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PROOF OF THE ANGULAR MOMENTUM-MASS
INEQUALITY FOR AXISYMMETRIC BLACK HOLES

SERGIO DAIN

Abstract

We prove that an extreme Kerr initial data set is a unique
absolute minimum of the total mass in a (physically relevant) class
of vacuum, maximal, asymptotically flat, axisymmetric data for
Einstein equations with fixed angular momentum. These data
represent non-stationary, axially symmetric black holes.

As a consequence, we obtain that any data in this class satisfy
the inequality v/.J < m, where m and J are the total mass and
angular momentum of spacetime.

1. Introduction

An initial data set for the Einstein vacuum equations is given by a
triple (S, hij, Ki;) where S is a connected 3-dimensional manifold, h;; a
(positive definite) Riemannian metric, and K;; a symmetric tensor field
on S, such that the vacuum constraint equations

(1) D;KY — D'K =0,
(2) R— KK + K? =0,

are satisfied on S. D and R are the Levi-Civita connection and the
Ricci scalar associated with h;;, and K = Kijhij. In these equations
the indices are moved with the metric h;; and its inverse hid.

The manifold S is called Euclidean at infinity if there exists a compact
subset K of S such that S\ K is the disjoint union of a finite number
of open sets Uy, and each U}, is isometric to the exterior of a ball in R3.
Each open set Uy, is called an end of S. Consider one end U and the
canonical coordinates z* in R, which contains the exterior of the ball

to which U is diffeomorphic. Set r = (Z(mi)Q)l/ ?. An initial data set
is called asymptotically flat if S is Euclidean at infinity, the metric h;;
tends to the euclidean metric, and K;; tends to zero as r — oo in an
appropriate way. These fall off conditions (see [2], [13] for the optimal
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fall off rates) imply the existence of the total mass m (or ADM mass
[1]) defined at each end U by

1 ,
(3) ™= Tom A B, (Oshij — Oihjj)n' ds,
where 0 denotes partial derivatives with respect to z!, B, is the eu-
clidean sphere r = constant in U, n' is its exterior unit normal and ds
is the surface element with respect to the euclidean metric.
A central result concerning this physical quantity is the positive mass
theorem [37], [45]:

(4) m >0,

for asymptotically flat, complete, vacuum, data; with equality only for
flat data (i.e., the data for Minkowski spacetime).

We will further assume that the data are azially symmetric, which
means that there exists a Killing vector field 7%, i.e.,

(5) £Lyhi; =0,

where £ denotes the Lie derivative, which has complete periodic orbits
and is such that

For axially symmetric data there exists another well defined physical
quantity, namely the angular momentum J associated with an arbitrary
closed 2-surface ¥ in S (the Komar integral of the Killing vector [28],
see also [38]). We define the angular momentum of ¥ by the following
surface integral

(7) J(X) = 7{ mign'n? dsp,
B

where m;; = K;; — Kh;; and n', ds, are, respectively, the unit normal
vector and the surface element with respect to h;j. As a consequence of
equation (1) and the Killing equation (5), the vector m;;7’ is divergence
free. Then, by the Gauss theorem, J(X) = J(X') if XU is the bound-
ary of a region contained in S (i.e., J depends only on the homology
class of S). If S = R3, it follows that J(X) = 0 for all ¥. In order to
have non zero J the manifold S must have a non trivial topology; for
example, S can have more than one end.

Let ¥4 be any closed surface in a given end U such that it encloses
the corresponding ball in R3. The total angular momentum of the end
U is defined by J = J(Xoo).

Physical arguments suggest the following inequality at any end
(8) m > /| J],

for any complete, asymptotically flat, axially symmetric and vacuum
initial data set (see [17] and reference therein). Moreover, the equality
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in (8) should imply that the data set is a slice of the extreme Kerr
spacetime.

This inequality was proved for an initial data set close to an extreme
Kerr data set in [18], [17].

The main result of this article is the following;:

Theorem 1.1. Let (h;j, K;;,5) be a Brill data set (see Definition
2.1) such that they satisfy condition 2.5. Then inequality (8) holds.
Moreover, the equality in (8) holds if and only if the data are a slice of
the extreme Kerr spacetime.

Another way of stating this theorem is to say: extreme Kerr initial
data is the unique absolute minimum among all Brill data set (which
satisfies Condition 2.5) with fized angular momentum.

Let us discuss the hypotheses of this theorem. The first assumption
is that the data belong to the Brill class. This class of data is defined in
Section 2; it involves certain technical restrictions on both the topology
of the manifold and the behavior of the fields. As it was mentioned
above, Theorem 1.1 is expected to be true for general asymptotically
flat, axisymmetric, vacuum, complete data. Nevertheless, we empha-
size that the Brill class is physically relevant in the following sense: it
contains the Kerr black hole data, it also contains non stationary data
(in particular small deviations from Kerr), and gravitational radiation
is not constrained to be small in any sense. In Section 2 we review a
well known procedure for constructing a rich class of examples of this
class of data set.

The second assumption, Condition 2.5, implies that the data have non
trivial angular momentum only at one end. The theorem is expected to
be valid without this restriction; however, this generalization appears
to be quite difficult.

Theorem 1.1 generalizes the results presented in [18], [17] in two
ways. First, it does not involve any smallness assumptions on the norm
of the fields. In particular, the data is not required to be close to
extreme Kerr data. Second, the Killing vector 7 is not required to be
hypersurface orthogonal.

Theorem 1.1 will be a consequence of the following result in the cal-
culus of variations.

Let p denote the cylindrical radius in R3 and T the axis p = 0. Define

9) g = 2logp.

It is important to note that g is an harmonic function in R3 \ T'. Let
z,Y : R® — R be two arbitrary functions. Consider the following
functional

1

(10) M(z,Y) = Tom

/ (1922 + e 299 ) du,
R3
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where dyu is the volume element in R? and the contractions are with
respect to the euclidean metric. The relation between this functional
and the mass of a Brill data set is discussed in Section 2; see also [21].

The extreme Kerr initial data (zq, Yy) are given by (see, for example,
[18])

2.J2 cos Osin? 6

(11) zo=logXg—g, Yo=Yy— S )
where
(12)
Xg = (7;2 T+ W) sin?6, Yy = 2J(cos® 0 — 3cosh),
and
(13) F=r+ /I, S=+]J|cos?0.

In these equations, (r,#) are spherical coordinates in R3 (with p =
rsind) and J is an arbitrary constant.
Let H}(R3\ {0}) be the completion of C§°(R?\ {0}) under the norm

1/2
(14) laf = < / !804261#) ,
]R3

and H& Xo (R3\ T') the completion of C§°(R?\ I') under the norm

1/2
(15) lothoss = ( [ %%ouan)

We define the positive and negative part of a function o by a™ =
max{a,0} and @~ = min{«, 0}.

Theorem 1.2. Consider the functional M defined by (10). Let a €
H}R3\ {0}), y € H&,Xo (R®\T). Assume in addition that o™, yX, " €
L>®(R3) and 04,X0_1y — 0 as r — oco. Then, the following inequality
holds:

(16) M(zo + o, Yo 4+ y) = M(z0, o),

where (xo, Yy) are the extreme Kerr data. Moreover, the equality in (16)
holds if and only if a =y = 0.

This theorem is a generalization of the results presented in [18] where
a local version has been proved.

