite the Majumdar—Papapetrou equation
over R™ (n > 3) in the compressed form
(4.1) Au+ K(z)um2 =0, ze€R",

where K () is a smooth nonnegative function in R”™ which is not identically zero and
lies in L'(R™). That is,

(4.2) K(r)dz < co.

Rn
So it is natural to assume that

(4.3) K(z) = O(Jz|™") as |z| = o0
where / is large enough. For existence, a convenient condition is
(4.4) 0> 2.

From (43]) and (4.4]), we may assume that there is a function Ky(r) > 0 (r = |z|)
such that

(4.5) K(z) < Ko(r), r>0; Kor)=00"" asr—o0; (>2

We may adapt the method of sub- and supersolutions developed in [23]. For this
purpose, consider
(n—1)

(4.6) Uy + . U, = —Ko(r)uﬁ, r >0,

(4.7) u(0) = a>0, wu.(0)=0.

It is well known that (£.6)—-(41) can be solved locally over [0, R) where R > 0 is
finite or infinite. Integrating (4.6)—(4.1), we get

(4.8) ", (r) = —/ P Ko (p)unz (p)dp, 0 <r <R.
0

Hence u(r) decreases in [0, R) if u(r) remains positive-valued.
Following [23], we consider a test function v defined by

1
(4.9) v(r) = T a>0.
Then v(0) =1, v,(0) = 0, and
n—1 2(a+ 1)r? 2a
(4.10) vrr+( " )UT:—(n— El+r2) )(1+r2)“+1’ r > 0.
Thus, when
(4.11) n—2a+1)>0 or ag”T_Q,

v is superharmonic, Av < 0. We shall maintain the condition (411l in the sequel.
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Let u be the unique local solution of (A6)—(17) which remains positive over its
maximal interval [0, R). That is, the solution exists and stays positive in [0, R) for
some R > 0 so that u(R) = 0 if R is finite.

Define ¢(r) = u(r) — av(r), r € [0, R). Then ¢(0) = 0, ¢,(0) = 0, and ¢ satisfies

(n—1) o 2(a + 1)r? 2a0
rr r = —K, n- -
Orr + , ¥ o(r)un= + {n (1+72) ) (14 r2)ett
n 2(a+ 1)r? 2ac
> —K n— —
> o(r)an= + (" 1+ 12) ) (1 + r2)atl
2(a + 1)r? 2a 2
= |:<’n, — (1 i 7"2) ) (1 i 7”2)‘1"'1 - K(](T)Oé7l2:|
(4.12) = Qr), r<R.
We want to make Q(r) > 0 for all » > 0. To do so, we set
(4.13) 20a+1)<(

for ¢ > 2 given in (.5]). Combining (4.11]) and (£I3]), we may assume
1
(4.14) a< 5 min{n —2,¢ — 2}.

In (45), we may assume without loss of generality that there is a constant Cy > 0
such that

Cy

4.1 K < > 0.
(4.15) O(T)_(1+r)‘” r>0

In view of (A.I1)-(@.15]), we can find some ag > 0 such that
(4.16) Q(r)>0, r>0, «ac(0,a).

From ([AI12) and (@I0), we have as before,
(4.17) r" Lo, (r) > / P"rQ(p)dp >0, 0<r<R.

0

In particular, p(r) increases for 0 < r < R and ¢(0) = 0 implies
(4.18) lim o(r) >0 or limu(r) = lim ¢(r) + « lim v(r) > 0.
r—R r—R r—R r—R

This result establishes R = oo. In other words, there is some «y > 0 such that for each
a € (0, ap) the problem (4.6)-(47) has a unique solution, say u,(r) over 0 < r < oo
so that ¢, (r) = us(r) — av(r) increases and u,(r) stays positive but decreases for all
r > 0. Consequently, we have the positive finite limit

(4.19) lim u,(r) = lim ¢(r) = 5, > 0.
T—00 T—00

As a solution of Au+ Kou2 = 0 in R", u, is a supersolution of (1)) because the
property u, > 0 and (435]) imply that
(4.20) — Aug = Ko(|z))us™ > K(x)ui2, x€R™
Set v, (x) = B,. We see that v, is a subsolution of (A1) since K(z) > 0. However,
we have seen that v, < u,. As a consequence, we have
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Lemma 4.1. Equation ({{.1]) has a solution u satisfying
(4.21) Ba =0 <u<u,<ca x€R"
(4.22) u(zr) = Bo  as x| — oc.
Moreover, u is the unique minimal positive solution of {{.1]) in the sense that if w is

any other solution satisfying w(zx) — B, as |x| = oo, then w > u.

