PROOF OF THE MASS-ANGULAR MOMENTUM INEQUALITY FOR
BI-AXISYMMETRIC BLACK HOLES WITH SPHERICAL TOPOLOGY
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ABSTRACT. We show that extreme Myers-Perry initial data realize the unique absolute minimum of
the total mass in a physically relevant (Brill) class of maximal, asymptotically flat, bi-axisymmetric
initial data for the Einstein equations with fixed angular momenta. As a consequence, we prove the
mass-angular momentum inequality in this setting for 5-dimensional spacetimes. That is, all data in

this class satisfy the inequality m® > 2% (| 71| + |72])?, where m and J;, i = 1,2 are the total mass

and angular momenta of the spacetime. Moreover, equality holds if and only if the initial data set is
isometric to the canonical slice of an extreme Myers-Perry black hole.

1. INTRODUCTION

Based on the standard picture of gravitational collapse for 3 + 1 dimensional asymptotically flat
spacetimes [7], heuristic physical arguments [14] lead to an inequality relating the total (ADM) mass
and angular momentum

(1.1) m > /17|,

if angular momentum is conserved during the evolution. In order to achieve such a property for
the angular momentum, axisymmetry is typically imposed along with other conditions on the matter
fields. It turns out that it is most natural to treat this inequality at the level of initial data (M3, g, k),
where ¢ is a Riemannian metric on the 3-manifold M3, and k represents the extrinsic curvature of
the embedding into spacetime. In this regard, Dain [13] was the first to rigorously establish (1.1) for
a general class of vacuum, maximal initial data sets. In this result it was assumed that M3 = R3\ {0}
admits a global Brill (cylindrical) coordinate system (p, z, ¢) in which the metric takes the form

(1.2) g = 2UT2(dp? + d2?) + p?e?V (do + A,dp + A.dz)?,

for some coefficients U, a, A,, and A, satisfying appropriate asymptotics. This particularly simple
form of the metric played an important role in the proof. Namely with this, the scalar curvature
may be integrated by parts to arrive at a lower bound for the mass, in terms of a (reduced) harmonic
energy functional. The second step of the argument then entails showing that the energy functional
is minimized by an extreme Kerr harmonic map with the same angular momentum. Later, Chrusciel
[8] showed that the class of initial data that Dain used was quite general. More precisely, he showed
that any simply connected, axisymmetric initial data set with certain asymptotics, admits global
Brill coordinates. Further progress was also made with regards to the harmonic map part of the
problem. In [34], Schoen and Zhou used the convexity properties of harmonic map energies along
geodesic deformations in order to simplify the proof, achieve weaker hypotheses on the asymptotics,
and to obtain a gap lower bound between the energy of the given data and that of the minimizer. A
charged version of (1.1) has also been established in [9, 12, 34]. Corresponding rigidity statements
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have also been given [13, 28, 34] when these inequalities are saturated, that is the initial data must
be the canonical slice of an extreme Kerr or extreme Kerr-Newman black hole. Furthermore, an
extension of these inequalities to the case of multiple black holes has been given in [11, 28], although
here the lower bound for the mass is not known as an explicit quantity.

All of the results mentioned so far involve the maximal assumption, which yields important pos-
itivity properties for the scalar curvature. In the nonmaximal case, Zhou [36] has treated (1.1) for
vacuum initial data with small Try k, and Cha and the second author have reduced the general case,
for both the original inequality [5] and its charged version [6] to solving a canonical system of elliptic
equations.

As alluded to above, a closely related topic to the proof of the mass-angular momentum and mass-
angular momentum-charge inequality is the uniqueness and existence of stationary, axisymmetric
black hole solutions to the vacuum and electrovacuum Einstein equations. This problem is equivalent
to showing uniqueness and existence of certain singular harmonic maps from R? into 2-dimensional
hyperbolic space H? and complex hyperbolic space ]HI(QC, respectively. In particular, in the single
black hole case, it is known in this setting [10] that the Kerr(-Newman) family of black hole solutions
exhausts all possibilities. The extreme members of this family then provide the minimizers for the
mass lower bound.

The purpose of the present article is to establish a mass-angular momentum inequality in five
dimensions. The investigation of higher dimensional black hole solutions has attracted a great deal
of interest in recent years [16, 22], chiefly motivated by string theory and the gauge theory-gravity
correspondence. A central result in this area is the proof by Galloway and Schoen [18, 19] that
cross-sections H of the event horizon, and more generally marginally outer trapped surfaces, must
be of positive Yamabe type if the dominant energy condition is satisfied. This implies that H is
diffeomorphic to the sphere S® or its quotients, S' x S?, or connected sums thereof. A second
key result due to Hollands, Ishibashi, and Wald [23], and independently by Isenberg and Moncrief
[25], is a rigidity theorem which states that in the analytic setting, a stationary, rotating black hole
must admit an additional U(1) isometry. Explicit vacuum solutions corresponding to H = S and
H =2 S' x S? are known, these are respectively the Myers-Perry family of solutions [32] and the ‘black
ring’ solution of Emparan and Reall [15] (see also [33]). More recently, the first example of a black
hole with real projective space topology H = RP? has been found as a solution to supergravity [30].
All these solutions admit U(1)? isometries.

In order to establish geometric inequalities involving angular momentum for black holes in 5-
dimensions, it is natural to consider initial data admitting a U(1)? action by isometries. As each
such inequality is expected to be associated with a model spacetime, which saturates the inequality,
it is useful here to recall the basic uniqueness theorem for 5-dimensional stationary vacuum black
hole solutions, in order to determine which solutions may serve as models. The first important fact
to note is that in five dimensions, black holes are not determined by their mass and charges alone.
This is exhibited dramatically by the existence of the black ring solution which can possess the same
mass and angular momenta as a Myers-Perry black hole, but with a horizon of different topology.
Furthermore, Hollands and Yzadjiev [24] have shown that after fixing mass and angular momenta,
nondegenerate stationary vacuum black holes with U(1)? isometries are uniquely determined by a
set of invariants which characterize the fixed points of the U(1)? action and the surfaces on which
the timelike Killing field is null; this is referred to as the ‘orbit space’ data. This data encodes,
in particular, the topology of the horizon and the second homology group of the domain of outer
communication. An analogous result holds for extreme (degenerate) black holes [17]. Interestingly,
these results do not address the question of existence of black hole solutions for a given orbit space.
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However, they indicate that the unique solution (if it exists) associated with each orbit space has
the potential to serve as a model black hole for a geometric inequality.

In general, the orbit space is a 2-dimensional manifold with a boundary consisting of 1-dimensional
segments and corners. On such segments and corners, respectively one and two linear combinations
of the Killing fields generating the U(1)? isometries have fixed points [1, 2, 24]. In the present work
we will restrict attention to initial data which have the same orbit space structure as that of the
Myers-Perry black holes. Here the orbit space may be identified with a half plane minus the origin,
in which the boundary consists of two infinitely long rays, each of which serves as the fixed point set
for one of the two rotational Killing fields.

Consider an initial data set (M*, g, k) for the 5-dimensional Einstein equations. Again this consists
of a 4-manifold M*, Riemannian metric g, and symmetric 2-tensor k representing extrinsic curvature.
The energy and momentum density of the matter fields are given by

(1.3) 16mp = R+ (Trg k)* — |k[2, 8 J = divy(k — (Try k)g),

where R is the scalar curvature of g. It will be assumed throughout that the data are bi-axially
symmetric. This means that the group of isometries of the Riemannian manifold (M*,g) has a
subgroup isomorphic to U(1)? with no discrete isotropy subgroups, and that all quantities defining
the initial data are invariant under the U(1)? action. Thus if na), | = 1,2 are the two Killing field
generators associated with this symmetry, then

(1.4) Lnw9 = Lagk = Ly = Ly J =0,

where £, denotes Lie differentiation. We will also postulate that A 4 has two ends, with one desig-
nated end being asymptotically flat, and the other being either asymptotically flat or asymptotically
cylindrical. Recall that a domain Ménd C M* is an asymptotically flat end if it is diffeomorphic

to R* \ Ball, and in the coordinates given by the asymptotic diffeomorphism the following fall-off
conditions hold

(15) Gab = 5ab + Ol(r_l_ﬁ)v kab = O(r_2_n)a ne Ll (M4nd)7 J’L € Ll (M4nd)7

€ €

for some k > 0. These asymptotics guarantee that the ADM energy and linear momentum are
well-defined, with the energy given by the following limit

1

1.6 _ L
(1.6) T Ter Js

(gab,a - gaa,b)l/ba

where S, indicates the limit as r — oo of integrals over coordinate spheres S, with unit outer
normal v. Although the asymptotics (1.5) are not strong enough to ensure that the linear momentum
vanishes, and so the mass does not coincide with the energy, we will throughout this paper refer to
the quantity (1.6) as the mass in order to reserve the use of the term ‘energy’ in reference to harmonic
maps. We note that the weaker hypothesis gup, Pap € L (Mé‘nd) may be used in place of the explicit
asymptotics involving &, where p = k — (Try k)g is the momentum tensor, in order to achieve well-
defined ADM energy-momentum. Moreover, it is likely that the results of this paper hold under
these weaker conditions, but we will not pursue such questions here. Now consider the ADM angular
momenta

(1.7) J= 2

T 8

[ G = (g gy 1= 12
A priori this may not yield a finite well-defined quantity solely under the asymptotics (1.5), since
the Killing fields grow like 72. However, under the addition assumption that J(nq)) € L*(MZ,),

(S
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[ = 1,2 we have that (1.7) is finite. This may easily be seen by integrating the following expression
over M én a

. , 1
(1.8) divg p(n@)) = (divg p) () + 5P, £ayy 9) = 87 (1))

Our main result is as follows.