Remarkably, o and y are not assumed to be axially symmetric in
this theorem (i.e., they can depend on the ¢ coordinate). However, we
emphasize that Theorem 1.1 is only valid for axially symmetric data
(see the remark after Theorem 2.2).
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It is important to note that for the extreme Kerr data the difference
Yo — Yo = yo satisfies the hypothesis of Theorem 1.2 (see the appendix).
Then inequality (16) can be written in an equivalent form

(17) M(zo + o, Yo +y) > M(z0, Yp).

The function Yj fixes the angular momentum of the data and it also
fixes the origin of coordinates.

In Theorem 1.2, we require the boundedness of the functions a~ and
yXy ! Tt is possible to prove the same result without the assumption on
o~ and with a stronger assumption on y, namely ye™9 € L>(R?) (see a
previous version of this article in [20]). The disadvantage of this choice
is that the function yg defined above does not satisfy this assumption:
yoe 9 is not bounded at the origin. And hence, important examples
as non-extreme Kerr and the Bowen-York data (see Section 2) are not
included. Also, without the assumption a~ € L (R?) the proofs are
more involved. Nevertheless, I believe that for future generalization of
Theorem 1.2 these arguments which do not make use of the condition
a~ € L®(R3) can be relevant.

In Section 3, we give an equivalent norm for the Sobolev spaces
HE(R3\ {0}) and H&,XO (R3\ T). In particular, this shows the equiva-
lence between H}(R?\ {0}) and the weighted Sobolev spaces studied in
[2].

2. Brill data

The purpose of this section is to define a class of axially symmetric
initial data sets. We will call it the Brill class because it is inspired in
Brill’s positive mass proof for axially symmetric data [5]. The point
in this definition is that in this class the total mass satisfies the lower
bound given by Theorem 2.2.

Axial symmetry implies certain local conditions on the fields h;; and
K;j. Let us consider first the metric h;;. For any axially symmetric
metric, there exists a coordinate system (p, z, ) such the metric has
locally the following form

(18) h = @2 (dp? + dz?) + pPe® (dp + Aydp + Andz)?,

where the functions x,q, A,, A, do not depend on ¢. In these coordi-
nates, the axial Killing vector is given by n = 9/J¢ and its norm is
given by

(19) X ="ty

where g is given by (9).
Let K;; be a solution of equation (1) such that it satisfies (6). Define
the vector S? by

(20) Si = Kyl — X 'K’ nf,
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where 7; = hijnj . Then, define K; by
(21) Ki = eiijjnk,

where ¢;5, is the volume element of h;;. Using equations (1), (6) and
the Killing equation (5) we obtain

Hence, there exists a scalar function Y such that
1
(23) K; = §D,-Y.

Summarizing, axial symmetry implies that locally the metric has the
form (18) and there exists a potential Y for the second fundamental
form.

Definition 2.1. We say that an initial data set (h;j, K;j,S) for the
Einstein vacuum equations is a Brill data set if it satisfies the following
conditions.

i) S =R3\ 25:1 ir where i), are points in R? located at the axis
p =0 of R3.

ii) The coordinates (p, z,¢) form a global coordinate system on S
and the metric hyj is given by (18). The functions z,q, A,, A, are
assumed to be smooth in S. The functions x and ¢ satisfy

(24) z=o(r"Y?), 8z =o(r~3/?),
(25) g=o(r™"), 9g=o(r?

as r — 00, and
(26) T = o(r(_kﬁ/Q), oxr = o(r(_kb;/g),
(27) g=o(rg), 9a=o(ry})

as r(y) — 0. 7() is the euclidean distance to the end point .
Let T’ be defined as T/ = T'\ S_~_, ir. We assume that
(28) qlr = 0.
iii) The second fundamental form satisfies
(29) £yK;j =0, K=0.

The corresponding potential Y is a smooth function on S such
that

(30) /R3 |0Y 26722729 dp < oo.
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Let us analyze the definition of Brill data. Condition (i) implies that
S is Euclidean at infinity with IV + 1 ends. In effect, for each i, take a
small ball By of radius r,, centered at iy, where r(;) is small enough
such that By does not contain any other i; with &’ # k. Take Bp, with
large R, such that Br contains all points ;. The compact set K is given
by K = Bg \ Zszl By, and the open sets Uy are given by By \ i, for
1 <k < N, and Uy is given by R?\ Bg. Our choice of coordinates makes
an artificial distinction between the end Uy (which represent r — 00)
and the other ones. This is convenient for our purpose because we want
to work always at one fixed end.

The fall off conditions (24)—(25) imply that the metric is asymptot-
ically flat at the end Uj (i.e., it satisfies the conditions given in [2],
[13]). At the other ends, the fall off conditions (26)—(27) are more gen-
eral; they include the standard asymptotically flat fall off and they also
include the fall off of the extreme Kerr initial data.

In a Brill data set there are two geometrical scalar functions, the
norm of the Killing vector X and the potential Y which is related to
the twist of the Killing vector (also called the Ernst potential [23]).
These scalars are well defined in the four dimensional spacetime which
results as the evolution of the data. In contrast, the function x depends
on a choice of coordinates on the data.

The total mass is essentially contained in the 1/r part of the confor-
mal factor x, due to our assumption on gq.

The angular momentum is determined by the potential Y in the fol-
lowing way. Define the intervals I, 0 < k£ < N, to be the open sets in
the axis between i and i;_1; we also define Iy and Iy as z < ip and
z > iy respectively. That is, IV = Ug:olk- Since ¢ is singular at the
axis, the assumption (30) implies that the gradient Y must vanish at
each I, and hence Y is constant at I;. If Y is a smooth function on R3,
this of course implies that Y is constant at the whole axis. However, as
we will see, in order to have a non zero angular momentum, Y cannot
be continuous at the end points .

Let 3 be a closed surface that encloses only the point ;. From
equation (7) we deduce

(31) Be= I = 5 (VI ~ Vi)

where J, is the total angular momentum of the end ig. The total angular
momentum of the end r — oo is given by

1

(32) 7=l

Y’IO - Y|IN) ’
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which is equivalent to

N
(33) J=> I
k=1

Finally, let us discuss the restrictions involved in Definition 2.1 with
respect to general asymptotically flat, axisymmetric, complete and vac-
uum data. Locally, there is no restriction on the metric and the only
restriction on the second fundamental form is the maximal condition
K = 0. Globally, we have assumed a particular topology on the compact
core K of the asymptotically flat manifold S. Also, we have assumed
that the metric has globally the form (18). The fall off conditions (24)
for x are a consequence of the standard definition of asymptotically flat-
ness; however, the fall off conditions (25) for ¢ are an extra assumption.
Condition (28) for ¢ on the axis is a consequence of the regularity of the
metric at the axis, and hence it is not a restriction.

The fundamental property of Brill data is the following:

Theorem 2.2. The total mass m of a Brill data satisfies the following
inequality

(34) m > M(z,Y),
where M(x,Y") is given by (10).

This theorem extends Brill original proof [5] in two ways. First,
it allows for non zero A in the metric (18). This generalization was
recently given in [25], and we use this result in the following proof. The
second extension is that the topology of the data is non trivial; this was
introduced in [21]. In particular, this includes the topology of the Kerr
initial data. It is important to recall that we are not introducing any
inner boundary. The mass is obtained as an integral over .S, that is, an
integral over all the asymptotic regions (see the discussion in [21]).