Proof. We briefly sketch the proof since it is standard. We first solve

n

—Aujy; = Kuj™* in Bg(0)
Uj4+1 = 5(1 on 0BR(0)

Uy = Vg

and observe that
Vo < uj < wjpy < u, (respectively w).

(Here we used that w > f,; see section 7 for a simple proof.) Hence ug = lim;_, u;
solves

—Aup = Kuf in Bg(0)
ugr = [o on 0Bg(0)

Finally, in the limit as R tends to infinity, we obtain the unique minimal solution u,
of (AT satisfying
Vo < u < u, (respectively w).

As a by-product of (A19) and (£.21), we have the immediate result
(4.23) u(z) = Bo  as |z| — oco.

Next observe that

(4.24) ul) = (ﬁﬁ) U, 0<f < fa,

satisfies

(4.25) ut(f) > f, U,(f)(x) — [ as |z| = oo,

and

(4.26) — Bu) = (?) o) > K ().

Combining (£.24)-([4.206), we see that we have obtained a sub- and supersolution
pair, consisting of oY) = £ and uf ), satisfying P < ul? for each 0 < B < By In
particular, using the above procedure, we see that there is a minimal positive solution
u®(z) for any 0 < B < f3, which depends continuously on £3.

In summary, we have
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Theorem 4.2. Suppose that the function K(x) > 0 satisfies
(4.27) K(z) = O(Jz|™), as|z| = o0, £>2.

Then there is a positive number By > 0 such that the Majumdar—Papapetrou equation
[#1) has a continuum of minimal positive solutions {u'® |0 < B < By} satisfying

(4.28) lim u?(z) =3, «¥ >4

|x|—o00
Moreover u'®) depends continuously in 3 and is monotone increasing in 3.

In Section 7 we will show that £y < co.
We next consider the asymptotic decay estimates of the solutions obtained in The-
orem L2 as |z| — oo.

5. ASYMPTOTIC ESTIMATES

We need the following somewhat standard result concerning a Newton-type poten-
tial integral.

Lemma 5.1. Define the function v(zx) by the Newton-type integral
f(y)

5.1 v(r) = / ———dy,

(5.1) (z) T —al

where f(z) = O(|x|™7) as |x| — oo for some constants v and o < n and

(5.2) . |f(x)] de < 0.

Then we have

(5.3) v(x) = O(|z| %) as |z| = oo,

where 6 = min{o, y+0—n}, provided that the exponents vy and o satisfy the condition
(5.4) v+ o >n.

Proof. For fixed x € R", x # 0, we decompose R" into R" = ) U 25 U {23 where

0 = JyeR"||ly— “:U}

2 = {yeR" |g|§\y—x|§2lx\},
0, - {yemn = ol > 2l }.
which results in v(z) = vy (x) + vo(x) + v3(x) with
f) :
5.5 vi(x :/ dy, +=1,2,3.
(5.5 0= [

On the other hand, using the condition on f(z), we have the bound

8. C 2C
5.6 < = =
(5.6) |ﬂw_1+ww—ywmmw—1+mw

yEQh
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in view of |z| — |y| < |z|/2 for y € Q. Therefore,

27C d
el < s [
(1 + |l’|7) \y—x\g% |y - ZL’|
(5.7) = O(Jz|~0F ™) as |z| = co.
For y € €2y, we have
20'
@) < o [ )l dy
1217 Ljai<ly—al<2po]
< 2 [ 1fwd
= y)lay
2|7 Jgn
(5.8) = O(|z|77) as|z|] — oc.
Furthermore, using ||z — y| — |z|| < |y|, we have
dy
lus(z)] < C
y—a|>202) 1Y — 2|7 (1 + [y|7)
< C / dy
y—a>21e [ — 2|7 (L+ [ly — =] = [z]]7)
dy
<cf
ly—z|>2|z| |y - x‘o(l + ‘y - x"y/z’y)
(5.9) = O(|z|~9*™)  as |z| — oo,

using ||y — x| — |z|| > |y — x|/2, which is the same as stated in (5.7) provided that
v 4 o > n holds.
Hence, summarizing (5.17)—(5.9), we see that (5.3]) is established. O

We now turn our attention to (41]). Let u be a positive solution of (4.1l) produced
in Theorem Then there is a constant 5 > 0 such that

(5.10) lim wu(z) = B.

|z| =00
Let w(x) be given by the Newton potential associated with (4.1J), i.e.,

1 K(y)un=(y)

>4y Y= 2, S e

Y

where Q,, = 272 /nI'(n/2) is the volume of the unit ball in R”. Applying Lemma
BEIlwith 0 = n—2 to w(z) and noting (5.10), we see that, with ¢ = 7, the conditions
(44) and (5.4) coincide. Therefore, we obtain

(5.12) w(xz) =0(Jz|™™) as |z|] = 00, m =min{n —2,0—2}.