Theorem 1.1. Let (M*,g,k) be a smooth, complete, bi-azially symmetric, mazimal initial data set
for the 5-dimensional Finstein equations satisfying p > 0 and J(n(l)) =0, =1,2 and with two
ends, one designated asymptotically flat and the other either asymptotically flat or asymptotically
cylindrical. If M* is diffeomorphic to R* \ {0} and admits a global system of generalized Brill
coordinates then
3> 2777T
- 32
Moreover if J; # 0, i = 1,2, then equality holds if and only if (M*, g, k) is isometric to the canonical
slice of an extreme Myers-Perry spacetime.

(1.9) (17] + |721)*

This theorem may be considered as a direct generalization of Dain’s result [13] to higher dimen-
sions, as both assume the existence of a global Brill coordinate system. It also generalizes the local
versions of inequality (1.9) established in [3, 4], for data which are sufficiently close to extreme
Myers-Perry. Moreover, this result may be interpreted as giving a variational characterization of the
extreme Myers-Perry initial data, as the mass minimizers among all data with fixed angular momen-
tum. Note that the horizon geometries of 5-dimensional extreme vacuum black holes also arise as
minimizers in the context of the area-angular momenta inequalities proved in [21]; such minimizers
have been completely classified [29].

The assumption of nonvanishing angular momenta is included since otherwise there is no extreme
Myers-Perry black hole to serve as a model; the extreme Myers-Perry solutions with one or more
vanishing angular momenta do not contain a black hole. In particular, the inequality when 7; = 0,
1 = 1,2 reduces to the positive mass theorem, and due to the topology of the initial data the case of
equality cannot be achieved. Let us now make a few remarks concerning the other hypotheses. From
the preceding discussion the motivation for most of the hypotheses should be clear, except perhaps
those associated with the momentum density and Brill coordinates. The assumption J(nq)) = 0,
[ = 1,2 is, as mentioned above, used to obtain well-defined total angular momenta, but will also be
used for the important purpose of guaranteeing the existence of twist potentials, which encode the
relevant information concerning angular momentum and help reduce the proof to a harmonic map
problem. The existence of a generalized Brill coordinate system ensures that there is a global system
of (cylindrical) coordinates such that the metric takes a simple form analogous to (1.2) in the 3 +1
dimensional case; a precise description will be given in the next section. Although this appears to
be a restrictive assumption, let us recall that in the 3 + 1 setting, Chrusciel [8] (see also [27]) has
shown under general conditions that simply connected axisymmetric initial data admit global Brill
coordinates. Similarly, we conjecture that under appropriate asymptotics, a simply connected bi-
axisymmetric initial data set with trivial second homology group admits a desired set of generalized
Brill coordinates.

A natural question to ask is whether the current theorem admits generalizations to dimensions
higher than 5. It turns out that this is not possible if we require the data to be asymptotically flat with
a 2-dimensional orbit space. To see this, suppose that a spacetime has dimension n with a U(1)"~3
symmetry. Asymptotic flatness implies that the initial data will have SO(n —1) as the compact part
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of the asymptotic symmetry group, however this special orthogonal group admits at most (n —1)/2
mutually commuting generators. Thus, the only dimensions for which U(1)"~2 C SO(n — 1) are
n=4,5.

This paper is organized as follows. In Section 2 we give a detailed description of generalized
Brill coordinates. In Section 3 we derive a lower bound for the mass in terms of a functional that
will be related to the harmonic energy of a map from R3 — SL(3,R)/SO(3). Section 4 is then
dedicated to proving that the extreme Myers-Perry harmonic map achieves the absolute minimum
of this functional, and at the end of this section we then prove Theorem 1.1. A discussion of future
directions and generalizations of the results presented here is given in Section 5. Finally an appendix
is included to record, among other things, important properties of the Myers-Perry black holes.

2. GENERALIZED BRILL COORDINATES

In this section we seek a certain type of cylindrical coordinate system for the initial data, which are
isothermal for the metric induced on the orbit space. These generalized Brill coordinates are related
to the well-known Weyl coordinates familiar from the Ernst reduction of the stationary vacuum
Einstein equations. The primary difference between Brill and Weyl coordinates is that the former
applies to the region inside and outside of a black hole, while the latter only covers the outer region.
However, in the case of extreme black holes the two types of coordinates coincide. The following
definition was initially given in [1, 4] in a more general context, whereas here it is refined for the
particular problem at hand.

Definition 2.1. An initial data set (M4, g, k) with a U(1)? symmetry, and M* = R*\ {0}, is said
to admit a system of generalized Brill coordinates (p, z, ¢!, $?) if globally the metric takes the form
2U+2a

e

g =

2 /p2 + 22
for some functions U, «, A, and a symmetric positive definite matrix A = (\;;) with det A\ = p?,
i,5,0 = 1,2, (y',9%) = (p, 2), all independent of (¢!, ¢?) and satisfying the asymptotics (2.4)-(2.11).
Moreover, the coordinates should take values in the following ranges p € [0,00), z € R, and ¢* €
[0,27], i =1,2.

(2.1) (dp? + d2?) + e\, (dgbi + A;’dyl) (d¢j n A{dyl) :

The similarity of the metric structure (2.1) above with that of traditional Brill coordinates in
3-dimensions (1.2) is evident, except perhaps for the presence of /p? + 22. This term is included
so that like in the 3-dimensional case, (2.1) reduces to the flat metric when U = a = A} = 0, if
=0 =12 diag(sim2 6, cos? §), where the appropriate polar coordinates are given by

1 1
(2.2) p= 57"2 sin(26), z= 57“2 cos(20), r? = 2/p? + 22,

with r € [0,00), 6 € [0,7/2]. Note that the coordinates (6, ¢!, ¢?) are Hopf coordinates for the
3-sphere, which are naturally associated with the Hopf fibration. In particular, the flat metric is
given in these two coordinate systems by
_dp*+d2?
2 /02 + 22
We also note that without loss of generality the generators of the U(1)? symmetry may be chosen
such that ng) = 0y, [ = 1,2.
Let us now record the appropriate asymptotics in three different regions, namely at infinity, the
origin, and near the axis. The particular decay rates are motivated in general by the indicated

(2.3) o4 + 0ijd¢idg! = dr® + r2d6* + r* (sin® 0(d¢")? + cos® 0(d¢?)?) .
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asymptotically flat and asymptotically cylindrical geometries, and by the desire for certain coeffi-
cients, including \;; and A}, to not yield a direct contribution to the ADM mass. In what follows
a,b are functions of 6, k > 0 is as in the previous section, and ¢ = &ijd¢idq§j is a Riemannian
metric on the torus 72 depending only on . We begin with the designated asymptotically flat end
characterized by r — oo, and require

(24)  U=0:("""),  a=01(0""%),  AL=pOi(r77F),  AL=0:(r"%"),

(2.5) A= (1 + (=Dfar " + 0y (7727“)) Tiis A2 = p201(r~57"), |klg = O(r=27%).

Next consider the asymptotics as r — 0, where there are two types to account for. Namely, in the
asymptotically flat case

(2.6) U= —2logr+0:1(1), «a=0(r""), Af) = pO1(r1T7), AL = O1(r3T),

(27) )‘zz - (1 + (—1)ibrl+n -+ 01 (TQJFH)) Oiis )\12 = P201 (r*%Jr’i)’ ’k‘g — O(TQJFK),
and in the asymptotically cylindrical case

(2.8) U=—logr+ 01(1), a=04(1), AZ = pO, (r'™), Ai = 01(r3t"),

(2.9) /\ij = T'Za'ij + Oy (TQJFN), ’k‘g = O(T‘QJFN).

Lastly, let I' = I'y UT'_ denote the two axes I'yx = {p = 0, £z > 0}, then the asymptotics as p — 0
are given by

(2.10) U=0:1(1), a=0:1(1), A,=0i(p), AL=0:1(1), |klg=0(1),

z

(2.11) AH, /\12 = O(pQ), AQQ = O(l) on F+, )\22,)\12 = O(pz), )\11 = O(l) on I'_.