Proof. Under our decay assumptions on ¢, we have that the total
mass of a Brill data is given by

1
(35) m=—— lim Orx ds.
8T R—oo 9Br

The Ricci scalar R of the metric h;; is given by (see [25])

1 -2 1 1 2 1 L 59 2
(36) —g R = SAw+ [0af® — T 80q + oAy — Az ),
where A is the Laplacian in R3 and Aj is the 2-dimensional Laplacian
(37) Agq = Qpp T 422

We want to integrate (36) over R3. Let us analyze each term individu-
ally. Consider the first term in the right hand side of (36). To perform
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the integral, we take the compact domain /C defined above, and we have
ox
(38) / Axdp = — ds,
K oK On

where 0/0n denotes a normal derivative. The boundary JK is formed
by the boundaries By and 0Bg. Using the decay condition (26), we
get that the contribution of dBy vanishes in the limit r;) — 0. Using
(35), we get that the contribution of dBpr in the limit R — oo is the
mass.

Take the Ricci scalar in the left hand side of (36). We use the hy-
pothesis that the data have K = 0 and the constraint equation (2) to
get

(39) R=K;;K".

We will get a lower bound to the left hand side of (39). The metric (18)
can be written in the following form:

(40) hij = qij + X 'y,

where ¢;; is a positive definite metric in the orbit space. Using this
decomposition we get

(41) KyKY = KYKM g5+ X2 (Kmimy)* +2X T KY KM g .
The first two terms in the right hand side of this equation are positive

defined. Using the definitions (20) and (21), the last term can be written
as follows:

(42) KK ninkg;p = S'S;

(43) = %KK

(44) = &DZYD@Y
(45) = &w}/y?e—l’“q,
Then we get

(46) Rel™20) > %ww?

Take the term Agq in (36). Let K be the cylinder p < § and consider
the following domain A5 = K\ K5. We integrate over As and then take
the limit 6 — 0. The integral over As can be written in the following
form

(47) Aoq dp = 471'/ dpdz (q,pp + Q,Zz)pv
As As

(48) — 4n /A dpdz ((pqp — 9+ (p2) ).
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We use the divergence theorem in two dimensions to transform this
volume integral in a boundary integral, that is

(49) / dpdz ((pq,p — q).p + (pq.2),2) :74 V - nds,
As 0As

where 7 is the 2-dimensional unit normal, ds is the line element of the
1-dimensional boundary, and V is the 2-dimensional vector given in
coordinates (p, z) by

(50) V= ((pg,, — ), (pa,:))-

By (28) and the assumption that ¢ is smooth on S (and hence the
derivatives ¢, and ¢, are bounded at I') we have that the vector V/
vanishes at I". Then, using (47) and (49) we get

(51) lim/ Aoqdp = V- nds.

00/ A oK
We now take the limit R — oo and r) — 0. We use the decay condi-
tions (25) and (27) to obtain

(52) / Asqdp = 0.

Since the last term in (36) is positive, collecting these calculations we
get (34). q.e.d.

Since the data should satisfy the constraint equations (1)—(2), it is
not obvious that we can construct non trivial examples of Brill data.
One can easily check that Schwarzschild data in isotropic coordinates
is in the Brill class. Other explicit examples are Brill-Lindquist data
and the Kerr black hole data (i.e., Kerr data with parameters such that
inequality (8) is satisfied), see [21].

Let us discuss a general procedure to construct a rich family of Brill

data. For simplicity, we will assume that A = 0 in equation (18).
Consider the metric
(53) hij = e~ 24(dp?® + d2*) + p*d?.

This metric will be used as a conformal background for the physical
metric h;j;, that is, h;; = exﬁij. We will take ¢ in (53) and the potential
Y as given functions.

We first discuss how to construct solutions of the momentum con-
straint (1) from an arbitrary potential Y, and how to prescribe the
angular momentum of the solution. Consider the following tensor

(54) K9 =
where

) 1 .. -
(55) St = 7e“’%yjpky,
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€;j1 denotes the volume element with respect to Bij and D is the con-
nexion with respect to Bzy The indices of the tilde quantities are moved
with ﬁij and its inverse h%. The tensor K% is symmetric, trace free,
and satisfies (see, for example, the appendix in [19])

(56) DIR—” =0.

Hence, for an arbitrary function Y we get a solution of equation (56)
given by (54). This, essentially, provides a solution of the momentum
constraint (1).

To control the angular momentum of the data, we will prescribe the
behavior of Y near the axis in the following way. Take spherical coordi-
nates (7(x), f(x)) centered at the end point i; and consider the following
function

(57) Yk = QJk(COS?) G(k) — 3cos Q(k)),

where Ji are arbitrary constants. The normalization factor is chosen to
be consistent with equation (31). Define

— N —
(58) Y =51
k=0

Let Y = Y + y, where y vanishes at the axis. Then, the angular mo-
mentum of Y at the ends i, is given by the free constants J; in Y.

We discuss now the conditions on the function ¢. Define the Yamabe
number of iLij to be

Jrs (Sf)i@f)m + R@Q) dyy,
(59) A= inf 5
0F£pECE(S) Jrs 5 duj,

In order to construct a Brill data, the metric iLZ‘j should satisfy the
condition A > 0, as we will see in the following theorem:

Theorem 2.3. Let g € C§°(S) such that X > 0 and let Y =Y +y,
where Y is given by (58) and y € CP(R3\ T). Then, there exists a
function x such that

(60) hij = ewilij, Kij = e_w/2l~(ij
define a Brill data set, where iLij is given by (53) and IN('ij s given by
(54).

This theorem was proved in [6] and [7] (see also the correction in
[30] of this article). There exists a more general version of the theorem
[12], [31]. We have assumed that the functions involved have compact
support in order to simplify the assumptions, but decay conditions are
also possible.
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Sketch of proof. What follows is the rewriting of our setting in terms
of the one used in these references. To simplify the discussion, let us
follow the existence theorem in section VIII of [12].

Define the function g by

N 1
(61) vo=S"14 1,
2

Consider the metric defined by the following conformal rescaling

(62) hij = Yghij.

One can easily check that this metric is asymptotically flat with N + 1
ends. Moreover, the Yamabe number of the metric h;; is the same as
the the one for h;; because, by construction, it is a conformally invariant
quantity. Then, h;; is in the positive Yamabe class. Hence, we can apply

the above mentioned theorem to conclude that there exists a solution
of the Lichnerowicz equation

~

A R NI
(63) D'Dip— = = K9K™,

such that ¥y — 1 at the end point ix. Where Kij is given by Kij =
(I QK}j with K’ij given by (54), hat quantities are defined with respect
to the metric ilij and the indices are moved with this metric and its
inverse.

Define z to be e* = (y1)9)*. Then it follows, by the standard con-
formal transformation formulas, that (60) define a solution of the con-
straint equations (1)—(2).

The singular part of x is given by g, and at the end point i, we have
(64) r = O(—4logry)), Or= O(r(_k;),
which is consistent with (24). q.e.d.

It remains to show how to achieve the condition A > 0. This is given
by Theorem 4.2 in [7]. Applying this theorem to the present case we
get (see also [32]):

Theorem 2.4. Let ¢° € C5°(S) and set ¢ = Cq°, where C is a
constant. Then, for C' small enough, we have A > 0.

A simple but non trivial choice for ¢ which satisfies A > 0 is ¢ =
0. This gives conformally flat solutions for the constraint equations.
These kinds of solutions are extensively used in numerical simulations
for black hole collisions (see the review article [16]). Two examples are
the Bowen-York spinning data [4] and the data discussed in [22].

The definition of Brill data is tailored to the hypothesis of Theorem
2.2. However, in order to prove Theorem 1.2 we need to impose more
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conditions. More precisely, we assume the following. Define y =Y — Y,
and o = x — xyp where Yy and xg are given by (11).