On the other hand, since h = u — w is a bounded harmonic function in view of
(510) and (5.12), it must be a constant, which must be given by (5.I0). In other
words, we have established the relation

1 K (y)un2(y)
n— Q)Qn R ‘37 - Z/|"_2

(5.13) u(x) =6+ o dy, = eR"™
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Differentiating (5.13)), we have

1 [ K(yum=(y)
0; d
i) < o [ Sy
(514) = O(|x‘_(m+1)) as ‘ZII’| — 00, 1= 17 N,

in view of Lemma [5.] again.

In order to get the decay estimate for D?u near infinity, we may be tempted to
differentiate (5.13]) twice and apply Lemma [5.1] again. However, such an approach
will not work because of the technical restriction o < n for the Newton-type integral
(5.1) stated in Lemma [5.1l To overcome this difficulty, we set |z| = R, assume that
R is sufficiently large, and rewrite (5.13) as

(5.15) u(x) =+ U(z) + V(z),
where

(5.16)  Ulx) = /| PRESEOIAREE / T

with T'(2) = 1/n(n — 2)Q,|2)>" and f(y) = —K(y)un-2(y). Then |9,0,1'(z)| <
1/Qy| 2™
First, we have by using |z —y| > |y| — R and f(y) = O(|y|~%) for |y| — oo,

0.0,V (@) < / AT = DI W)y
. W)

ly|>2R lz —y|"
< ro ey
ly|>2R

(5.17) = C\R™ i,j=1,---,n.
In order to estimate the second derivatives of U(x) in (5.15]), we extend f(y) such
that f(y) =0 for |y| > 2R and use Lemma 4.2 in [7] to represent 0;,0,U(z) as

9:0;U(x) = /| o 900 (x —y)(f(y) — f(x)) dy — f(x) / Ol (z — y)v;(y) dS,

ly|=3R

(5.18) = U(z) +Uy(z), 4,j=1,---,n,

where (v;(y)) is the outnormal vector at y over the sphere {|y| = 3R} and d.S, is the
area element.
In view of |x — y| > ||y| — |z|| = 2R for |y| = 3R, we have

Ua(2)] < [f(2) H_3R|6’ir(x—y)vj(y)ld5y
C|f(x)|R™"Y ds
< e [ as,
(5.19) < OyR™“
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To estimate Uy (x), we let Q (k= 1,2,3) be defined earlier and write

3

i) = Y | B0, (x — o) (/) — F(2)) dy
— Joun{lyI<sR}
(5.20) = Wi(z) + Wa(z) + Ws(x).
We impose the additional natural decay condition on K as follows,
(5.21) OK(z) =0(|z|~™Y) as|z| 00, i=1,---,n.
In view of (5.21)), (5.14), and the relation f = Kun-2, we have
(5.22) Oif(x) =O(|z]” Yy as|z| w00, i=1,---,n.

Since for y € Qy, we have |y| < |y —z|+|z] < 3R/2 < 2R, we see that W, (x) satisfies
the estimate

Wi(z)| < / 80,7 (@ — y)(f(@) — F(y)| dy
{lz—y|<R/2}N{|y|<2R}

|f(x) = f(y)l

|z —y|"
Y
lz—y|<R/2 ‘:1" - y|n—

where { = z+t(y — ) for some ¢ € [0,1]. Hence |[§| > |z| —|y—2z| > R—R/2 = R/2
and |V f(€)| € CsR~“) for some constant Cs > 0. Inserting this result into (5.23))
and integrating, we obtain

(5.24) [Wi(z)| < CuR™".
To estimate the decay rate of Wa(x), we first note that
2TL
o) 00T =))W < o [ 17
Z<|y—=|<2R n R

Moreover, in view of f(x) = O(R™*), we have

277/
[ ware-welia < om0
B<ly—a|<2R n E<|y—z|<2R

(5.26) < 22"O(R7Y).
Combining (5.27) and (5.206]), we obtain
(5.27) Wy (z)| < C5R™mintbn},

For W3(x), we make a similar decomposition. First we have the estimate

1
62 [ 0ot Wl < g [ 1wl
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Furthermore, by virtue of f(z) = O(R™*) again, we find

O(R™%)

W /{y—w22R}ﬂ{y|S3R}
(5.29) < (g)n O(R™).

