ELECTROVACUUM BLACK HOLE UNIQUENESS
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ABSTRACT. We prove the black hole uniqueness conjecture in the axially symmetric, stationary,
electrovacuum setting, subject to the refined asymptotic analysis of the associated singular
harmonic maps, which includes an analyticity hypothesis at the axes. More precisely, it is
shown that any asymptotically flat solution of the Einstein-Maxwell equations in this class, with
more than one black hole horizon component is either: Majumdar—Papapetrou, up to a duality
rotation, in which case all logarithmic angle defects vanish, or every finite axis rod logarithmic
angle defect is strictly negative and hence every interaction force is strictly attractive. The proof
extends the singular harmonic map method used for vacuum Kerr uniqueness in [18].

1. INTRODUCTION

A fundamental question of general relativity asks to what extent a stationary black hole is
determined by its conserved charges. For the four-dimensional Einstein-Maxwell equations, the
expected connected-horizon answer is the Kerr—Newman family. The classical proofs are based
on the Ernst formulation [16], divergence identities, and the harmonic map structure of the
reduced field equations; see Carter [5, 6, 7], Robinson [35], and Mazur [31]. More recently in
[15], Costa classified stationary, I*-regular, analytic, nondegenerate electrovacuum black holes
in terms of Weinstein solutions and obtained Kerr-Newman when the horizon is connected, see
also the discussion in [9, Section 3]. The connected rotating degenerate case was treated by
Amsel-Horowitz—Marolf-Roberts [1] and by Chrusciel-Nguyen [11]. Moreover, a constructive
axis-potential proof, including the extreme case, was given by Meinel [32].

Disconnected horizons introduce different phenomena. Recall that in vacuum, there are no
regular static multi-black hole solutions [4, 13], and the conical singularities in the Bach—Weyl
and Israel-Khan metrics [3, 21] represent the struts needed to prevent collapse. On the other
hand, electromagnetic repulsion creates the possibility of regular balanced solutions. Indeed,
Majumdar [30] and Papapetrou [34] found the explicit static solutions
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on R x (R*\ UN,{p;}), and Hartle-Hawking [20] showed that the apparent point singularities are
in fact degenerate horizons. Here, m; represents the mass and charge of each black hole. Chrusciel-
Nadirashvili [10] proved that a static, asymptotically flat electrovacuum black hole locally of
Majumdar—Papapetrou type, with nonsingular domain of outer communications, is necessarily a
standard Majumdar—Papapetrou solution. Furthermore, the static electrovacuum classification of
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Chrusciel-Tod [14] identifies the alternatives of Reissner—Nordstrom and Majumdar—Papapetrou
under certain global hypotheses. We mention also the analysis of Israel-Wilson—Perjés black
holes in [12], the Majumdar—Papapetrou classification of Lucietti [29], and the recent related
work of Hirsch-Zhang [25].

The remaining balance problem is to understand rotating and charged configurations with
several horizon components. In Weyl-Papapetrou coordinates, the stationary axisymmetric
Einstein—-Maxwell equations reduce to a singular harmonic map into complex hyperbolic plane.
Weinstein used this structure to construct all possible configurations of nondegenerate horizons
[39, 40], while Khuri-Weinstein [26] treated the case of degenerate horizons. The reconstructed
metrics are smooth away from possible conical singularities on finite axis rods. Regularity of the
reduced harmonic maps at axis interiors was established by Nguyen [33]. An alternative approach,
via inverse scattering techniques, gives a complementary finite dimensional description of the
charged balance conditions, see Hennig [22, 23, 24]. Nevertheless, the question of determining
which charged multi-black hole configurations can exist in equilibrium without struts, has stayed
largely open until now.

In the vacuum setting, the authors recently proved that every finite axis rod has negative
logarithmic angle defect, and hence positive attractive force, for arbitrary finite mixed config-
urations of nondegenerate and rotating degenerate horizons [18]. The proof combines refined
puncture asymptotics from [17] with a global differential inequality for the Weyl conformal factor,
and a local analysis at special points along axis rods. The purpose of the present work is to
generalize this result to the electrovacuum setting, and identify the Majumdar—Papapetrou family
of solutions as the only balanced configurations.