Condition 2.5. We assume y € H&XO(R3 \T) and o=, X,y €
L®(R3) and X'y — 0 as 7 — oo.

The conditions on y imply that y vanishes at the axis I' and hence
there exists only one end with non trivial angular momentum. The lo-
cation of this end is fixed by the function Yy. However, let us emphasize
that the data can have extra ends as long as they have zero angular
momentum.

We have also assumed that o~ € L*°(R3). This implies an extra
restriction on the behavior of x near the ends. In Definition 2.1 we have
assumed the fall off behavior (26) of x near the ends, on the other hand
for extreme Kerr we have z9 = —2Inr 4+ O(1) near r — 0. A relevant
class of fall conditions that satisfies both (26) and o~ € L>(R3) is given
x = —Flnr+0O(1) near r — 0, for B > 2. In particular, this includes the
asymptotically flat ends 5 = 4 described in Theorem 2.3 (see equation
(61)).

Let us discuss important examples of Brill data that satisfies Condi-
tion 2.5. First, extreme Kerr data. In this case, we have @ = 0 and
y = 1yo = Yo —Yy. In the appendix we prove that the function yq satisfies
the assumptions in 2.5. Second, non-extreme Kerr black hole data (for
the explicit form of the functions X and Y for these data see the appen-
dix of [21]). These data are asymptotically flat at the end » — 0 and
hence, by the discussion above, we have o~ € L*(R?). Using a com-
putation similar to the one presented for extreme Kerr in the appendix,
we conclude that the function y also satisfies 2.5. Finally, two other
examples of Brill data that satisfy Condition 2.5 are the Bowen-York
data for only one spinning black hole (i.e., Y = Y; and ¢ = 0) and the
data constructed in [22] in which Y = Y and ¢ = 0.

3. Global Minimum

The crucial property of the mass functional defined in (10) is its
relation to the energy of harmonic maps from R? to the hyperbolic plane
H?2: they differ by a boundary term. Let g be an arbitrary harmonic
function on a domain €2 in R3. Define the mass functional over 2 as

1

(|0z]* + e 2 2910Y |?) dp.
Then, using that g is harmonic, we find the following identity

(66) Mg = Mg — 8—791(9 + 2x) ds,
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where My, is given by

1 0X | + oY |2
I - -
and we have defined the function X by
(68) X =977,

The functional M, defines an energy for maps (X,Y) : R® — H? where
H? denotes the hyperbolic plane {(X,Y) : X > 0}, equipped with the
negative constant curvature metric

dX?+dY?
(69) d52 = T
The Euler-Lagrange equations for the energy My, are given by
oY
(70) Alog X = — 2
YoX
(71) AY = 28 X(? .

The solutions of (70)—(71), i.e., the critical points of My, are called
harmonic maps from R3 — H2. Since Mg and My, differ only by a
boundary term, they have the same Euler-Lagrange equations.

Harmonic maps have been intensively studied; in particular, the Di-
richlet problem for target manifolds with negative curvature has been
solved [27], [35], [34]. However, these results do not directly apply in
our case because the equations are singular at the axis. In effect, the
function X represents the norm of the Killing vector (see equation (19))
which vanishes at IV, and this function appears in the denominator of
equations (70)—(71). This singular behavior implies that the energy of
the harmonic map is infinite as it can be seen from equation (67).

Solutions of equations (70)—(71), with this type of singular behavior
at the axis, represent vacuum, stationary, axially symmetric solutions
of Einstein equations. This equivalence was discovered by Carter [11]
based in the work of Ernst [23]. The relation between the stationary,
axially symmetric equations and harmonic maps was discovered much
later by Bunting (the original work by Bunting is unpublished, see [9]).
In General Relativity, equations (70)—(71) are important because they
play a central role in the black hole equilibrium problem (see [9] and the
review articles [14], [10]). Motivated by this problem, G. Weinstein in a
series of articles, [39], [40], [41], [42], [44], [43] (see also [29]), studied
the Dirichlet problem for harmonic maps with prescribed singularities
of this type. Weinstein’s work will be particularly relevant here; let us
briefly describe it.

Weinstein constructs solutions of (70)—(71) which represent station-
ary, axially symmetric, black holes with disconnected horizons. To prove
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the existence of such solutions, he defines the energy Mg, with an ap-
propriate harmonic function g. This energy plays a role of an auxiliary
functional in order to “regularize” the singular energy My, of the har-
monic map. The solution is a minimum of Mgq and the existence is
proved with a direct variational method.

Our problem is related: we have a solution of (70)-(71) (i.e., the
extreme Kerr solution given by (11)—(12)) and we want to prove that
it is a unique minimum of M. There exist, however, two important
differences from Weinstein’s work.

The first one, which is a simplification, is that we do not want to
prove existence of a solution. We already have an explicit solution; we
just want to prove that it is a minimum.

The second difference, which introduces a difficulty, is that we deal
with the extreme Kerr solution. Extreme means that m = \/m , where
m is the mass and J the angular momentum of the black hole; this
definition can be also extended for multiple black holes (see [41]). This
is a degenerate limit for black hole solutions, and it is excluded in the
hypotheses of Weinstein existence theorems. Hence, these results do not
directly apply to our case.

The extreme limit presents important peculiarities with respect to
the non extreme cases. Remarkably enough, in this case (and only in
this case) the functional M is the mass of the black hole (see [21]). In
the non extreme cases, the functional defined by Weinstein is not the
same as our definition because the choice of the harmonic function g
is different. In particular, if we take the extreme limit of the Wein-
stein functional for one Kerr black hole, we get zero and not the total
mass. Perhaps, Weinstein’s functional describes the interaction energy
of multiple black holes and this is related to the non zero force between
them. The existence of this force in the general case is an open ques-
tion. This question is relevant for the black hole uniqueness problem
with disconnected horizons.

Another peculiarity of the extreme case is that the relevant manifold
is complete without boundary; in the non extreme case the manifold has
an inner boundary: the horizon of the black hole (there is no horizon in
the extreme Kerr black hole).

Let us give the main ideas of the proof of Theorem 1.2. Theorems
3.1 and 3.2 establish that extreme Kerr is the unique minimum in an
annulus centered at the origin, with appropriate boundary conditions.
The choice of the domain is important to avoid the singularity of the
extreme Kerr solution at the origin (this is the main technical differ-
ence with the non extreme case). These two theorems are analogous
to Proposition 1 and Proposition 3 of [40] and use similar techniques.
The main idea in the proof of Theorem 3.1 is the a priori bounds found
by Weinstein. In Theorem 3.3 we prove a uniqueness result for extreme
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Kerr in the whole domain R3 under appropriate decay conditions. This
theorem is interesting by itself. Finally, to prove Theorem 1.2, we cover
R3 with annulus and use a density argument together with the previ-
ous theorems. This argument will work because we know a priori the
solution in R3. This is an important point: in this theorem we are not
proving the existence of the extreme Kerr solution. Note that in [40],
Theorem 1, where the existence of solution for the non extreme cases
was proved, this proof requires the a priori bounds given by Proposition
2, which are not valid in the extreme case.

Let Br be a ball of radius R in R? centered at the origin. We define
the annulus A = Bg \ B, where R > € > 0 are two arbitrary constants.
Let Hi(A) be the standard Sobolev space on A, that is, the closure of
C§°(A) under the norm

1/2
(72) o = ( / |3a|2du> .
A

And define the weighted Sobolev space H&h(A) to be the closure of
C3°(A\T) under the norm

1/2
(73) lhma = ( / e—anym) .