Combining (5.28)) and (5.29), we arrive at

(5.30) (Ws(z)| < CsR™™mintbn},

Consequently, we may now collect (5.19), (5.24)), (5.27), and (5.30) and recall the
decompositions (5.18) and (5.20) to obtain the decay estimate

(5.31) 10,0,;U (x)| < Cgla|” ™ as 2] = 00, 4,5 =1,---,n.

Finally, inserting (5.31) and (5.I7) into (5.IH), we see that the second derivatives
of the solution u(z) satisfy the same decay estimates as U(x).
Summarizing the above discussion, we can state

10:0;T'(z —y) f(z)|dy < dy

/{y—w22R}ﬂ{y|S3R}

Theorem 5.2. Let u be a solution obtained in Theorem [{.9 with u(x) — 5 > 0 as
|z| — oo when the charge density function K satisfies the conditions ({{.3) and (4.4).
Then u enjoys the decay estimates

(5.32) u(@) = B=0(lz|™), Du(z) = Ola[""*V), |z] = oo,

where m = min{n — 2,¢ — 2} and D denotes a generic derivative. Moreover, if
the function K satisfies the additional condition ([5.21), then D*u obeys (D*u)(x) =

O(|z|="*2) as |z| — oo.

The asymptotic flatness condition (3.4]) may be ensured with the assumption ¢ = n
such that m =n — 2.

6. EXISTENCE OF SOLUTIONS BY AN ENERGY METHOD

In this section, we shall develop an existence theory for the Majumdar—Papapetrou
equation (4.1]) using an energy method.
We assume that K(z) satisfies (4.3]) with ¢ > 1. If the constant § > 0 defined
below is positive, we assume in addition that (4.2)) is fulfilled.
Choose a sequence {6} of positive constants decreasing to zero and define the
Hilbert space
H = {ve H'R : / (IVo[2 + 6402) dz < oo},

n

with inner product

(v, W) = / (Vv - Vw + Opow) dz .

1
and norm |jv||, = (v,v)7. For later use, define also the Hilbert space Hy as the
completion of the smooth functions of compact support under the inner product

(v, W)k :/ (Vv - Vw + Kvw) dz .
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We will be interested in the subset
Ak:{ve"l—[i:vzo, |lvllx =1} .

Fix vg € C®°(R™) N HY N L=(R"), ||lvollo < 1, vg > 0. We define a sequence vy, €
Ak, k > 1 inductively as follows: for a fixed constant 3 > 0, let wy41 € H;,, be the
unique solution of

(6.1) — Aw + Opw = K (v, + )7
and set vpy 1 = A\pr1wiy1 where A\ = m Then
(6.2) Ups1 € Aprr and — Avg g + 0101 = Mo K (0, + B)72

To see the legitimacy of the above procedure, we inductively assume that v;, € H}
and v > 0 some k > 1.
Recall the Gagliardo—Nirenberg inequality

n—2

(6.3) </ uf”zdx) " <o |VoPda
n Rn

As a consequence of ([@2) and ([6.3), we see that K (v, 4+ 5)72 € L*(R") since

n 2n_ n

Ko, + B)nzde < O | Kup > + B72)ds

Rn R
=

Cy ( |Vvk|2dat) +C3 | Kdzr < .
R R
Using the Lax—Milgram theorem, we see that (6.I) has a unique solution, say w1,
in M, ., as claimed.

We need to show that wy1 > 0. To see this, we consider the weak form of (6.1]),
that is,

IN

(64) / (Vwkﬂ : ng + 9k+1wk+1¢) dr = K(Uk + 6)ﬁ¢dz, §Z5 € Hllc—i—l'

R

Let m > 0 and observe that ¢ = (—m — wy41)* € H;, ;. Inserting this choice of ¢

into (6.4) gives
/ borwnndde > [ K(o+ 8776 de > 0,
{wrp1<—m} R

which is impossible unless the set {wyi1 < —m} is of measure zero. Since m is
arbitrary, we have shown that wg,; > 0 a.e., which establishes the legitimacy of the
construction of the sequence {v;} as stated.