It should be pointed out that regularity of the geometry along the axis implies a compatibility
condition between o and A. To see this, let ¥ € (—o0, 27) be the cone angle deficiency coming from
the metric g at the axes of rotation, that is

2U 42«
/ \/ ¢ +e2U\;; A Al d,o
2/p2+22 J e(0,2)
(2.12) 27 5 27 - Radius _ p . p

lim
o1 —19  p—0 Circumference Ve2U V2| 2] =0 Vs

where ¢ = 1,2 corresponds to 'y, I'_, respectively. The cone angle deficiency should vanish 9 = 0,
since (M*, g) is smooth across the axis, and thus

(2.13) a(0,2) = %log (]2\85)\2-2-(0,2')) = ays(z) on Ty

To close this section, we confirm here that the asymptotically flat asymptotics (2.4), (2.5) and
(2.6), (2.7) used to define Brill coordinates are consistent with those given in (1.5). First observe
that the fall-off imposed on k in (2.5) trivially implies that in (1.5). Consider now the cartesian
coordinates

(2.14) ' =rcosfcosgt, 22 =rcosfsing', 2% =rsinfcos¢?, z*=rsinfsin’.
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Upon expressing the metric in these coordinates it follows that
g =202 (@2 4 1230%) + 2V ) (dgf)i + A;‘dyl) (dgzﬁj + Al dyl>
=5 + (2V 22 — 1) (dr? 4 r2d0?) + (2Y \ij — 0if) dp'de’
~— S

(2‘15) Ol(T_l_K)' O1(1) O1(r—1=%)  O1(r™2) )
vy AL ddt + N Ay (o + Ay )
O1(1) O1(r=37r) O1(D) 01(r2) O1(r=2-%) O1(r=1) Oy (r—2-%)
=0 + 01(7‘_1_'{)’

where we have used dp = O(r) and dz = O(r). Similar computations yield the same result for the
asymptotics (2.6), (2.7).
3. THE MASS FUNCTIONAL

One of the advantages of Brill data is that it provides a particularly simple expression for the
scalar curvature. Namely, as shown in [4] we have

detVA 1 , , , .
(3.1) V4B R = GAU 20, 20— 6|VU+ T 0 - 1 (4] AL ) (4] AL
where A and the norm | - | are with respect to the following flat metric
r*sin?(20)

(3.2) 53 = 1% (dr® + r?d6?) + d¢® = dp? + dz* + p*do?

4
on an auxiliary R? in which all quantities are independent of the new variable ¢ € [0,27], and A, ,
is with respect to the flat metric do = dp? + dz? on the orbit space. Moreover, the notation used for
the last term on the first line is shorthand for

VAir VA

(3.3) det VA = det (V/\n Vs

) = 03(VA11, V) — [V

From (3.1) one may integrate by parts to obtain a closed form expression [4] for the mass

1
m :/ €2U+2a_2logTR+6|VU|2 . det VA dr
8 R3 2,02

(3.4) )

. o ‘ -
su ¢POIETN (A — AL (AL — AL )dr+ DY /F oudz,
s==+ S

where the volume form dzx is again with respect to ds.

The next goal is to relate the right-hand side of (3.4) to a reduced form of a harmonic energy. In
order to accomplish this, the scalar curvature will be replaced by an expression involving potentials
for the angular momentum. Consider the 1-form

(3.5) Pay = 2% (p(11) Ay Ana)) = 2eabeadnyy iy iz da

on M*, where €gpeq is the volume form for g,  is the Hodge star, and p is the momentum tensor. A
computation, utilizing the momentum constraint and the fact that 7 is a Killing field, then shows
that

(3.6) dP(l) = —87['J(77(l))eabcdn&)ﬁé)dwa A da?.
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Thus, under the the assumptions that J (17(1)) =0, = 1,2 and M* is simply connected, twist
potentials exist such that

(3.7) act =Py,  1=1,2

It is then clear from (3.5) that 9,¢!|r = 0, so that ¢! is constant on each axis I'+. These constants
in turn determine the ADM angular momenta

1
T = &T/Soop(ﬂ(zw/)

.1
= lim /a oy )Y
(3.8) - }1_1}]((1) % /8]3(1) k(Og,v)eV 73 sin(260)dfdg’ dp®

1
= lim — / DpCldOdpt dep?
r—0 167 Jop(1)

= 7 (le- = ¢'le),
where B(r) is the coordinate ball of radius r centered at the origin. Furthermore, consider the frame
(39) e =e VT8 (9, — AL0,), ey =e VOB (9, — ALDy), eqa=e Uy, i=1,2,
with dual co-frame
(3.10) @l =eUtalerg, g2 Utazlogrg,  git2 _ U (dng' n A;‘dyl> =12,

so that the metric may be written as

(311) g= (52)171‘910” + )\ijei+20j+2,
and

e—4U—a+tlogr ) e—4U—atlogr )
(3.12) k(e1,eita) = —T@CZ, k(e2,eita) = TGPCZ.
Therefore, in light of the maximal condition Tr, k = 0 we have

R =16mpu + |k}
—8U—2a+2logr
€ ty—1

+ k(eq, 81)2 + 2k(eq, 62)2 + k(eq, 62)2 + )\ij)\l”k(ei, e)k(ej, en),

where
ty—1 1 oy (AT A vl ij ‘ ‘
(3.14) VEAIVC = (V¢ VE?) ( 2 w) <VCQ> = Y NG (VELVE).
i,j=1,2
It follows that by combining (3.4) and (3.13)
1 1 . , , .
m =M(U, Q) + 3 /R ) (16we2U+2a—2logm + e TN (AL — AL (4] - A;p)) da

(3.15)
1 ..
+ 8/ e2Ut2a—2logr <k(el, 61)2 + 2k(eq, 62)2 + k(eq, 62)2 + )\”)\l"k(ei, er)k(ej, en)) dux,
R3
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where

—6U
(3.16) M(U, N Q) = 1/ <6WU!2 _ detVA + 5 VCtA‘1VC> de + = Z/ acdz.
R3 2 c=+ Ts

8 2p? 2p?

The mass functional M is to be related to a reduced harmonic energy. However, it is not even
immediately apparent from the expression in (3.16) that this quantity is nonnegative in general.
It turns out that this may be resolved with an appropriate transformation or change of variables
(A1, A22, A12) — (V, W); note that since det A = p2 there are only two independent functions con-
tained in A. Define the new variables by

1 )\11 COS29 . -1 <>\12>
3.17 V==>lg|ZE"="), W=sinh'|22),
( ) 2 8 <)\22 SiIl2 9> S 1%

and note the inverse transformation is then given by
(3.18) A1 = (x/p2 + 22 — z) eV cosh W, Aog = ( P2+ 22+ z) eV cosh W, A2 = psinh W.

From the third equation in (3.18), and (2.11), we find that W = 0 on I'. Using this fact together
with the first two equations in (3.18), and recalling that there are no conical singularities (2.13),
shows that

(3.19) V=2ay on Iy, V=-2a_ on I_.

Consider now the following harmonic functions on (R3\ T',§3) which are naturally associated with
the above transformation:

1 1 / 12 2 _
(3.20) hy = 3 log p, ho = = log <W> .

In particular a computation yields

det VA
(3.21) —GT = [VV]2+ VW2 + sinh® W |V (V + ho)|? + 265(Vhe, VV),
and the last term may be integrated away to the boundary
1 .1
g s 53(Vh2, VV)d.’L‘ = — ;LI\I(l] g - Vaphz
3.29 =T ( Vdz —/ de)
(3.22) 1 \r -

:—22/Fgagdz.

g=

Notice that this boundary term cancels the one in (3.16), and so it follows that

1
MU, V, W, L, ¢ :/ 12|VUP 4 |[VV ]2 + |[VW |2 + sinh? W|V(V + ho)|?dz
R3

16
1 2
(3.23) + 16 e~ Om=0UFhtV cosh W e m2 "V tanh WV — V| da
R3
1 6—6h1—6U—h2—V
+ = |V Pd.

16 Jgs3 cosh W
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This version of the mass functional is clearly nonnegative, and together with (3.15) it establishes the
positive mass theorem for generalized Brill initial data. In the next section we will relate this mass
functional to a harmonic energy, and establish the mass-angular momentum inequality.

4. CONVEXITY AND THE GLOBAL MINIMIZER

Consider the symmetric space SL(3,R)/SO(3) = R® endowed ([20], [26], [31]) with the nonposi-
tively curved metric

—(6utv)
(4.1) ds* = 12du® + cosh? w dv? + dw? + ecosihw(dgl)2 + €75 cosh w (e_” tanhw d¢t — d(2)2 .