Since the function z¢ is smooth on A, the norm (73) is equivalent to the
norm (15) restricted to A.

Theorem 3.1. Consider the functional defined by (65) on the an-
nulus A, with g = 2logp. Let x¢ and Yy be the extreme Kerr solution
given by (11). Then, there exist

(74) ag € Hy(A), o € Hyp(A),
such that
(75) Mu(zo+ o, Yo+ y) > Ma(zo + ao, Yo + yo),

for all o € HY(A) and y € H&h(A). Moreover, the minimum (o, yo)
satisfies

(76) Qg € LOO(A), e Iy € LOO(A),
and the functions
(77) X =ttty =¥y + o,

define a harmonic map from (X,Y): A\ T — H?; that is, they satisfy
equations (70)—(71) on A\T.

Remark. The choice of the domain is important because the function
xo is not bounded at the origin. The proof fails if the domain includes
the origin.
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Proof. Define

78 mo = inf My(a,y).
(78) 0 acHj(A),yeH ), (A) (y)
Since M is bounded below, my is finite. Note that the functional M4
is not bounded for arbitrary functions in H{(A) x H&h(A).
Let (an,yn) be a minimizing sequence, that is

(79) Ma(n, yn) — mo as n — oo.

To prove the existence of a minimum we will prove that there exists
some subsequence of (o, y,) which converges to an actual minimizer
(a0, yo). To prove this, we will show that for every minimizing sequence
it is possible to construct another minimizing sequence such that «, is
uniformly bounded. Then, the existence of a convergent subsequence
follows from standard arguments (see [39]).

We define z,, Y, by

(80) Tp =To+ pn, Yo=Y+ Yn.
We first obtain a lower bound for z,,. Let

81 C] = mi
(81) 1 = min o,

the constant Cj depends on R and ¢, in particular C1 — oo as € — 0
because z is singular at the origin. This is the reason why the proof fails
if the domain includes the origin. Given (z,,y,), define a new sequence
(2}, yn) as z), = max{z,,C1}. Then one can check that M(al,,y,) <
M(a, yn). Moreover, of, € H}(A). This gives lower bounds for o/, on
A:

(82) a;ZCl—xOZC’l—mjxxxo:C{.

Using this lower bound, we want to prove that the minimizing sequence
can be chosen such that a,, € C§°(A) and y, € C§°(A\T'). This is an
important step in the proof, it will be used in the following to calculate
boundary integrals that are not defined for generic functions in H'.
Also, it plays an essential role in the proof of Theorem 1.2.

Define the set H as the subset of H{(A) such that the lower bound
(82) is satisfied. The functional M4 is bounded for all functions y €
Hé,h(A) and o € H. By definition, for every a € H}(A) and y € Hé,h(A)
there exists a sequence oy, € C§°(A) and y, € C§°(A\I') such that
an — o and y, — y as n — oo in the norms (72) and (73) respectively.
If o € ‘H, then by Lemma 5.1, we can take «,, such that «,, € H for all
n. For such a sequence, we claim that

(83) nh—{go MA(Oén, yn) = MA(CK, y)
To prove this we compute
(84) ‘MA(Oéna yn) - MA(OZ,Z/” <L+ 127
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where
1
) 1= g [ (10wl - ol d
1
(86) I = o e 29 |6_2x"|8Yn|2 - e_2z|8Y|2| dp.
A

For I; we have

1
87) L= o /A |0(zp, + x) - Oz, — )| dps,

1
() < (ML (@) + MY (0,9)) Nl = e,

where in the last line we have used Hélder inequality. The first factor in
the right hand side of (88) is bounded for all n and ay, — o in H}(A),
and we obtain that I; — 0 as n — oo.

A similar computation for I leads to

1

(89) I, = 397 e 29 \(e—”nayn + e_””(?Y) . (6_93"8Yn — e_raYﬂ du
A

1
90) < e (ML (0m ) + M (009) (i + Do)
where

1/2
(91) I271 = (/ e—2g—2:co|8Y’2 le—an _ 6_0‘}2 d,u> ’
A

1/2
(92)  La- ( /A e=20-230- 20| () _ )12 du) .

The function zq is positive on A, so it can be trivially bounded by
e~ 20 < 1 and hence suppressed from the definitions of I>1 and I .
However, for later use in the proof of Theorem 1.2, we keep it in equa-
tions (91)—(92).

We have «,, € H, thus the integrand in I5 ; is bounded by a summable
function for all n. Since o, — « a.e. we can apply the dominated
convergence theorem to conclude that Io; — 0 as n — oo. For I o we
use again that a,, € H to bound the exponential factor e~ for all n,
and then the assumption vy, — y in H&h(A) to conclude that Iz — 0
as n — oo. Hence, we have proved (83).

Let ay € HY(A), yr, € Hol,h(A) be a minimizing sequence. Let oy, €
C3°(A) and ygn, € CG°(A\T) such that oy, — ap and yg, — yi as
n — oo. Then we have

(93)  |Malarn, Ye,n) — mo|
< |MA(ak,n7 yk,n) - MA(aku yk)| + |MA(O[k7 yk) - mo"
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For an arbitrary €, by (78), there exists k such that

(94) Mok, yi) — mol < €/2.
For this k, by (83), there exists n such that
(95) |IMa(kns Ykn) — Malok, y)| < €/2.

Hence, we conclude that
96 = inf .
(96) mo = inf_ Ma(ok,n, Yrn)

In order to obtain upper bounds, we exploit the symmetries of the
hyperbolic plane. Define the following inversions

- X
o7) Y=z v

— Y
(98) V=X v

We have (see [39])
0X|>+|0Y > |0X]*+ |9Y|?
X? B X? ’
Let g be an arbitrary harmonic function, and define Z by

(99)

(100) X =it
Using equations (66) and (99), we obtain the following identity

(101) MA:MA—l-jé (89
DA

on
where My = Ma(z,Y).

Take g = g. Denote by K the cylinder p < §. Since g is singular on
the axis, in order to perform the integrals we will consider the domain
As = A\ Kj for some small 6 > 0 and then take the limit § — 0. The
boundary integral in (101) reduces to

_ _ dg
(g+2z) — 8—n(g + 2ac)> ds,

, dg ,_
(102) Ca= %13(1) " Qa—n(m —x)ds.

From (97) and (100) we deduce

(103) T —x = —log(e9T% 4 Y?).
Then we have
(104) ,?i%(j_z) = —2log |J|,

where we have used that y € C°(A\T) and Y? = Y2 =4J% at T. We
assume J # 0, the case J = 0 is trivial. Hence we obtain

(105) My =My + Cy,
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where
(106) Cy = —167(R — €)log(4J?) — }z{ 22791 log(e?91%%0 + Y7) ds.
0A

The important point is that Cy is finite.
We can use the same argument as above to obtain lower bound for
the function z in A. Take

(107) Cy = rgliéxnf = Iggn{xo — log(e?912%0 L Y2)1.

As in the case of C7, here we also have that Cy — oo as ¢ — 0. Note
that C and C7 are independent of o and y.

As before, we can define a new function ' = max{z,Cs}, and the
energy of T’ is less or equal the energy of . Then ' > C3. In the
following we redefine z’ by Z. From (97) we have

— 1
108 X < =
(108 <
and then
(109) ¥ < e T <L g2 0

in A. Also, from (97) we have

- X
and then we deduce
(111) Y2 < e207202

We have obtained the bounds (109) and (111) which are singular at
the axis. To get bounds in a neighborhood of the axis we will split this
neighborhood in two disconnected domains: the upper part and the
lower one. More precisely, fix § > 0 (we emphasize that in this case we
will not take the limit § — 0 as before), define K, = AN KsN{z > €}
and K_ = AN K;sN{z < €}; see Figure 1. We will obtain estimates for
K, and K_ independently.