We define

d(v)= [ K@+ 5)% dz .
R
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Note that for v € A, we have the uniform bound

n 27L7 2n—2

Do) < 272 | K05 + 857 ) de

S C (527?22 Kdl’+ ||K L (R™) (/ |VU|2dl’) " )
R™ Rn

(6.5) < C (ﬁ E=]

Kdl’ + HKHL"(R”)) ,

RTL
with a uniform constant C' > 0.
Lemma 6.1. ®(v;) < ®(vg41), k=0,1,...

Proof. From (G.]), we have
/ (Vs - V(Urg1 — vk) + Op1 Vi1 (Vg1 — vx)) dae

= 41 < . K (k11 + B) (v + B)72 dz — (I’(Uk))

< e (g oni) + 55000 — (o)
(6.6) = L_2>\k+1( D(vg+1) — P(vk))-

2n — 2

However, the left-hand side of (6.0]) satisfies

/ (Vg - V(Vker — V) + Oep1 Vi1 (Vg1 — ) da

1
(6.7) 2 S (vnrallin = ol + O = O lloelz2n)) > 0.

Corollary 6.2. Assume that 3 lies in the interval

f 2n—2 S
Kv,"™? dx

6.8 0< B < = | JR 770 ™7

( ) = B BO fRn de

Then there is a positive constant C' such that the sequence {\} lies in the interval

LfnRi (HKHLl R7) + ||K

T AN
Lr@ny) 272 < A1 < Ao = P(vp) ! (1 — —) :

CI|K
| B
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Proof. From (6.2)) and Lemma [6.1], we have
1 > / (Vs - Vug + Oppqvp41vg) do

= )\k+1 ((I)(Uk) — ﬁ K(Uk + ﬁ)ﬁ dflf)
Rn

Ak41 <(I)(Uk) - p (/n de) e (I)(vk)%n?>

> (o) (1- 2.

0

v

Similarly, in view of v, y1 € A1, the inequality (6.3), and the bound ([6.5]), we also
have

1 = Nyt [ Kven(op+ B8)72 da
R?’L
n—2

2n_ 2n n
< )\k—i-lHKHL”(R" (/R Uit dx) O (vy,) =2

< Mt O iy (16 ey + 1K Lngany) ™

for a uniform constant C' > 0. 0
In order to prevent the sequence {\;} from diverging to infinity or trivializing at

zero, from now on, we assume [ lies in the interval (6.8) as stated in Corollary [6.2]

Corollary 6.3. 2||vp1 — Ukl|7y; < 22 Mot (P(vis1) — P(vr))).
Proof. We have

1
§||Uk+1 - Uk||2+1 = (Ukt1, Vg1 — Uk)kt1 + 3 (||Uk||k+1 ||Uk+1||i+1)
< (Ukg1s Ukt — Ukt
n—2
< T 2)\k+1(q)(vk+1) — (vk))),
by (6.6) and Corollary 6.2 since |Jvg||7; < [Jvkllz =1 = ||vktal7iq- O

We next show the sequence {vj} is uniformly bounded and obtain some (non-
optimal) decay estimates.

Proposition 6.4. There is a uniform constant C' such that for k > 1,

(i) l|orl| e mny < C,

(i) vi(y) < C(1+ |y|)™* where a = min (%52, (";2)1 e), (0<e <2 ifg>0,
(iii) vi(y) < C(L+ |y|)~*F if B=0.
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Proof. Fix a ball Bg = Bg(y) (of radius R > 0 and centered at y € R™) in R". Then,
by standard local elliptic estimates, we have

(6.9)  supvg < C(R_%IlkaHLp(BR)+Rz_%||K(vk+ﬁ)ﬁHm<BR>>=

Bgr
7

n
>0 > —.
p , 4 5

We first observe that vi(z) — 0 as || — oo for all & > In fact, since K

1.
is bounded and satisfies (2, we see that K(vg + )72 € I (R™) for any p > 1.
For p > n, elliptic theory applied to (G.1)) implies v; € WP(R™). Thus vi(z) — 0
as |x| — oo. Iterating this argument, we see that vg1(x) — 0 as |z] — oo for
k=012,
To prove (1) let R =1, p= -2 and choose y such that sup vj1 = vg41(y). Then
applying ([6.3]) and vy € Ak k > 1), we obtain

(6.10) sup vg+1 < C (1 vk q+n 2 d:c) " C’(a)) :

for 2 < ¢ < n (for example ¢ = 2). Therefore, we find from (G.10) and (G.3) the

bound
N\
sup v < (1 + e(sup vg) / v e d:c) + C’(a))
B

(6.11) < C(1+esupuy + C(e)).