The harmonic energy of a map ¥ = (u, v, w, (", ¢2?) : R? — SL(3,R)/SO(3), on a domain Q C R3, is
then given by

—6u—v

Eq(¥) :/ 12|Vu|? 4 cosh? w|Vu|* + |Vw|? + £
Q C

1)2
—_— d
oshw|vC [“dz

(4.2)
+ / e Ut coshw ’e_” tanh wV (¢ — V(Q‘z dx.
Q

If Q has a trivial intersection with the axes of rotation I' = {p = 0}, and we write u = U + hy,
v =V + hg, and w = W where h; and hsy are the harmonic functions defined in (3.20), then with
an integration by parts the reduced energy Zq of the map ¥ = (U, V, W, ¢!, (?) may be expressed in
terms the harmonic energy of ¥ by

(4.3) To (V) = Eq(¥) — 12 /m(hl +2U)d,hy — /{9Q(h2 + 2V)0, ha,

where v denotes the unit outer normal to the boundary 0f2 and
6_6h1 —6U—hoy—V

cosh W

To(0) :/ 12|VU]2 + |[VV ]2 + VW |2 4+ sinh®> W|V(V + hy)|* + V¢ da
(4.4) @

2
+ / ¢~ 6 —6U+ha+V coshW‘e‘hz_VtanhWVG—VC2) dz.
Q

Observe that Z = Zps = 16 M where M is the mass functional (3.23). The reduced energy Z may
be considered a regularization of E since the infinite terms [ |Vhi|? and [ cosh? W|Vhy|? have been
removed. Furthermore, since the two functionals only differ by boundary terms they have the same
critical points.

Let Wo = (u, vo, wo, (3, ¢2) denote the extreme Myers-Perry harmonic map (see Appendix B), and
let Wy = (Uy, Vo, W, C&, Cg) be the associated renormalized map with ug = Uy + hy, vg = Vi + hao,
and wg = Wy. Therefore, ¥y is a critical point of Z. The purpose of this section is to show that ¥
achieves the global minimum for Z.

Theorem 4.1. Suppose that ¥ = (U, V, W, (!, (?) is smooth and satisfies the asymptotics (4.12)-
(4.23) with (Yr = ¢ir and 3|r = ¢3r, then there exists a constant C > 0 such that

1

The primary idea behind this result is the fact that the harmonic energy, of maps with a nonpos-
itively curved target space, is convex along geodesic deformations. This property was exploited in
[34] to achieve a similar result where the role of extreme Myers-Perry was played by extreme Kerr. In
order to apply this strategy it is necessary to show that the reduced energy inherits convexity from

3
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the harmonic energy, and for this it is helpful to cut-off the given map data in certain regimes and
paste in an extreme Myers-Perry map. More precisely, let §,¢ > 0 be small parameters and define
sets Qs = {0 <7 <2/6;p> e} and As. = By)5 \ s, where By 5 is the ball of radius 2/§ centered
at the origin. Suppose that ¥ has already undergone the cut-and-paste procedure, and thus satisfies

(4.6) supp(U — Up) C Byys,  supp(V — Vo, W = Wo, ¢! = (3, ¢% — (§) C Qe

Let Wy, t € [0,1], be a geodesic in SL(3,R)/SO(3) which connects ¥; = ¥ and ¥,. Then ¥; = ¥y
outside By/5 and (V;, Wy, ¢}, ¢7) = (Vo, Wo, (3, ¢§) on Aj, so that in particular Uy = U + t(U — Up)
and V; = Vj on these regions. This linear behavior of U; and constancy of V; (in ¢) ensures that the
boundary terms of (4.3) do not contribute when implementing convexity of the harmonic energy.
From this it follows that

d? .
(47) @I(‘I’t) > 2/Rg |V dlStSL(3,R)/SO(3) (\If, \I’O)|2dl’
Furthermore, since ¥ is a critical point
d
(4.8) @I(\I/t)’t:() = 0.

Therefore, the conclusion of Theorem 4.1 is achieved by integrating (4.7) and using a Sobolev in-
equality. In what follows we will justify each of these steps.

In order to proceed we will record the appropriate asymptotic behavior of ¥ and ¥y. In the
statements below, it is important to keep in mind that in the relevant coordinate system, the flat
metric on R? is given by

r sin?(26)

(4.9) r? (dr2 + r2d92) + 1

d¢* = dp?® + d2* + p*d¢?,
with Euclidean volume form

1
(4.10) dx = 57«5 sin(20)dr A df A d¢ = pdp A dz A dé,

where the transformation between polar and cylindrical coordinates is given in (2.2). Thus, for
example, the norms of vectors when expressed in these polar coordinates appear to have extra fall-
off as compared to the corresponding expressions in traditional polar coordinates. The motivation for
using this nonstandard version of polar coordinates is related to the derivation of the mass functional
(3.16). For later use, we note here that the second harmonic function of (3.20) takes a simple form
when expressed in polar coordinates

2,2 _ _
(4.11) hy — llog (\/p +z z) 1 log (1 cos(26)

2 p2 + 22 + z - 5 1 -+ COS(ZQ)) - log(tan 6)

When stating the asymptotics there are three regimes to analyze, namely the designated asymp-
totically flat end (r — o0), the nondesignated end (r — 0) which is either asymptotically flat or
asymptotically cylindrical, and the limit at the axis (p — 0 with § < r < 2/4). A motivation for the
choice of asymptotics is to have the weakest conditions which guarantee finite reduced energy, and
include the decay rates of the Myers-Perry harmonic maps (both extreme and non-extreme); these
properties are easily shown to be satisfied by the asymptotics below. In what follows, Kk > 0 is a
fixed parameter that may take on arbitrarily small values. Let us consider the asymptotically flat

end first. We require that as r — oo the following decay occurs

(4.12) U=0(Tr), V=0T, W= 06,
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(4.13) VU =0@—*%),  |[VV]=0("), [VW|=p20(0>"),
(4.14) V¢ = pVsinfO(r=>7%),  [V¢?| = pVeosO(r—>7").

Next consider asymptotics in the nondesignated end, which are broken up into two cases. As r — 0
we require in the asymptotically flat case that

(4.15) U=—2logr+0(1), V=0(01), W=.,pOr"),
(4.16) VU= 0G),  [VV[=0(72), [VW]=p 200",
(4.17) IV = pVsin O (r—85), V2| = pVieos O (r=81%),
and in the asymptotically cylindrical case that

(4.18) U=—logr+0(1), V=0(1), W=/po(r"),
(4.19) VU= 0G),  [VV[=0(72), [VW]=p 200",
(4.20) V¢ = pVsin 0O (r—>t%), IV(?| = pVeos 0O (r—2t7),
Furthermore, the near axis asymptotics as p — 0, § < r < 2/6 are required to satisfy
(4.21) U=0(1), V=0(1), W=O0(p2),

(4.22) VUl =0@), [VV]=0(1), [VW|=0(s"2),
(4.23) V¢ = Vsin60(p), V2| = Veos 00(p).

We will also have need of precise asymptotics for the extreme Myers-Perry data Wy which are
derived in Appendix B. In the designated asymptotically flat end as r — oo we have

(424) Up = O(’I“_Q), Vo = O(’I“_Q), Wo = pO(?"_G),
(4.25) [VUo| = O(r™),  |[VVo| =00,  |[VWo| =007,
(4.26) V| = psin?00(r™), IVEE| = peos? 00 (r™).
In the nondesignated end as r — 0 the following asymptotics are present
(4.27) Up=—logr+0(1), Vo=0(), Wy=pO(r ?),
(4.28) [VUo| = 0(r™2),  |[VVo| =0(7?),  |[VWo| =002,
(4.29) VS| = psin?00(r™), IVCE| = pcos? O (r™?).
Moreover, the near axis asymptotics as p — 0, 6 < r < 2/§ are given by
(4.30) Up=0(), V=0(), Wy=0(p),

(4.31) [VUo| =0(1), [VW[=0(1), [VW|=0(1),
(4.32) VG| = sin” 00(p), V(G| = cos® 00(p).

The first task needed to carry out the proof of Theorem 4.1 as outlined above, is to first show
that it is possible to approximate Z(¥) by replacing ¥ with a map that satisfies (4.6). This may be
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achieved as in [34] with a three step cut and paste argument. Define cut-off functions, which only
take values in the interval [0, 1], by

1 if r <3,
(4.33) s =14 [Vps| <262 if 3 <r <3,
: 2
0 ifr> 3,
0 if r <9,
(4.34) s =1 IVeps| < & ifd<r <26,
1 if r > 26,
and
0 if p<e,
lo .
(4.35) b = 1og%£%2) if e < p</fe,
1 if p > /e
Let
(4.36) Fs(0) = Wo + 55(W — W) =: (U5, Vs, Ws,5,Cs),

so that Fis(¥) = ¥g on R?\ Bys.

Lemma 4.2. lims_,o Z(F5(¥)) = Z(¥).