We now describe the setting of the main theorem. Let I' = {p = 0} C R3 denote the
rotation z-axis in cylindrical coordinates (p, z,¢), with ¢ of period 27. On the domain of
outer communications away from the orbit space boundary, the spacetimes under consideration
have topology R x (R3\ T'), and their axisymmetric stationary electrovacuum metrics take the
Weyl-Papapetrou form

g =—eVdt? + p2e ™Y (dp + wdt)? + e 2UT2%(dp? + d2?). (1.2)

Here 0; and 0y are respectively the stationary and rotational Killing fields. Setting v = U — In p,
Einstein—-Maxwell equations reduce to solving for an axisymmetric harmonic map

® = (u,v,x,9) : R\ I — HZ,
where the target complex hyperbolic plane has metric
hy = du® + e*(dv — 1 dx + x dip)? + €2%(dx® + dip?). (1.3)

The functions v, x, % represent the charged twist and electromagnetic potentials. The full
equations, and reconstruction quadratures which derive o« and w from the harmonic map, are
recorded in Section 2.

The boundary {p = 0} of the orbit half-plane decomposes into alternating horizon and axis
intervals. Write

Hi= 27,27, 2 <z <z, 1<i<N,

for the horizon components. If z;7 < zl+ , the interior of H; is a nondegenerate horizon rod,
and the endpoints (0,0,z; ) and (0,0, z;") are the lower and upper poles of the horizon. If
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z; = z;r = z;, the horizon is degenerate and is represented in the orbit space by the puncture
pi = (0,0,2) € R3. The complementary axis rods are
'y = (—00,27), Fjp = (z;-r,zjjrl), L1 = (23, 00), 1<j<N-1

On each I'j, the three potentials have constant traces. With a fixed orientation and electromagnetic
gauge, their jumps encode the individual angular momenta and charges of the horizons H;, by
1 1 1 .

Ji= i —vi), Q7 = 506G+ — Xi), Q= SWisi =),  1<isN,

as in [26]. The total charge will be denoted by Q; = 1/(Q%)2 + (QY)2.

The logarithmic angle defects b; also arise directly from the reconstructed harmonic map data.
More precisely, standard axis regularity implies that o has a constant trace on each axis rod.
For zy € I';, the appropriate radius/circumference ratio computed from (1.2) yields

b

/p ea(s,zo)—U(s,zo) ds
e’ = lim

_ _a(0,20) _
=e = b; =alr..
p—0 pe—U(p:z0) J Ir,

The corresponding interaction force [37] may then be expressed as
1/ b,
Fi=q (e 1),

so that b; < 0 is equivalent to a strictly positive, or attractive, force on the axis rod. In the
asymptotically flat setting, o — 0 at infinity, and hence the two semi-infinite rods satisfy

bl - bN+1 == 0 (14)

Section 2 gives the definition of a stationary electrovacuum singular harmonic map with
black hole rod data, which is used in the statement of our main theorem. This notion records
the standard horizon, axis, and infinity asymptotics of the harmonic maps that arise from
asymptotically flat, axisymmetric, stationary electrovacuum spacetimes.

Theorem 1.1. Let N > 1, and let
® = (u,v,x,v) : R3\ T — HZ

be a stationary electrovacuum singular harmonic map with N black hole horizon components.
Assume that

L7i 7& 07 or Ql ?é 07
for every degenerate horizon component; no such hypothesis is imposed on nondegenerate horizon
rods. Then ezxactly one of the following alternatives holds.

(i) Every finite axis rod has negative logarithmic angle defect,
bj < 0, 2<35<N.

(ii) Ewvery horizon component is degenerate, all axis defects vanish, and ® is the harmonic map
of a Majumdar—Papapetrou spacetime, up to a Heisenberg translation in the target space
and a constant duality rotation of the Mazwell field.