_ 1 :
Now fix € = 56 to obtain

1
(6.12) sup v < C+ 5 Sup vy,
for a uniform constant C'. Iterating, we find
(6.13) sup Vg1 < 2C + 27 F ) sup v,

proving (i).
To prove (ii), let 2R = |y|, p = ==;. Then, from (6.9), part (i), and the boundedness

of ®(vy), we have

7L2 _n_g—1
vk (y) < (Iyl( ) y|®a ”)

(6.14) = O (= 4 D).

Ifi> n we let q = oo and the result follows immediately. If n > £ > 2, then

[ —2+ 2=l > 222 for ¢ sufficiently close to 5 and the result follows. If 1 <[ < 3

choose 1 . % — —&, completing the proof of (ii).

Finally if 8 = 0, we observe that the decay estlmates of part ii. are still valid and
if we have shown that ve(y) < C(1+ |y])~% a < 2=, then by the argument of part
(ii), we find

n—2 —(]— n—1 a—2—
ven(y) < C (Jyl07) + |2
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so that viy1 < C(1+ |y)™° with b = -25a + (=2 — ) > —Z-a. Hence in a finite

number of steps we arrive at the decay rate 272 for a (different) uniform constant

C. O

Remark 6.5. The dependence of the constant C' on vy comes from the sup norm
estimate of part (i). In particular, from (6.I3)), we see that this dependence will
disappear in the limit as k tends to infinity. Also if we only assume [, [Vvo|*dz < 1
(instead of ||vg]|o < 1), then, from (6.06) and (6.7]) with & = 0, we have

n—2 1
2w —0) 2 3 (1= [ 1Valde -l

v

(6.15) N
Hence, in view of (6.15) and Lemma [6.1], we have
(6.16) D(vgi1) > B(v1) > D(vo) — Clol|vol|72gny-
This will be used in the proof of Theorem below.
We are now ready to state and prove our main existence theorem of this section.

Theorem 6.6. The sequence {v} has a subsequence converging locally uniformly in
C?T to a smooth positive function v such that uw = v + 3 is a finite energy solution

of

(6.17) —Au = MKumz inR",
(6.18) u(z) — B as|z| = oo,
(6.19) Vu?dr < 1,

Rn

where A > 0. If B = 0, u = O(|z|~"2) while if 8 > 0, u — B = O(|z|~*) where
a = min (%52, (";2)1 —¢),(0<e< ("—;2)1) Moreover, all estimates are independent
of supvg by Remark[G.3.

Proof. By Lemma[6.1l and (6.5), {®(vg)} converges to a finite limit, say M. Since the
sequence {vg} is uniformly bounded in Hx N L>®(R™), we can choose subsequences
{vk, }, {vk;+1} which converge weakly in Hx N L*(R"™). By Corollary [6.3] both subse-
quences converge weakly to the same limit, say v. Using that each vy satisfies (6.2)
and Ay stays uniformly bounded from above and below (Corollary [6.2)), Proposi-
tion and standard elliptic regularity estimates give that the convergence is locally

uniformly in C***(R") and that u = v + 8 € C*(R") satisfies (6.17)-(6.19) and

(6.20) K(z)u= (z)dz = M,
R?’L

where A > 0 is a limiting point of the sequence {\x}. The decay properties of u = v+f

follow from Proposition if 5 > 0 and using a bootstrap argument as in part (iii)

of Proposition in case 8 = 0. O
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We next use Theorem to solve the global constrained variational problem asso-
ciated with equations (6.17)), (6.I8)). Consider the variational problem

(6.21) Mg = max{(I)(v) |v € He, / IVu|?da < 1} .
R”

As shown earlier, Mp is always well-defined and the question is whether Mjp is
achieved.

Theorem 6.7. Let K be a smooth nonnegative function satisfying K = O(|x|~%), £ >
1. If p > 0, assume ({.3) in addition. For [ in the interval (68), the variational

problem Mg has a finite energy solution v satisfying (6-17),(6.18),(6.19) with the
decay properties described in Theorem [6.0.