Proof. Write

(4.37) I(F5(9) = T2 (Fs(¥)) + Ti oy 2 (F5(9)) + T, 2 (Fs(¥)),

and observe that 7 _ (F(;(\Il)) — Z(V¥) by the dominated convergence theorem (DCT). Moreover,
since ¥ has finite reduced energy Z -2 (Fs(¥)) — 0. Now write

o.
SY[N

>2
5

T, 2 (F5(0)) = / 12T + / |vv5|2/ VTP
° [ l<r<% 1<r<§ 1<T<§

/

~~

I P I3

— = cosf e Ve—6Us
+ sinh? Ws|V(Vs + h 2+/ : —— |V,
) / R LR e
Is Is
4 . — .
+ / 2 % V56U cosh W 5|V Ca — e~V cot § tanh WV Cy|? .
<T<
Is
We have
(4.39) 11<C/ / |VU|2 + VU |? 4 (U — Up)? |V@gs)? | 7° sin(26)drdf — 0.
—_—

r—6— 2n) O(T‘g) O(r—z—zn) 0(54)

Moreover, a similar computation shows that I — 0 and I3 — 0.
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Next observe that since
(4.40) sinh Ws = /pO(r—27"%),

we have

(4.41)

I < / / P02 | [TV 4 |VVo2+ [Vhal? + (V — V)2 V2 | 7 sin(26)drde — 0.
~—— —_—— —— ——— —
OGb) 00 0 F o owh

In order to estimate the 5th integral, note that (4.14) and (4.26) combined with the fact that
(¢" = ¢d)|r = 0, yields the following estimate for r € [%, 2] and i = 1,2:

. . p . .
(4.42) (¢ = ¢ (p 2, 9)| < /0 105(¢" = o) (B, 2, 9)|dp = p*O(r™>7").
It follows that
5 (3 cos 6 112 119 . Lo e o .
aw) nsc "SRl WOE + [VGE o+ (@) [YRP | o7 sin(2o)dras,

pQO(T*‘l*Q")sinQ pQO(T‘_S)Sin49 940(7"7472;{) 0(54)

which converges to zero.
Lastly, consider the 6th integral. Use (4.40) and (4.42) to find

(4.44)
5 3 sin®
peo [T [T R+ V@R + (@GP TRl | sinzo)aras
0 Lop cos 0 ~—— N—— ——
p20(r—4=26)cos  p20(r—8)cost@ prO(r—4-2r) O(84)
2
s 0
+C/ /5 T IVCHE VG (€= 60)? VB[ | sin(26)drdd.
P 25in 6 N—— N—— —_———— ——
pPO(r=4=28)sinf  p20(r—8)sintg prO(r—4-2%) O(6%)
This clearly also converges to zero. 0

Consider now small balls centered at the origin. Let

(4.45) F5(0) = (U, V5, W5, (3, G,
where
(4.46) (Vs W5, G5, C63) = (Vo, Wo, G5, G3) + @s(V = Vo, W = Wo, ¢t = 5. ¢ — &),

so that F5(¥) = ¥( up to the first component on By.

Lemma 4.3. lims_,0 Z(F5(¥)) = Z(V). This also holds if ¥ = U, outside of Byys-
Proof. Write

(4.47) I(F5(9)) = Lr<s(Fs(9)) + Zs<r<26(F5(V)) + Lr>25(F5(V)),
and observe that by the dominated convergence theorem

(448) ITZQ(;(Fg(\I/)) = ZTZQ(S(\I/) — I(\I/)
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Moreover

(4.49)
—6h1—6U—ho— V)

cosh Wy

T.<5(F5(W)) _/ 512\VU]2 + |VVo|2 + |[VWo|? + sinh? W |V (Vo + ho) |2 + ¢ IV¢E?
r<

2
+ / e~ 0m—6U+ha+V0 (o5h W, VCS — e~ h2=Vo tanh WOVCS ,
r<d
where the first term on the right-hand side converges to zero again by the DCT. The remaining terms
may be estimated by the reduced energy of ¥y (and hence also converge to zero), since
(4.50) e’V < et

near the origin.
Now consider

Tsereos(F5(0)) :/ 12|VU2+/ \VV5\2+/ |V W5 |2
0<r<29 0<r<28 0<r<28

I I Is
cosf e VoOU
+ inh? Ws|V (Vs + ho)|? / : \/eik
(4.51) /6<r<26 o V(s I+ s<r<as pPsing COShW6| Gl
n Is
in 6
+ / sLeeV‘S_GU cosh W5|V(Z — e V% cot @ tanh W5V (i | .
s<r<2§ P COS
I
Notice that
T2
(4.52) I} = 241 / / IVU|? 7° sin(260)drdf — 0.
0 e
O(r—%)
Also
T2
(4.53) I < 0/ / IVV? 4+ |VVo|? + (V — V5)? [Vs|? | r° sin(20)drdd — 0,
0 ) —— Y~ Y——
O(r=%)  O(r=*) o@1) 054
and
L
(4.54) I < c/ / VW + [V + (W — Wo)2 [Veps|? | 7 sin(20)drdd — 0.
0 é S—— —_—
p~1O(r=2)  p?0(r—*) o) O(6—4)
Now consider 1. Since
(4.55) sinh Wy = /pO(r™ "),

we have

12
(4.56) Iy < 0/2 / pr 2 L IVV 2+ | VVo 2+ [Vho|* + (V = Vo)? |Vs|* | 7° sin(20)drdf — 0.
0 5 —— S~ Y
O(r=% O~  0O(p?) oM 0@
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In order to estimate the 5th integral, note that (4.14) and (4.26) combined with the fact that
(¢t = ¢HIr = 0, yields the following estimate for r € [§,26] and i = 1, 2:

p*O(r=8t%) in the AF case,

(4.57) ‘(C Co)(ﬂvz ) </ 0p(¢ CO)(p’Z P)ldp = {pQO(rH'{) in the AC case.

It follows that in the asymptotically flat case
(4.58)

26

r12 cos 6 .

I < 0/ / IVCHE VR 4 (¢ =2 Vs | P sin(20)drds,
P 3sin 6 N—— N—— A R e

p2O(r=16+25)5in@  p20(r—8)sin* 9  p*O(r—16+26) O(6—4)
and in the asymptotically cylindrical case
(4.59)

5 [26 76 0
pec [t [h VR 4 VLR + (L= ) [Vl | 1 sin(20)drds.
0 ,0 pPsind N—— N—— —— ——
p2O(r=102%)sinf  p20(r—8)sin* @  prO(r—10+2%) O(6—4)
These both converge to zero.
Lastly consider the 6th integral. In the asymptotically flat case we have

(4.60)
20 112in g 212 212 2 2,2 21 .5
Is <C / / G| TR+ VGRG0 Vel | o sin@o)dray
p20(r—16+26) cos@  p20(r—8)cost  prO(r—16+2r) O(5—14)
20 10 cos 6 12 1)2 1 1,2 2| .5
e / |- VR o+ VAR + (- @) [Vl | 1 sin(26)drds,
1% sm9 N—— N—— ——— ——

pQO(r*m*Q“)sin@ pQO(T_s) sin @ p4O(T*16+2“) 0(574)

and in the asymptotically cylindrical case we have

(4.61)
2 rOsin g 2)2 22 2 22 2.5
I <C / / VR 4 [VER 4 (=) Vol | 1 sin(26)dras
p COSQ ~—— ~—— —— —
p2O(r=10426)cos@  p20(r—8)costd  prO(r—10+2x) O(6—4)
2 (%t cosh 12 12 1 142 2.5
e / / VO 4+ VR 4 (¢ ) (Vs | 7 sin(26)drds.
0 s P SlIle N—— N—— N e N’
p2O(r=10+28)sinf  p20(r—8)sint 9  prO(r—1042%) O(6—4)
Again both of these converge to zero. g

Consider now cylindrical regions around the axis I' and away from the origin given by
(4.62) Cse ={p<e}n{é <r<2/6},
and

(4.63) Wie ={e <p<Ve}n{d <r<2/6}.
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Let

(4.64) G=(¥) = (U, Ve, W, ¢, 2)

where

(4.65) (Ve, We, 62, C2) = (Vo, Wo, G55 65) + ¢ (V = Vo, W = W, ¢F = G5, ¢ = GF),

so that G-(¥) = ¥y up to the first component on p < e.

Lemma 4.4. Fiz 0 > 0 and suppose that ¥ = Wy up to the first component on By, thenlim._,oZ(G(V)) =
Z(V). This also holds if ¥ = Vg outside By/s.

Proof. Write

(4.66) Z(Ge(¥)) = Zes (Ge(V)) + DI (Ge(W)) + Iray (5 .o ) (Ge(V)).

Since ¥ = Vg up to the first component on By, the DCT and finite energy of ¥y imply that
(4.67) Trs\(Cs,.uw;..) (Ge(¥)) = Z(V).

Moreover

(4.68)

—6h1—6U—ha—V)
cosh Wy

Te, . (G=(D)) :/ 12|VU? + [VVo|2 4 VW |? + sinh? Wy |V (Vo + ho) |2 +
Cés

2
i / e 6 —BUFh2 Vo cosh Wy | V3 — e727Y0 tanh W V(G|
Cé €

where the first term on the right-hand side converges to zero again by the DCT. The remaining terms
may be estimated by the reduced energy of ¥y (and hence also converge to zero), since

(4.69) eV <Ce .