Remark 1.2. The conditions that characterize stationary electrovacuum singular harmonic
maps, in Definition 2.1, including analyticity at the axes, arise as consequences of substantially
weaker assumptions [19], see the discussion in Section 2.2.
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The theorem is formulated entirely at the level of singular harmonic maps. Its standard space-
time consequence may be briefly summarized as follows. Suppose that an analytic, asymptotically
flat, stationary electrovacuum black hole spacetime satisfies the usual I*-regularity hypotheses.
If at least one component of the event horizon is rotating, the rigidity theorem [8], yields a global
axial Killing field, independently of horizon connectedness or degeneracy. The electrovacuum
circularity theorem [9] then gives the Weyl-Papapetrou reduction, and corresponding stationary
electrovacuum singular harmonic map. If the horizon were disconnected, regularity of the finite
axis rods would rule out alternative (i) of Theorem 1.1, while the remaining alternative would
imply that the spacetime is Majumdar—Papapetrou and hence static, contradicting the presence
of a rotating horizon component. The horizon is therefore connected, and the known connected-
horizon classifications imply that the domain of outer communications is Kerr-Newman: Costa
[15] in the nondegenerate case, and Chrusciel-Nguyen [11] or Amsel-Horowitz-Marolf-Roberts
[1] in the degenerate case.

If, on the other hand, every horizon component is nonrotating, axial symmetry does not
follow merely from analyticity, as the Majumdar—Papapetrou family demonstrates. However,
if the domain of outer communications admits a smooth maximal Cauchy surface, then the
electrovacuum staticity theorem [36] implies that the solution is static, and the classification
of Chrusciel-Tod [14] gives Reissner—Nordstrom when the horizon is connected and Majumdar—
Papapetrou when it is disconnected. Thus, under the rigidity theorem hypotheses in the rotating
case and the staticity theorem hypotheses in the nonrotating case, the Kerr—-Newman/Majumdar—
Papapetrou dichotomy follows. In this overall picture, Theorem 1.1 provides the key step in the
rotating case by excluding disconnected event horizons.

We now outline the proof for the main theorem. A central observation is a new nonlinear
differential inequality for the Weyl conformal factor . More precisely, by differentiating the
Weyl quadratures equations that determine «, and exploiting the complex-square structure of
the harmonic map stress-energy tensor we arrive at

Ao+ p HVal > 2¢* | dv — 1 dx + x dy|? > 0. (1.5)

By invoking the maximum principle on a sequence of exhaustion domains that are separated
from the axis in the orbit space half-plane, and using the asymptotics at nondegenerate horizon
poles and degenerate horizon punctures, we obtain the global upper bound

a< max bj. (1.6)
1<G<N+1

This conclusion is analogous to the first goal in the proof for the vacuum setting [18]. At this
point, the strategies for the vacuum and electrovacuum cases diverge, since here we intend to
take advantage of the analyticity condition of the reduced harmonic map along axis rods, while
in [18] such analyticity is not assumed. Let I'; be a finite axis rod which realizes the largest
logarithmic angle defect. Near this rod analyticity yields the factorizations

U=F(p*z2), v=p'Glp*2), x=p"H(p*2), =p’K(p*2),

and at an interior maximum for Ulr; we show that

(0, 2) = 4e2FO2) (H(0, 2)? + K(0, 2)?).
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The global upper bound forces this expression to vanish at the maximum. This, combined with
the differential inequality (1.5), and further asymptotic analysis, gives @ = 0. The conclusions of
Theorem 1.1 then follow in a relatively straightforward manner.

The paper is organized as follows. Section 2 records the complex-hyperbolic reduction and
the harmonic map asymptotic class. Section 3 establishes the Weyl conformal factor differential
inequality (1.5), and the global upper bound (1.6). The axis factorization of «, and a related
quadratic boundary rigidity theorem, are provided in Section 4. The proof of the main theorem
is given in Section 5.

Acknowledgements. This project was made possible in part by a SQuaRE at the American
Institute of Mathematics. The authors thank AIM for providing a supportive and mathematically
rich environment.

2. THE ELECTROVACUUM SINGULAR HARMONIC MAP

2.1. The complex hyperbolic reduction. By setting u = U — In p, the Einstein-Maxwell
equations for the Weyl-Papapetrou metric (1.2) reduce ([40]) to an axisymmetric harmonic map
system for ®. If

O =dv —¢dx + xdy,

then, with all norms and differential operators taken with respect to the Euclidean metric on
R3\ T, the harmonic map equations may be expressed as

Au = 2|02 + 2 (Vx| + [V ),
div(e*“©) = 0,

div(e?*Vy) — 2¢*0 - Vi) = 0, 21)
div(e?* V) + 20 - Vy = 0.
The remaining metric functions w and « are recovered by quadrature, namely
w, = 2pe’O,, w, = —2pe't0,, (2.2)
ap=p|Up = U2 +e™(02 - 02) + (32 — 32 + ¥ —v3)] (2.3)
a, =2p {UpUz + 64“9,)92 + eQu(prZ + 1/1,)1/12)} ) (2.4)

Moreover, the spacetime field strength tensor for the electromagnetic field is related to the
electromagnetic potentials by

dx = tg,*gF, dy =1, F,
and given explicitly as
F = (d¢ +wdt) A dip — g ((dp + wdt) A dy),

where *g denotes the spacetime Hodge star and ¢y, is interior product.