On K, we define the following modified inversions

- X
(112) X = X2+ (Y +2J)%
(113) Y Y

TX2H (Y +20)2

Take g = —g and integrate (101) over K. The boundary term is given
by

(114) Cr, = —2%
0

where

(115) T =—log(e" +e 297" (Y +2J)?).

@(f—l—x)ds,
K on
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T

Figure 1. Domains.

We want to prove that C is finite and the difficulty is of course that
g is singular at I'. We decompose the boundary 0K into two pieces.
The first one intersects the axis and is given by 9! = 0K, N 0A, and
the second does not intersect the axis and is given by 0% = 0K, NOKj;
see Figure 1. On 9? the function g is regular and hence the integral is
finite. On @' we have y = o = 0. Using that y vanishes near the axis
and the following limit

(116) lim e (Yo +2J)* =0,
p—

we conclude that the integral is also finite in this piece of the boundary.
Equation (116) is in fact the reason why in equations (112)—(113) we
have modified the inversions (97)—(98) with the extra term 2.J.

We can use now the same idea as before to obtain upper bounds. Set
(117) Cs = g}g}ﬂ? = g}g}{— log(e® + e~ 297 (Yy + 2J)%}.
By (116) we have that this constant is finite. Then, we get that £ > Cj
in Ky and we can use the inversion to get upper bounds for x in K.
However, here ('3 does depend on « and y because these functions do
not vanish on 92. The key point is that nevertheless we can get lower
bounds to C's which does not depend on « and y. In order to do this we
will use the previously defined constants Cy and ;. The estimates are
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done in 0! and 9? independently. We decompose C3 = C’% + C’g where
(118) C3 = r%iln{— log(e™ + e 29770 (Y + 2.J)?},
(119) Cc? = I%i2n{— log(e” + e7297%(Y 4 2J)%}.

The constant Ci does not depend on « and y. For C3 we use the
previous estimate (109)

(120) c2 > (2,
where
(121) C2 = —log [5‘4 ((e‘c2 + e C1(267 %7202 4 8J2))}

does not depend on « and y. Then, we conclude that C5 > C% + C’g
Hence, on K, we have

(122) e < e < 0 < o (C3+C)
and
(123) (Y +2J)2 < e 203029 < o= AC3+CE) 29,

From (123), using |a| — |b] < |a + b|, we obtain that e %y is bounded.
A similar procedure can be used for K_, replacing J by —J in the
inversions (112)—(113). q.e.d.

We now turn to uniqueness. Let (Xi,Y7) and (Xo, Yp) be two points
in H2. The distance d between these points in H? is given by (see, for
example, [3])

(124) coshd =1+,

where

(X - Xo)* + (Y1 — Yp)?
2 X1Xo '
In our case, (X,Y) defines a map (X,Y) : R® — H?, hence d defines a
function d : R?® — R. Assume that (X1,Y7) and (X, Yy) are harmonic

maps; we then have the following two fundamental inequalities proved
in [36]

(125) 5

(126) Ad* >0,
and
(127) Ao >0,

where 0 = /1 + d?. These inequalities constitute the basic ingredient
in the uniqueness proof.
Following [39], we deduce from (126)

(128) A >0,
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because 6 is a convex function of d2. Note that ¢ has a simpler expression
in terms of X,Y than d.

Uniqueness proofs for the harmonic map equations (70)—(71) con-
stitute a fundamental step in the black hole uniqueness theorems in
General Relativity. The first result in this subject was proved by Carter
[8] at the linearized level. Robinson [33] obtained an identity for equa-
tions (70)—(71) which lead to the first uniqueness proof. The content
of the Robinson identity is essentially given by (128). However, Robin-
son discovered this identity independently of (126). We emphasize that
(126) implies (128) but the converse is not true.

In the context of black hole theory, (126) is called the Bunting identity
(see equation (6.48) in [9]). This identity is not only more general than
the Robinson one but allows to extend the uniqueness proof to the
charged case.

The following uniqueness theorem in based on (128).

Theorem 3.2. The solution found in Theorem 3.1 is unique and is
given by (0,0).

Proof. Let (Xo,Yp) be the extreme Kerr solution and let (X7,Y7) be
another solution of the harmonic map equations (70)—(71) on A\ T,
which satisfies (77), (74) and (76).

As usual, let g and z; be given by

(129) Xo = 9T Xy = et

and define

(130) y=Y1—-Yy, a=uz1—10.

Let § be given by (125) and set

(131) 5=+,

where

(132) 0y =cosha—1, ¢, = %er*QQ*MO*a.

Note that by hypothesis § = 0 on 0A.

Below, we will prove that § € H'(A). Let us assume that this is true.
Since 0 satisfies (128) in A\T" we can apply Lemma 5.3 to conclude that
(128) is satisfied in A. Hence, we can use the weak maximum principle
for weak solutions (see [26]) in A. The function J is non negative in A
and vanishes at the boundary, so the weak maximum principle implies
that § = 0 in A and hence the conclusion follows.

It remains to prove that 6 € H!(A). In fact we will prove a stronger
result: 6 € H'(A) N L>(A). Recall that 2o and o are bounded on A.
Then, it follows that 0, € L*°(A). From (132) we get

(133) 00, = sinh ada;
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since o € H'(A) it follows that §, € H'(A).
Consider 6. Since x1 and e™9y are bounded in A, we conclude that
dy € L>*(A). Its derivative is given by

1
(134) 96, = ydye 297207 — y2(9g + Oz + 5804)@_29_29”0_0‘.

Then, we have
1
(135) |95, <C (|ay|2e29 + (0mol? + 5100P) - y4e4grah|2> ,

where the constant C' depends only the L* norm of «, xg and ye 9.
When we perform the integral, the first three terms are bounded since
y € H&,XO (R3\T') and «, z¢ are in H'(A). For the last term we use a

Poincaré type inequality (see Lemma 1 of [40] and Lemma 2.2 in [18]).
We conclude that &, and hence 6, is in H'(A4) N L>°(A). q.e.d.

Remark. The proof of Theorem 3.2 fails if we extend to the domain
to R3 because the function d, is not in H'(B.).

In order to extend this theorem to R? (or, in other words, in order
to generalize the uniqueness proofs to the extreme cases) we will use
inequality (127) instead of (126) and (128).

It is convenient to have an equivalent expression for d in terms of 6.
A straightforward computation gives

(136) d = 2log(Vd + V5 +2) —log?2,
and hence the following expression for the derivative

a6 s
5(6 +2) sinhd’

(137) ad =

From (136) we deduce the following important inequalities
(138) a> |al,

where « is given by (130) and

(139) d<la|+C,

where the constant C' depends only on the L> norm of 4, in R3.
Let us analyze the derivatives of d?. Using (138) and (137) we obtain

(140) 10d*)? < 8d%0a)? + 8d%|05, .
From this expression we get
(141) 00|* < 2 (|0al? +(05,[%) .