Now observe that

T (W) = [ 12qVUP [ VP [ v
' W§,£ W(S,a W5,5
I I I3
. 19 9 cosf e VemOU
. / Sinh2 W.[V(V. + ho)| +/ IV
( ) + Wé,s W&,s p
n Is
sin{ oVe—6U 2 V. 1)2
+ m N COSth|VC€ — € ECOthaDhWEVCé.’ .
I
We have
3/6
(4.71) I < c/ / \VU!depd\ | =0,
3/6
(4.72) L <C » / yvvy2+va2 (V—=Vo)? Vo> | pdpd|z| — 0,

o0 o) oplen-?)
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and

3/6
(4.73) I <C / ]VW\Q + |VW0\2 + (W =Wo)? |Veée|> | pdpd|z| — 0,
N\ e

5/2
1) 0(1) O(p) O((ploge)=2)
Now consider Iy. Since
(4.74) sinh W. = O(p?),
we find that
3/8
@75) L <C / p yvvy?+yvv0\2+\vw V=102 [V | pdpdlz| — 0.
5/2 —_— Y~ Y Y~
o) O(p~2) O(1)  O((ploge)~2)

In order to estimate the 5th mtegral, note that the following estimate holds near the axis and
away from the origin and for i =1, 2:

(4.76) (= ) (o2 8)] < /0 " 10,(C — ) (5.2 6)Idp = O().

It follows that

3/6 cosf
@) I <C / [VEE + [VGE +(C =@ [Tee | pdpdlz| .
5/2 P Sln9 N—— —— N~

0(,02)81119 O(p?)sin* 6 O(p*)  O((ploge)~2)

Lastly consider the 6th integral. We have

3/0 sin 0
Io <€ / / VEP + VGP +(€ 6P Vel | pdpdlz]

p 0% cos
o) cos@® O(p?)costo O(p* O((ploge)—2
(4.78) (p ) (0?) (*) ((ploge)=2)
3/6 Ve cosh
e / / (V6P + [VGE +(¢ =GP (Vo | pdodiel,
P Sln9 N—— —— N~
O(p 2)51119 O(p?)sin @ O(p*)  O((ploge)~2)
which converges to zero. O

By composing the three cut and paste operations defined above, we obtain the desired replacement
for U which satisfies (4.6). Namely, let

(4.79) W5 = G- (F5 (F5(1))) .

Proposition 4.5. Let ¢ < § < 1 and suppose that VU satisfies the hypotheses of Theorem 4.1. Then
Vs satisfies (4.6) and

(4.80) lim im Z(Vs.) = Z(¥).

6—0e—0
We are now in a position to establish the main result of this section.

Proof of Theorem 4.1. According to Proposition 4.5, Ws. satisfies (4.6). It follows that if \i!fk

is the geodesic connecting ¥ to @575 as described at the beginning of this section, then U}_ =
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Uo + t(Use — Up) and Vg;s = Vo on As .. Now write

& ¢ d? ¢ d? t
(4.81) @I(‘Iﬁs,s) = @Iﬂ(s,g(‘l’zxe) + @IA&E(‘I’&,E)’
I I
and observe that
d? =y d?
I =—F Ut ) — — 12[h1 +2(Ug + t(Us. — Uy))] O,k
1 dt2 Qs,s( 6,5) dt2 /895,50&45,5 [ 1+ ( 0+ ( 8, O))} 1
d2

(4.82) (h2 + Vo)Ouho

dt? Joos .noAs,.
22 [ Vdistssom 500 (Ve W)l
d,e
where convexity of the harmonic energy was used in the last step, and
—6h1—6U§7€—h2—V0

1,2
cosh Wy Véol

I :/ 24|V (Us.e — Up)|? + 36(Us . — Up)?
-Aé,s

(4.83) + / 36(Us.« — Up)2e™ oM 0UshatVo o Wy e 2% tanh Wy V¢ — V2|2
A&,s

=>2 /A |V distsr,3r)/s03)(Voer Vo)
d,e

since distgr3r)/s03)(¥ser Yo) = \/ﬁ|U57E — Up| on As. as the geodesic is parametrized on the
interval [0, 1].

It remains to show that passing % into the integral in (4.83) is valid. For this it is sufficient to
show that each term on the right-hand side of the equality in (4.83) is uniformly integrable. There
is no issue with the first term since Us., Uy € H'(R?). Consider now the second and third terms,
and write As. = Cs. U Bs. Uniform integrability will follow if (Us. — Up)2e0Us.c=U0) is uniformly
bounded, since then these terms may be estimated by the reduced energy of Wy. This is clearly the
case on Cs ., as U and Uy are bounded on this region. On Bs, Us . —Uy ~ —log r in the asymptotically
flat case and Us . —Up ~ 1 in the an asymptotically cylindrical case. Therefore, the desired conclusion
follows if 7% (log r)? is uniformly bounded, which occurs for 0 < tg < t < 1. Since to > 0 is arbitrary,
we conclude that (4.7) holds for ¥;. when ¢t € (0, 1].

We will now use the Euler-Lagrange equations for ¥ (Appendix B) to verify (4.8) for ¥;.. Choose
ep < €, 0p < § and write

d d d
(484) %I(\pg,s) = %IQ%@O (\Ijg,s) + %IAgo,EO (‘Ijg,s) :
I JA

Observe that the justification for passing % into the integrals, for ¢ € (0, 1], is similar to the arguments
of the previous paragraph. Then integrating by parts, using the Euler-Lagrange equations together
with %\Ilfigh:o = (Use — Up)0y on Ajs, -y, and noting that the relevant boundary integral over
08,20 N OAs, ¢, is equivalent to integrating over dBs, U Cs, ¢, yields

(4.85) L= Ot) - / 2U(Us.. — Uo)yUp — / 2U(Us. — Uo)dUy
0By, o

Céo,so
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for small ¢, where v is the unit outer normal pointing towards the designated asymptotically flat
end. Next, using that U}ig = Uy + t(Us. — Up) and %V},a = %Wg’a = %g‘;”; = %C{iﬁ =0 on Aj, ¢,
produces

—6h1—6UL _—ha—Vj

12
cosh Wy Vol

I =0(t) + / 24VUy - V(Us,. — Up) — 6(Us,. — Up) <

A(SO €0

(4.86)
_ / 6(Use — Uo)e*6h176U§78+h2+V° cosh I/V0|e_hz_vO tanh WOVC(% — VC3|2.
A

80,€0

Since U} _ = Uy + O(t), we are motivated to integrate by parts in (4.86) and use the primary Euler-
Lagrange equation for Uy to obtain only boundary terms, which should then cancel with those in I3
as As, ey = Bs, UCsy,c0- In order to carry this out, it is sufficient to check that

(4.87) / (Use —U) 0,Up | < C|logdoldd —0 as d— 0,
0Bs, N—— \"2/
O(|logdol) O(65 )
and
(4.88) / (Use —U)0,Up| <Ceg =0 as g9 —0.
8050,50\—\/—’ ~~

o(1) o(1)

It follows that I3 + I4 = 0 when ¢t = 0, and hence (4.8) holds for W5 .
Now integrating (4.7) twice and applying a Sobolev inequality produces

Z(¥se) —Z(Vo) > 2 /R3 |V distszs.r)/s03) (Voe, Wo)|*da

(4.89)
>0 </ distSy 3.r)/50(3) (Ve ‘I’O)Cm)
R3

By Proposition 4.5 lims_,q lim. 0 Z(¥5.) = Z(V¥), and thus in order to complete the proof it suffices
to show that the limits may be passed under the integral on the right-hand side. By the triangle
inequality, this will follow if

(4.90) lim lim 8 distSy, 3 m)/50(3) (Po.er ©)da = 0.

In order to establish (4.90), observe that the triangle inequality, together with the fact that the
distance between two points in SL(3,R)/SO(3) is not greater than the length of a coordinate line
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connecting them, produces
distsr(3,r)/50(3) (s, V)
<distgr3.r)/503)((User Vs Woer C5.er C3e)s (U Ve, Wi, 5o G5))
+ distsr@,r)/500) (U Vae, Wae, Ges Ge)s (U V. W, Gy C3e))
+ distsr3.r)/503) (U, Vs Wse, G Go) s (U V. W, G500 G5 l))
(4.91) + dists s r)/506) (U, V, W, G0 GBo), (U, V, W, ¢, GRL))
((

+ distgy, 3,R)/SO(3) UV, W, C1> C(?,s)? (U7 V. W, Cla CQ))
<C (‘U - U§,5’ + ’V - V;S,s‘ + ‘W - Wé,s’)

1., 1 101
# o (B b gy Vit - g ).