The integrability conditions for (2.2)—(2.4) follow from (2.1). Furthermore, since the target
space metric and the harmonic map equations are real analytic, elliptic regularity shows that ®
is real analytic on {p > 0}; the quadratures then imply that w and « are real analytic there as
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well. We also note that the complex hyperbolic target space H% is invariant under the Heisenberg
translation isometries

v v+ azx — ax) + ay, X > X + ag, Y — 1+ ag, (2.5)

where a1, a2, as are constants. Therefore, on any fixed axis rod, where v, x, ¥ have constant
traces, one may choose the constants in (2.5) so that all three traces vanish, while the 1-form ©
is unchanged.

2.2. Regularity and asymptotics. We now state the local and asymptotic hypotheses for
the harmonic maps appearing in the main theorem. The conditions below are modeled on the
vacuum black hole class of maps in [18] and arise from: the axis and pole estimates of Nguyen
[33], Li-Tian [27, 28], Weinstein [37, 38, 39], as well as the puncture and infinity estimates of
Han-Khuri-Weinstein-Xiong [17]. The conditions concerning the Weyl conformal factor o follow
directly from the harmonic map asymptotics and equations (2.3)—(2.4). The primary difference
between the prior works listed above, and the conditions appearing below, is the analyticity at
the interior of axis rods. This, however, turns out not to be an additional restriction, see Remark
2.3.

Definition 2.1. Let ® = (u,v,x,v) be an axisymmetric weak solution of (2.1) on R3\ T, having
the prescribed potential constants and horizon/axis rod structure along I' as in Section 1. We
say that ® is a stationary electrovacuum singular harmonic map with black hole rod data if the
following conditions hold.

(A1) Axes. Let I'; be an axis rod. For every compact subinterval I C T'j, after the Heisen-

berg translation (2.5) which makes the traces of v, x, v vanish along this rod, there is a
neighborhood O; C R and a constant A such that

Ul +e(Ix[+[¢) <Ar - on Or\ Ty,

and the renormalized energy is finite
/ IVUP + O + (VX[ + [Vol?)] dz < oo.
Or

Moreover, there exist real analytic functions F, H, K,G on O such that, with s = p?,
U=F(s,z), v = 5°G(s, 2), X = sH(s,z), = sK(s, z). (2.6)

(A2) Nondegenerate horizons and poles. On the interior of a nondegenerate horizon rod,
u, v, X, Y are smooth, and in a neighborhood of each compact subinterval

u(p,2) = uo(z) + O2(p®),  alp,z) = Inp+ Oa(L), (2.7)

for some smooth function uy. At the lower and upper poles q¢; = (0,0,z; ) and ql-+ =
(0,0,2), in polar coordinates (1, 6F) centered at the pole,

AR

a(r; ,0;) =b;+ lnsin% +O((r;)" ), (2.8)
+ ot 07 +\7;+
a(r;”,07) = b1 + Incos - +O((r;")% ), (2.9)

(2
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for some ’yii > 0, uniformly in the angular variable. On the adjacent azxes,
1
U(0,z) = iln]z—zii] + O(1). (2.10)

(A3) Degenerate horizons. At each puncture p; = (0,0, z;) either
Ji # 0, or Qi #0,

and there is an azisymmetric tangent harmonic map ®; = ®;(0;) from S*\ {N,S} — H2,
such that for any v € (0,1),

(Us, 03, Xan i) € C*(S?), Ui(0;) = u;(6;) + Insin 0;,
and

sup ’U(ri, 6;) —Inr; — U;(6;)| — 0 as r; — 0, (2.11)

0<0; <7

with corresponding estimates for derivatives up to order three, where N',S are the north
and south poles. Moreover, there is a function a; € C*([0,7]) with

O_ti(()) = b7;+1, O_él'(’iT) = bi, (2.12)
such that the Weyl conformal factor satisfies
sup |a(ri,0;) — a;(6;)] — 0 as r; — 0,
0<6;<m

along with corresponding estimates for derivatives up to order two.
(A4) Infinity. Asr — oo,

U=0(@1, a=0(r?), Va = 0(r ). (2.13)

In particular, the additive constant in « is fived by o — 0, the same is done for the metric
coefficient w.