Proof. Let 5™ be a maximizing sequence for Mjg, that is ®(T™) > My — %, m =

1,2,---. Without loss of generality we may assume 7™ € C*(R™) N H'(R") N
L=(R™), 5™ >0, ®(@™) > 2o Given m > 1, we choose in our iterative scheme
0o = (m|[0"™]|72n) " o™ = 5™ and construct the sequence {v\™} converging

to the solution v™ (say) of Theorem .6, Then from Lemma 6. (see (6.16) and
Remark [6.5)),

™) > d™) > @™) — OO0 |22z,
(6.22) > - EL
m

Since [5, |[Vo™|*dz < 1, the sequence {v!™} is also a maximizing sequence of solu-
tions satisfying

—Av™ =AM K (™ 4 gyaz
By our previous arguments, a subsequence converges locally uniformly in C*T<(R")

to a nonnegative solution v of —Av = MK (v + 3)=-2 for some A > 0 which is a
maximizer of the variational problem (6.21]). O

A solution w of the original Majumdar-Papapetrou equation (4I]) may then be
constructed from a solution u of the nonlinear eigenvalue problem (6.17) by setting

n—2

(6.23) w=A\2?2 u.

7. NONEXISTENCE RESULTS

For the Majumdar—Papapetrou type boundary value problem

(7.1) Au+ K(z)un—2 = 0, u>0, z€R"
(7.2) ‘l‘im u(z) = B, B>0,
T|—0o0

where K (z) > 0 is a smooth function which is not identically zero and satisfies

(7.3) K(z)dr <oo; K(x)=0(z]™), ¢>2o0rl>1,

R”
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we have shown that a solution exists when [ is not too large. Here we note that there
may be no solution when £ is sufficiently large. Without loss of generality, we choose
the origin so that

(7.4) K(0) = max K(z) >0
and set
(7.5) Ko(r) = min{K(z) | |z| =7,z € R"}, r>0.

Lemma 7.1. If the boundary value problem consisting of (7.1)-(7-3) has a solution,
then the modified problem,

(7.6) Av + Ko(rjvn—2 =0, lim v(z) =8, v>0,

|x|—o00
has a radially symmetric solution.
Proof. Let u be a solution of (TI)-(7.2). We first show that v > 8. In fact, since

u(z) — [ as |z| — oo, we see that w = max{0,y —u} = (7 — u)4 is of compact
support for any 0 < v < . Multiplying (ZI) by w integrating by parts, we have

(7.7) —/ |Vul? dz = K(z)umzwdz > 0,
US'Y R

which proves that the set {u < 8} must be empty as claimed.
On the other hand, using Ky(r) = Ko(|z|) < K(z),z € R" (|]z| = r), we have

(7.8) — Au > Kouns.

In other words, v* = w is a supersolution of (Z.6l). Taking v~ = (3, we see that v~
is a subsolution of (7.6) and v~ < v™. We can now construct a radially symmetric
solution v , of ([Z6)) satisfying v~ < v < v™. This solution is just the minimal positive
solution. As before, we solve

—Avj = Kovf%2 in Bg(0)
vjr1 = [ on 0Bg(0)
vg = 0
and observe that since the Laplace operator commutes with rotations, the sequence{v, }
is radially symmetric by uniqueness. Moreover,
vT <w; <wjpg <vt.
Hence vg(r) = lim;_,o v;(r) solves

—A’UR = K()’U}? in BR(O)
vg = [ on dBg(0)
Finally, in the limit as R tends to infinity, we obtain a radially symmetric solution,
v, of (4] satisfying v~ <wv <ov™. O

Proposition 7.2. Let v(r) be a radially symmetric solution of the boundary value
problem (7.6) where Ko(0) > 0. Then v is apriori bounded by a constant M (indepen-

dent of B).



CHARGED COSMOLOGICAL DUST SOLUTIONS 21

Proof. Integrating (7.6]) over the interval (0, 7), we see that v = v(r) decreases. Hence
(7.9) v(0) = max{v(r)|r > 0}

If the proposition is false, then we may find a sequence of radially symmetric solutions
of (Z.6)), say {v;}, satistying

(7.10) M;=v;(0) 500 j=1,2,---.

Now for fixed j =1,2,---, define the rescaled function

1 x 1
11 (1) = —v; [ 2 | = =—v,().
(7.11) wj(z) M, Uj Mj"% M, v;(2)
Then 0 < w; <1 =w;(0) and
(7.12) — Awy = M, TP Avy = M, T Ky (i] E (F) = Ko(F)w] .

where A denotes the Laplace operator with respect to the variable 7.

Using elliptic theory and passing to a subsequence if necessary, we see that the
sequence {w;} converges (locally uniformly in C***) to a C? function w on R™ with
w(0) = 1, which satisfies

(7.13) Aw + Ko(0)wn-2 = 0.
On the other hand, however, by Theorem 1.1 in [6], we have w = 0, which gives us a
contradiction. O

Corollary 7.3. Suppose that the function K satisfies (7). If the constant § > 0
in (7.3) is sufficiently large, the boundary value problem consisting of (7.1) and (7-3)

will have no solution.