(
(

Notice that

(4.92) /‘w—am%xg/ U — Up|® dz = O(65%) — 0
R3 R3\B, /5 Tg:)’

as 0 — 0. Next we have

@) [ wevipise| [ o wewls [ wewls [ -],
R3 R3\By /5 ~——~—" Cs e ——~—" Bys ~——~—"
O(r—6-6x) T 0(1) as e—0

which converges to zero if ¢ — 0 before § — 0. Similarly

(4.94) /|W—W%ﬁh§0 / |W—mﬁ+/
R3 R3\By )5 T——~——" C
p30(r—12-6x)

\W—WW+/|W—WW
E,—/ BQ(S%/_/

Ve O(p3) as e—0 p30(r=6)

The last two terms on the right-hand side of (4.91) may each be treated in a similar fashion. Let
us consider the first of these. Using the formulas (3.20) and (4.11) yields

(4.95) / 6718U718h173V73h2’<1 _Cg ’6dm </ / / o~ 18U-3V cos® |C1 —C(% |6.
RS ° ~JR\By,s e Bas -

. p p9sin3 0
Furthermore
_ cos? 0
(4.96) g/ 18U-3V 5 M =¢GS =00 =0 as 50,
R \Bl/6 o() p?sin lzﬁr—’i —
O(r—12-6r)5in3 0
cos® 0 5
(4.97) e 1803V It = ¢ 5=0(2) =0 as e—0,
C&WH(’)_’P sin® 0 22°

p12sin3 0

and in the asymptotically flat and asymptotically cylindrical cases respectively

30
(4.98) g~ 1808V 05 I =L =00%) 50 as 50,
3257(3)—’,0 sin® o 22

pL20(r—48+65) 5in3 ¢
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39
(4.99) ¢~ 18U—3V SL?,G M=kl =050 as 50
Bos VO(rlg) P S1n ——

p120(r—30+6x) 5in3 §
It follows that (4.90) holds. 0

Proof of Theorem 1.1. By replacing ngy with —n) if necessary, we may assume without loss of
generality that J; > 0, 1 = 1,2, so that J; = |J;|. If both J1 = J2 = 0, then inequality (1.9) reduces
to the positive mass theorem which holds under the current assumptions on the initial data. If only
one angular momentum vanishes, say J; = 0 and J2 # 0, then we may perturb the initial data
slightly to achieve J; # 0 and J2 # 0 while preserving all other hypotheses of the theorem. The
arguments below show that inequality (1.9) holds for the perturbed data, and hence also for the
unperturbed data by letting the perturbation go to zero.

It remains to consider the case when J; > 0, [ = 1,2. In this case there is an extreme Myers-Perry
black hole solution that can serve as the model spacetime, giving rise to the harmonic map Ty used
in the convexity arguments. The asymptotic assumptions on the initial data (M, g, k) imply that
(U, V,W, (!, (?) satisfy the asymptotics (4.12)-(4.23), see Appendix A. Thus Theorem 4.1 applies,
and the inequality (1.9) of Theorem 1.1 follows from (3.15) and (4.5), after noting that

27w

(4.100) M(Tg) = <32(j1 + j2)2> ’ .

Consider now the case of equality in (1.9) when J; > 0, I = 1,2. As alluded to above, only in this
case of nonvanishing angular momenta do we have a proper black hole spacetime arising from the
extreme Myers-Perry family. If only one of the angular momenta vanish, the corresponding extreme
Myers-Perry solution has a naked singularity, and such data do not satisfy the asymptotic hypotheses
of the theorem. If both angular momenta vanish, then the corresponding extreme Myers-Perry data
is isometric to Euclidean space minus a point, and such data again do not satisfy the hypotheses; in
fact, more generally, this is true for extreme Myers-Perry data with J; + J2 = 0. Continuing with
the proof in the case of nonvanishing angular momentum, observe that equality in (1.9) together
with (3.15) and (4.5) implies that

(4.101) uw=0, Aj)yz = AZZ,p, 1=1,2,

(4.102) k:(ei, ej) = k‘(eg, 63) = k‘(eg, 64) = k‘(€4, 64) = 0, i,j 7'5 3, 4,
and

(4.103) MUV, W, ¢, ¢?) = M(Us, Vo, Wo, G, 3.

Furthermore, according to the gap bound (4.5), a map which minimizes the functional M must
coincide with the harmonic map associated with the extreme Myers-Perry spacetime, that is

(4.104) (U, V,W,¢",¢%) = (Uo, Vo, Wo, (3, G5)-
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Next notice that (3.13), (4.102), and (4.104) yield

R =167u + |k|?
6—8U—2a+210gr
2p?

—8Up—2a+2logr
== VA 'V
_T CO 0 CO
:62(a0—a)R0’

=167y + VEENTIVC

(4.105)

where a9 and Ry are corresponding quantities for the extreme Myers-Perry solution. On the other
hand, using the scalar curvature formula (3.1), together with (4.101) and (4.104) implies that

det VA
2V t2am2lo8T R — _ 6AUy — 2, .0 — 6| VU |* + i;o
(4.106) 2p

:€2Uo+2ao—210g7’R0 + 2Ap}z(060 _ Oé)

It then follows from (4.104) and (4.105) that A, (o — @) = 0. In light of the condition (2.13) on
the axis to avoid conical singularities, we have (a9 — a)|r = 0. Moreover (op — a) — 0 as r — oc.
Hence the maximum principle shows that o = ag.

We are now in a position to show that (M, g) is isometric to the canonical slice of the extreme
Myers-Perry black hole. By (4.101) the 1-forms Aﬁ)d,o + Aldz, i = 1,2 are closed, and so there exist
potentials such that 9,f' = Afo and 0,f' = A, i = 1,2. Then under the change of coordinates
' = ¢' + fi(p, z), the metric takes the form

62U0+2a0 9 9 o ~ o~
4.107 g = —F——=(dp” +dz") + e“7°(\g)i;do"d¢’,
which yields the desired result g = go. Lastly (3.12), (4.102), (4.104), and o = o show that the
tensor k coincides with the extrinsic curvature of the canonical extreme Myers-Perry slice. Note that
this also shows that the linear momentum vanishes J = 0. O

5. DISCUSSION

In this paper we have established the mass-angular momentum inequality for 4-dimensional ini-
tial data having horizons of spherical topology, and which admit a Brill coordinate representation.
There are many directions for possible generalizations. First, we strongly suspect that as in the
3-dimensional case [8], the existence of Brill coordinates always occurs for data with simple topol-
ogy and appropriate asymptotics. Therefore Theorem 1.1 should hold without the Brill coordinate
hypothesis. Second, it is natural to consider such inequalities for data with multiple horizons. In
the 3-dimensional setting such inequalities were obtain [11, 28] in both the charged and uncharged
cases, however the mass lower bound was not given explicitly. In order to carry this out in the higher
dimensional setting, one would first need to construct a harmonic map to serve in the place of the
Myers-Perry harmonic map ¥g. Such an existence result for a harmonic map with ‘multiple hori-
zons’ should be possible through an application of Weinstein’s theory [35]. However, the convexity
arguments would be much more difficult to carry out, as such harmonic maps are not given explicitly.

Perhaps the most challenging and interesting generalization would be to allow horizons with
nontrivial topology. In this situation the orbit space structure would change. In general, the 2-
dimensional orbit space M*/U(1)? is a simply connected manifold with boundaries and corners
[4, 24]. The boundary I' = {p = 0} is divided into rod intervals Iy = {p = 0,a5 < z < as41},
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1 <s<5+1 where a; < az < -+ < azy1, and on each such rod segment A has rank 1 or 2. In
particular, on each [ a certain integral linear combination of the nq), [ = 1,2 vanishes, that is,
there exists a vector nén(l), with né € 7Z, which lies in the kernel of \, namely )\ijng = 0. One may
then give each rod a two component label (n},n?), indicating which linear combination vanishes.
Horizons carry the label (0,0), and all other rods have the property that A is of rank 1 while at
corner points A is of rank 0. Moreover, asymptotic flatness implies the existence of two semi-infinite
intervals I1 = {—00 < z < a2} and Iz = {as < z < oo} with the labels (0,1) and (1,0) respectively
(after perhaps choosing an appropriate coordinate basis). The collection of rod intervals I together
with the associated labels is referred to as the orbit space data. As we have seen in this paper, the
orbit space data for the extreme Myers-Perry solution consists only of the two semi-infinite rods,
and the same is true for a non-extreme Myers-Perry in Brill coordinates while in Weyl coordinates
it has an extra rod with label (0,0) in between that represents the horizon. Consider now the black
ring solution. The extreme version has three rods I5, s = 1,2,3 with corresponding labels (0,1),
(1,0), and (1,0). The point between I5 and I3 represents a cylindrical end with cross-section having
topology S! x S2. The non-extreme black ring has an extra rod between I and I3 with label (0, 0) to
encode the horizon. When trying to establish the mass-angular momentum inequality for black holes
with S! x S? topology, the main difficulty occurs from the fact that the orbit space structure for the
model (extreme black ring) is not compatible with the orbit space structure for manifolds with two
asymptotically flat ends. Thus it is not clear if a Brill coordinate description is possible, on which
arbitrary initial data may be compared with the model. In particular, it is not even clear if there
is a single Brill coordinate description which is compatible with both the extreme and non-extreme
black ring data. On the other hand, some positive results have been obtained in the direction of
a mass-angular momentum inequality for nontrivial topologies. Namely, a slight variation of the
the mass functional (3.16) may be derived for very general orbit space data, and it is known to be
nonnegative for special classes of rod structures which include that of the extreme black ring [2].
Ultimately, however, for nontrivial topologies it may be more appropriate to use Weyl coordinates
in which the horizon is represented as a rod, instead of Brill coordinates in which the horizon is
represented as a point.