Before proving Theorem 3.3, we give an equivalent norm for the rel-
evant Sobolev spaces.
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Using a Poincaré type inequality (see Theorem 1.3 in [2]), it follows
that the norm (14) on functions in C§°(R3 \ {0}) is equivalent to the
following weighted norm

1/2 o2 1/2
a2l ([ oara) s ([ Sa)
R3 RrR3 T

Then, the Sobolev space H(R3 \ {0}) is equivalent to the weighted
Sobolev space W/_1132 studied in [2]. In particular, from (142) we deduce

that if o € HJ(R3\ {0}), then a € H} (R3). We also mention that the
Sobolev inequality

1/6 1/2
(143) (/ al du) <C (/ |8a\2d,u)
R3 R3

is satisfied for all functions a € Hg(R3\ {0}).

Analogously, we can use another type of Poincaré inequality
(see Lemma 5.4) to obtain an equivalent norm to (15) for functions
in C°(R3\T)

1/2 9XaI2 1/2
a0 s, = ([ xtoean) -+ ([ 25Ra)
R3 R3 0

Theorem 3.3 (Uniqueness of extreme Kerr). Let (X,Y) be a solution
of the harmonic map equations (70)—(71) in R3 \ T'. Define (a,y) by
X =e9"Y =Yy+y, v = 29 + . Assume that o € Hlloc(Ri)’),

y € H&XO(]R3 \T), yX; ' a™ € L®¥R?) and that a,yX,' — 0 as
r — 00. Then, a =0 and y = 0.

Proof. Let us analyze the function §, given by (132). The computa-
tions are similar as in Theorem 3.2; the difference is that here we have
to take care of the singular behavior of the functions at the origin. In
terms of X, the function ¢, is given by

« o~

2, — 2 —
y-e ye
145 0y =
(145) YUexg T o2x3
Using the hypothesis yX,',a~ € L%(R3) we obtain d, € L=(R3).
Take a ball Bg in R? and consider the the derivative of 0y in Br
yoy y*da y28Xo)
X2 2xZ X2
Using our assumptions, we conclude that the first two terms on the right
hand side of equation (146) are in L?*(Bg). For the third term we use
the assumption yX; 1€ L*°(R3) and the Poincaré inequality given by
Lemma 5.4. Then, we conclude that d, is in H!(Bg).
Using inequality (139) (which holds because we have proved that J,
is bounded) it follows that ¢ € L?(Bg); then, using (141), we obtain

(146) 86, = e <
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o € H'(Bg). Applying the maximum principle to the inequality (127),
we get

(147) supo > supo > 1.
OBg Br

Using the decay conditions we get that supgp, 0 — 1 as R — co. Then
it follows that d = 0, and hence aa =y = 0. q.e.d.

Proof of Theorem 1.2. We first prove the inequality (16) using theorems
3.1 and 3.2. The crucial step is to prove that the minimizing sequence
can be chosen among functions with compact supports in annulus cen-
tered at the origin.

Let o € Hg(R*\ {0}) and y € H{ x (R*\T). By definition, there
exists a sequence y, € C§°(R3\ I') such that y, — y in H(i Xo (R3\T)
as n — 0o. Let R be the radius of a ball that contains the support of
Yn. The radius R depends on n and we have that R — oo as n — oo.
For e = 1/R, let x¢ g be the cut off function defined in equation (179)
of the appendix. Set o, = ax,r. This function has compact support
contained in the annulus A,, = Br \ B¢ and «,, € H& (4,). By Lemma
5.2 we have that a,, — « in H}(R3\ {0}) as n — co. We claim that

(148) lim M (o, yn) = M(a,y).

n—oo

This is similar to equation (83) in the proof of Theorem 3.1. Replacing
the domain A by R3, we define the same integrals as in equations (85)—
(86). Using (87)—(88) we conclude that I; — 0 as n — oo.

For the integrals Ip; and I>2 we use the hypothesis o~ € L>(R3)
(which plays the same role as the lower bound (82) in the proof of
Theorem 3.1) and

_ B — — —
(149) eanzeaXe,RO‘XE,RSeO‘XE,RSeO"

to bound the terms with e~ by constants independent of n. Using
the assumption y € H& Xo (R3\ T') we conclude that these two integrals
tend to zero as n — oo, and hence we have proved (148).

Using a similar argument as in the proof of Theorem 3.1, from equa-
tion (148) we conclude that the minimizing sequence (ap,y,) can be
taken among functions with compact support in annulus A,,.

We apply Theorem 3.1 and Theorem 3.2 on A,. We get

(150) M, (x0 + an, Yo +yn) 2 Ma, (zo0, ¥0).
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Using this inequality we obtain

(151)
M(xO + ap, Yo + yn) = MR3\An (51:07 YVO) + MAn (1’0 + ap, Yo + yn)

(152) > Mgs\ a,, (20, Yo) + Ma,, (70, Yo)
(153) = M(z0,Y)
(154) =/|J|

And then we get (16).
We now prove the rigidity part. Assume that there exist o € H& (R3\
{0}) and y € H&,Xo (R3\ T') such that

(155) Mz + o, Yo +y) = M(zo,Yo) = /| J].

From inequality (16) it follows that (a,y) is a minimum of M; hence it
satisfies the harmonic maps equations. We use Theorem 3.3 to conclude
that « =y = 0. q.e.d.

Finally, let us mention that Theorem 1.1 follows directly from Theo-
rem 1.2 and Theorem 2.2. Note that in the existence proofs of Section 2
the free data are the functions ¢ and Y'; on the other hand, in Theorem
1.1 the free functions are x and Y. Also, we emphasize that x and Y
are not necessarily axially symmetric in 1.2; however, the bound given
by Theorem 2.2 require this condition.
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5. Appendix

Lemma 5.1. Let Q be a bounded domain in R™ with C' boundary
0. Suppose that u € H}(Q) and

(156) u> K,

almost everywhere in 2, where K < 0 is a constant. Then, there exists
a sequence u, € C§°() such that

(157) up > K,
for all n and u, — u in the H} () norm.

Proof. The proof follows similar arguments as the proof of the trace
zero theorem for functions in H}(€2); see, for example, Theorem 2 in
Chapter 5 of [24]. We will follow this reference. We will first prove the
statement for functions in the half plane which vanishes at the boundary,
and then we will extend this to the domain €.

Let (2, z,) be coordinates in R™ and denote by R”} the subset =, > 0.
Let us assume that v € H'(R™), it has compact support in RV}F and van-
ishes on OR’!. Then, we can approximate u by smooth functions with
compact support in ]M which vanishes at the boundary JR"}. Integrat-
ing these functions and taking the limit to u, we obtain the following
estimate (see eq. (9), Chapter 5, [24])

(158) / (e, 2 da’ < Can / / Oul? do'dt,
RW’*l 0 Rnfl

for a.e. x, > 0.

Let x : R — R be a cut off function such that x € C*°(R), 0 < x < 1,
x(t) =1for 0 <t <1, x(t) =0 for 2 <t and |dy/dt| < 1, and write
Xe(x) = x(xn/€), ue = (1 — xc)u. We want to prove that ue — u in
H'(Q) as e — 0. We have

2 2.2
(159) e =l = [ w2 dn
since u?x? < u? (where, by hypothesis, u? is measurable) and u?x? — 0
a.e. as € — 0 by the dominated convergence theorem we conclude that
the integral converges to zero as ¢ — 0. Consider the derivative

(160) [Oue — Oullp2(0) < lIxeOullp2(q) + ludxell L2()-

Using the same argument as above, we have that the first term in the
right hand side of this inequality goes to 0 as ¢ — 0. The delicate
term is the second one. Note that the derivative of x. has support in
€ < 2, < 2¢ and that [0x| < €71, so we have

2e
(161) [udel oy < €2 / / W2 da' dt.
€ Rn—l
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Using the estimate (158) we obtain

2e 2e 2e
(162) _2/ / u? da'dt < 06_2/ tdt/ / 0u|? dz’ da,,
Rn—1 Rn—1

2e
(163) < o/ / 1Oul? de’ darn,
€ Rn—1
and this integral tends to zero as € — 0. Then we conclude
(164) ue — u in H(R?).