Proof. If ({I)-(72) has a solution, then (.6]) also has a radially symmetric solution
as described in Lemma [Tl Hence by Proposition[7.2) 3 < M. O

Theorem 7.4. There exists Sy > 0 so that there is a (minimal) solution of the
boundary value problem (7.1) and (7-3) for any 0 < B < [y and no solution for
B> Bo. If K(x) is radially symmetric about the origin with K(0) > 0, there is also a
solution for By.

Proof. Define By be the supremum of the asymptotic values § > 0 such that the
boundary value problem (7.I]) and (7.2]) has a solution. As we have shown in the proof
of Theorem E2, there exists a minimal positive solution u®(z) for 0 < 8 < . Now
assume that K (x) = Ko(|z|) is radially symmetric about the origin with K(0) > 0.
Then by Proposition [7.2], the minimal positive solutions «(®) (r) with asymptotic value
B are all uniformly bounded independent of 3. Hence u'%)(r) = limg_,5, u/® (r) is a
C? solution of (7.6]) with asymptotic value (. O

Next we consider a “shell’-star type solution of the equation (.I]). To motivate
our discussion, recall that (1)) allows a many-particle solution of the form [11]
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where ¢, ju1, -+, puy are positive constants. Such a solution determines the metric
induced from a system of NV extremely charged particles of masses p1,- - - , un located
at the points pi,--- ,py € R” so that the mass density is expressed as a sum of the
Dirac distributions concentrated at py,---,py. In particular, u(z) — oo as z — p;
(j=1,---,N).

Similar, an idealized “shell-star” type solution [10] represents a situation in which

(7.15) K(z) = Ko(z)d(F (2)),

where S = {x € R"| F(z) = 0} is the shell which can be realized as the boundary
surface of a bounded domain Q, i.e., S = 09, and K(z) > 0. Suggested by the afore-
discussed many-particle solutions, we may imagine that 2 = Q;U. ..U is the finite
union of simply connected compact domains and look for a solution of (TI))-(Z.2]) in
R™\ Q satisfying the exterior boundary condition

(7.16) u(z) —» o0, x— S =00
However, one easily sees that this is hopeless. In fact,

Lemma 7.5. There is no function u that is superharmonic (Au < 0) and bounded
below in R™ \ Q and satisfies (7.10]).

Proof. Choose the origin to lie in the interior of 2. By adding a large constant to
u, we may assume u > 7 > 0 in R" \ Q. Then by the (weak) maximum principle,
u > Irl% in R™\ Q for any positive C' > 0. This is clearly impossible. U

8. CONCLUSIONS

In this paper, we have studied the Majumdar—Papapetrou equation describing an
arbitrary continuously distributed extremely charged cosmological dust in static equi-
librium governed by the coupled Einstein and Maxwell equations in a general (n+1)-
dimensional spacetime and established several existence theorems for the solutions
of the equation assuming that the ADM mass is finite. Among the results are the
following.

(i) Assume that the mass or charge density vanishes at infinity at a rate no slower
than O(|x|~%) for some positive number £. When ¢ > 2, a positive solutions ap-
proaching a positive asymptotic value at infinity can be constructed by a sub- and
supersolution method. When the condition is relaxed to ¢ > 1, a positive solution
with the same properties can be obtained by an energy method. The obtained solution
and the structure of the equation allow us to establish the existence of a continuous
monotone family of solutions labeled by their positive asymptotic values at infinity
which are necessary for achieving asymptotic flatness.

(ii) Specific asymptotic rates of a solution obtained above have been established
under various decay assumptions on the mass or charge density. In particular, if
¢ = n and the first derivatives of the mass or charge density decays like O(|z|~("+1),
then the conformal metric of a solution obeys all the decay rate assumptions in the
classical definition of asymptotic flatness at infinity.

(iii) The set of possible asymptotic values of the conformal metrics determined by
the Majumdar—Papapetrou equation is a bounded interval. In other words, there is
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a positive number Sy > 0, such that there is no solution u satisfying the asymptotic
condition u(x) — f as |x| — oo when § > [y and there is a solution when 5 < f3.

(iv) There is no such “shell-star” solution of the type that the solution gives rise to
an asymptotic flat space and approaches infinity near the shell which is the boundary
of a bounded domain so that the mass density is concentrated at the shell given by a
Dirac distribution.
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