APPENDIX A. ASYMPTOTICS

Here we compute the asymptotics of the harmonic map data (U, V, W, ¢!, ¢?) which are implied
by the asymptotics of the generalized Brill data in (2.4)-(2.11), and observe that they are stronger
than those (4.12)-(4.23) which are needed to carry out the convexity arguments of Section 4. The
asymptotics of U are given directly, and those of V' and W may be derived from the equations (3.17).
Thus, it remains to compute the asymptotics for the potentials ¢! and ¢2. Observe that (3.12) yields

(A1) V¢ = (10,77 +10:¢77) 2 < OrpeV T ([k(er, eira)| + [K(ea, eiya)]) -

Furthermore, asymptotics for k(ej, ej42), [ = 1,2 may be obtained from the asymptotics of |k|, and
A through the inequality

(A.2) > Nk(er, ei12)k(er ej12) < |k[2-
=12

In conclusion, Brill asymptotics imply the following asymptotics for the harmonic map data. In the
designated asymptotically flat end as r — oo

(A-3) U=0(""%), V=00"""), W=p0G")
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(A.4) VU[=0("7"), |[VV|[=007""), [VW|=0(""""),
(A.5) V¢ = psinfO(r—27%), V2| = peos#O(r=27").
As r — 0 in the asymptotically flat case

(A.6) U= —2logr+0(1), V=01, W=p0r 1),
(A.7) VU =0(7%), [VV[=0@"1"),  [VW|=0(""""),
(A.8) (V¢ = psin@O(r=5t), V2| = peos 0O (r~51%),
and in the asymptotically cylindrical case

(A.9) U=—logr+0(1), V=00, W=p0r?),
(A.10) VU =0(%),  [VV[=0("1"),  |[VW|=0("?),
(A.11) V(| = psin@O(r—21), V2| = peosHO(r=2t").
Lastly, as p — 0 with § < r < 2/0 we have

(A.12) U=0(1), V=0(1), W=0(?),

(A.13) VU =0(1), [VV|=0(1), [VW|=0(p"2),
(A.14) V¢ = sin6O(p), V2| = cos 0O(p).

APPENDIX B. THE EXTREME MYERS-PERRY HARMONIC MAP

The Myers-Perry black holes [32] are solutions to the vacuum Einstein equations in all dimensions
greater than four, and have horizons of spherical topology. They are considered to be the natural
generalization to higher dimensions of the 4-dimensional Kerr black holes. In coordinates analogous
to those of Boyer-Lindquist used for the Kerr solution, the Myers-Perry metric takes the form

a4 ™ (it + asin? 046" + boos? 0d6?)? + T i
(B.1) Y A

+ 2d6* + (7 + a?) sin? 0(dg")* + (7 + b?) cos® 0(d¢?)?,
where
(B.2) ¥ =72+ b%sin? 0 + a® cos? 0, A= (7;2 + a2) (7;2 + b2) — mi2.

This family of solutions is parameterized by (m, a, b) which give rise to the mass and angular momenta
through the formulae

3 2 2
(B.3) m = —mm, J = gma, Jo = gmb;
the black hole is referred to as extreme if m = (a+b)2. Note that this spacetime has the orthogonally
transitive isometry group R x U(1)2, where R gives the time translation symmetry and U(1)? is the

rotational symmetry generated by 941 and d4.. Here (7, 0) parameterize the 2-dimensional surfaces
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orthogonal to the orbits of the isometry group. The horizons of this black hole are located at the
roots of A, namely

m—a2—b2—|—\/(m—a2—b2)2—4a2b2
2 )
and the singularities of this metric for nonvanishing a and b with |a| # |b| are located at the roots of
3. We will restrict attention to the exterior region 7 > 7, with the other variables having ranges
0<6<m/2and 0 < ¢!, ¢ < 27.
Consider now the metric on a constant time slice. In the exterior region, this may be put into
Brill form by defining a new radial coordinate 7:
m (m — 2a% — 2b%) + (a® — b?)?
1672 ’

(B.4) Fy=+

1
(B.5) F2zr2+§(m—a2—bz)+ m # (a+b)?,

(B.6) 72 =r%+ab, m=(a+Db)>

Observe that the new coordinate is defined on the interval (0, 00), and a critical point for the right-
hand side of (B.5) occurs at the horizon, so that two isometric copies of the outer region are encoded
on this interval. The coordinates (r, 0, ¢*, ¢?) then give a (polar) Brill coordinate system, where the
spatial metric takes the form

) o
(B.7) g = —dr®+ %df> + Ajjde'dg,
T
with
(B.8)
abm b%m

A = % sin? 0 + (f2 + a2) sin?0, Ay = ~ sin?0cos?0, Aoy = ~ cos* 0 + (f2 + b2) cos® 6.

Cylindrical Brill coordinates may be obtained via the usual transformation p = %7"2 sin(20), z =
3772 cos(26), so that the metric is given by

62U+2a ) ) - ) '
(B.9) g= =S (4 +d?) + P Nydidgy,

2\/p? + 22

oy VdetA % pY P
(BIO) e = y € Azg -
vdet A

where

- _r= Ay,
p r2v/det A /

From this we may compute the harmonic map data (U, V, W) with the help of (3.17). Moreover, the
twist potentials are given in the non-extreme case by

L [CF +256r1S(a? — b%) cos? 0] (C1 — 1672 (a® — b*)) ma C? — 32r%Cy
¢ = 163165 (a2 — )2 25614 (aZ — b2
[C1 (Cr — 3272 (a® — b?)) + 256r%(a® — b%)(X cos? 0 + (a? — b?))] Crmb

4096r6%(a? — b?)?
C% — 167“201 (CL2 — b2) + 327“463
25614 (a2 — b2)2 mb

ma
)2

(B.11) 2=—

where

(B.12) C1 = 16r* + 8(m + a® — b?)r2 + (m —(a— b)2> (m ~(a+ b)2> ,
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(B.13) Co =3(a® — %)% + m (3m — 60> + 2a%),  C3=(a® - b*)* +m (2a® + 20> — 3m),

and in the extreme case by

1 _a(a® = b*)(r? + ab + b?) cos® § — r?a(2a® + 2ab + 1?) N a(r? + ab+ a?)%(r? + ab + b?)
(B.14) 0 (a — b)? Y(a—b)?
o bri((a+b)* +1%) —bla® — b*)(r? + ab+ a?) cos’ 6 b(r? + ab+ a?)(r* + ab+ b*)?
% = (a — b)? B S(a —b)?

The asymptotics of the non-extreme Myers-Perry data are then as follows. In the designated asymp-
totically flat end as r — oo we have

(B.15) U=0(r"?), V=02, W=pO@r "),
(B.16) VUl =0(""), |VVI=00"", |[VW|=0(r"9),
(B.17) IV = psin? 00 (r™), V2| = pcos? O (r™?).

In the nondesignated (asymptotically flat) end as » — 0 it holds that

(B.18) U= —2logr+0(1), V=0(0%, W=pO(r?),
(B.19) VU| =0(r72), [VV[=0(1), |[VW|=0(?),
(B.20) V¢ = psin?00(r™), V2| = pcos? O (r™?).

Furthermore, the near axis asymptotics as p — 0, § < r < 2/4 are given by

(B.21) U=0(1), V=0(1), W=O0(p),
(B.22) VU] =0(1), |VV|=0(), |[VW|=0(1),
(B.23) |V¢H = sin? 00(p), V2| = cos? 00(p).

Asymptotics in the extreme case may be computed similarly, and are recorded in (4.24)-(4.32).
Lastly we note that the extreme Myers-Perry harmonic map Vo = (ug, vo, wo, (8, ¢3) : R3\ T —
SL(3,R)/SO(3) satisfies the Euler-Lagrange equations arising from the energy (4.2), namely

—6u—v
AAu + & IVCH? 4+ 675t coshw le™" tanh wV et — V§2‘2 =0,
cosh w
2div (cosh? wVv) + e~ %" coshw|V¢H? — e % coshw ‘VCQ‘Q =0,
(B.24) 2Aw — sinh 2w|Vo|? — e 6 ¥ sinhw [V [* = 0,

+2e %% cosh wdz (V¢ VE?2) — e 54 sinhw ‘VCQ‘Q =0,
div (6_6“_“ cosh wVCl — e % gsinh wV(Q) =0,
div (e sinh wV ¢ — e %t coshwV(¢?) = 0.
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