Let ns be a mollifier. Since the functions u. have compact support
in R, we can mollify them to construct smooth functions ucs in R}.
Moreover, if u satisfies the lower bound (156), then u. ; satisfies it also.
Indeed,

(165) wes(x) = / ns(@ — yyucly)dy = K | msla — )1 — xo)(y) dy
Rn R™
(166) > K,

where in the last line we have used that K <0 and

(167) / nsdr = 1.
To show that the functions u. s converges to u as €,6 — 0, we write
(168) lu —ueslln < [lu—uellg + [Jue — uesl|m,

and then use that ues — u. as 6 — 0 (this is the standard interior
approximation in H' by smooth functions, see for example, Theorem 1,
Chapter 5, of [24]) and that u. — u as € — 0.

We now extend this result to the domain ) using a partition of
unity and flattering out the boundary. Since 92 is compact, we can
find finitely many points ¥ € 99 and radii r; > 0, such that 9Q C
UZ 1B(zi,7i). Define V; = QN B(xi,r;) and let Vo CC Q, such that
Q c Ul Vi

Let {¢}Y, be a smooth partition of unity of Q subordinate to V;.
Define u; = u(;, we have

(169) w=>u.

Consider u; for i > 1, since the boundary is C?, it possible to make
a coordinate transformation such that it straightens out 02 near z;.
Then, we can assume that each wu; has compact support in R’}r and
vanishes on JR’}. We use the result proved above to approximate each
u; by smooth functions with compact support which satisfy the lower
bound (156). Using (169) we obtain the desired conclusion. q.e.d.
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The following function will be essential in the proofs of lemmas 5.2
and 5.3. It was taken from [29], Lemma 3.1. Define

o o
and
(171) Xe(p) = x(te(p)),

where y is the cut off function defined above. The function ¢, is defined
for 0 <e<1land0< p<1. We have that t. > 2 for p < e(0g)? and
0<t <1fore<p<e ! (weassume e small enough). It follows that
the function x. defines a smooth function in for 0 < p < oo (we trivially
extend the function to be zero when p > 1). Moreover, x.(p) = 0 for
p < e~(oge)? and Xe(p) =1forr >e.

The derivative of y. has support in e~(°8 9 < p < € and is given by

_Xe !
dt log(—loge)plogp’

Assume € < 1/2, then we have

(172) D =

() 1 1/2 dp
173 / Axelpdp < / )
(173) 0 Ol pdp (log(—loge))? Jo  p(log p)?

The integral on the right hand side is bounded since

dp 1
174 / =
{14 p(logp)?  logp

Then we obtain
(175) 111%/ [0pxe|*pdp = 0.
€—> 0

Take cylindrical coordinates (p, z, ¢) in R3, the integral (175) is equiv-
alent to

(176) lim |0xe|? dp = 0.
€E— 0

This equation will be the crucial property of x. used in the proof of
Lemma 5.3.

Consider now the spherical radius r, define x(r) using the function
te(r) given by (170). For R > 1, we also define

(177) tn(r) = fgg((fgg%

and

(178) Xr(r) = x(tr(r)).



PROOF OF THE ANGULAR MOMENTUM-MASS INEQUALITY 63

Then the following function has support in an annulus of radii e(l°8 R)?
and e~ (os€)?

(179) XG,R(T) = XR(T) + Xe(r) — 1L
A similar computation as above leads to
(180) lim / 10Xe.r|> du = 0.
e—0 Jp3
R—o0

Lemma 5.2. Let u € H}(R3\ {0}). Then the functions Ue,R = UXe,R
where Xe g s the cut off function defined in (179) converges to u in the
HE(R3\ {0}) norm, as R — oo, € — 0.

Proof. We have

(181)  [|Oue,r — Oul|p2msy < [[(1 = Xe,r)Oul|L2(0) + |[u0Xe Rl L2(0)-

The first term in the right hand side of this inequality goes to 0 as e — 0,
R — o0. For the second term, we have

(182) |[udxe,rl |72 sy < 16?20 @3)l10xe,RI]| Loges)
(183) < HauHLQ(R3)|H6X67R’2HL3/2(R3)7

where in the first line, we have used Holder inequality with 1/p+1/¢ =1
and in the second line, we chose p = 3 and ¢ = 3/2, and use the Sobolev
inequality (143). Then we use (180) to obtain the desired conclusion.

q.e.d.

Lemma 5.3. Let u € H'(Q) be a weak subsolution of the Laplace
equation in Q\ T'. Then u is also a weak subsolution of the Laplace
equation in ).

Proof. By definition of weak subsolution in 2\ T', we have

(184) / Oudvdp > 0,
Q

for all v € C§°(2\I'). We want to prove that this inequality holds also
for all v € C§°(2).

Take cylindrical coordinates in R? where p is the distance to the axis
I'. Consider the cut off function x(p) defined in (171). Let v € C5°(£2)
and set v = v(1 — x¢) + vXxe. Then we have

(185) / oudv dp = / Jud(v(1l — xe)) dp +/ Oud(vxe)) dp
Q Q Q
> [ oudo(t - xo)dn
Q
where we have used (184) since vx. € C§°(2\ I'). We have

(186) /Q ud(w(1 — xo)) dpt < Cllull i1 (e 10xe | s
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We take the limit ¢ — 0 and use equation (176) to conclude that the
integral goes to zero. Hence we conclude that

(187) / oudvdu > 0,
Q
for all v € C§°(Q2). q.e.d.

The following lemma gives a Poincaré type inequality for functions
in Hy y (R*\T).

Lemma 5.4. Let y € C°(R3*\T') and Yo, Xo be given by (12). Then
the following inequality holds

Y; 2 X 2
(188) / X02|8y|2du2/ (19%| +4‘8 o )deu
R3 R3 Xo
|0X0]? 5
189 > du.
(189) _/Rg X Y= dp

Proof. We use the following general identity proved in Proposition
C.2 of [15]

(190) [oeoul = [ ot ouP)lyf du
R3 R3
for v = xg + g. Using equation (70), the conclusion follows. q.e.d.

Finally, let us prove that the function
2J2 cos fsin 0
E )
defined in the introduction satisfies the hypothesis of Theorem 1.2. Note
that yo € C°°(R3\ {0}). Using equation (12) we obtain the lower bound

(191) yo=Yo— Yo =~

(192) Xo > |J|sin? 6.
Then we get

2|J
(193) lvol . __21]

Xo = (r+/]J))?2

which implies |yo|/ X, ' < 2 and |yo|/X;* — 0, as 7 — oco. This bound
also implies that yo/X, ' € LP(R3) for 3/2 < p.

Remains to show that yy € H&Xo (R3\T). From (191), we can explic-
itly compute the norm (15) to prove that it is finite. Take the sequence

Ye.r = YoXe(p)XRr(r) where x.(p) and xpg(r) are given by (171) and
(178). We have that y.r € C°(R?*\ I'). To prove that y. g — v in
H&,XO (R3\T), as R — o0, € — 0, we use the same argument, as in the

proof of Lemma 5.2 and the fact that yo/X;* € LS(R?).
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