2.3. Existence and uniqueness. Consider a general rod data set, consisting of a collection of
horizon rods {H;},, axis rods {T; };V: *11, and corresponding collections of potential constants
{v; };V:Jil, {x; ;V:'El, {v; };V:'El By superposition of Kerr-Newman and extreme Kerr—Newman
harmonic maps, one may construct an axisymmetric model map ®q : R3\ T' — H(QC which realizes
this rod data set, and has the additional properties that its tension is globally bounded and
decays quickly at infinity; for an explicit construction in the case of degenerate horizons, see
Khuri-Weinstein [26, Section 3]. A typical exhaustion argument then yields the existence of a

unique axisymmetric harmonic map ® : R3\ T — ]HI?C which is asymptotic to ®¢ in the sense that

sup dp (P, Pg) < 0o, dp2 (P, Po) - 0 asr — oo.

R\l € C
We refer to the survey [41] for more details, and record these conclusions in the following result.
Proposition 2.2. Given a rod data set with arbitrary horizon, axis, and potential constant

configuration with model map ®q, there is a unique axisymmetric harmonic map ® : R3\T' — H<2C
which is asymptotic to the model map.
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Remark 2.3. In a forthcoming work [19], the authors will show that each of the harmonic
maps arising from Proposition 2.2 satisfy the conditions (A1)—(A4), and are hence stationary
electrovacuum singular harmonic maps. In particular, this will show that the analyticity condition
assumed at the azxes, is not an additional restriction on the class of maps, but is rather a natural
consequence of the regqularity theory.

3. WEYL CONFORMAL FACTOR GLOBAL UPPER BOUND

The desired global upper bound for the Weyl conformal factor will be achieved with the
maximum principle, applied to a nonlinear differential inequality that generalizes [18, Lemma
3.1] in the vacuum setting. We will first compute the 2-dimensional Laplacian of . It will be
convenient to introduce the notation

A=|VUP,  T=c"oep,  &=c(Vx*+|VeP),
and observe that the harmonic map equations imply
AU =2T + €. (3.1)

Moreover, note that if § = dp? + dz? + p?d¢? is the flat metric on R3 in cylindrical coordinates,
then the stress—energy tensor for the harmonic map is given by

* 1 2
To = @7 hyp2 — §|d<b|5,hH% 9,
with components
1
(Tohpp = 5 (120, ~ 1221, ) = (o), (Ta)ps = (@0, Bl
C C
Here the target inner products are computed with respect to (1.3), for instance
[plf, =y + €M0] + €™ 0+ ¢7).

Lemma 3.1. Away from I', the Weyl conformal factor satisfies
Ay.a=—-A+3T +&. (3.2)

Proof. Set
E=a—2u—1Inp.
Substituting U = u + In p into (2.3)—(2.4) produces

p=1p |‘Pp‘i21H2 - ‘¢Z|}QLH2 = 2P(T<I>)pp7 §.=2p @)p, ‘Pz>hﬂé = 2P(T<I>)pz-
C C
Next differentiate these two equations, denoting by D the pullback connection of ]HI?C, to obtain
By =10y, = |0:fF, + 00,10, — 19:17,) +200.(0,. 02)

= ‘(I)p|i2zu_ﬂ2 - |(I)Z‘%H2 =+ 2p <(I)p7qu)p + DZ(I)Z>hH2 .
C C C

hy2
He

In covariant form, the axisymmetric harmonic map equations are

D,®,+D,®,+p '®,=0,
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and thus
Do = |2, 8., = VP ~ T - .
C C
Moreover,
Up 1
Ap7zu:2’7'+5—?, Ap,zlnp:—?.
Since a = £ +2u+1np and U = u + In p, it follows that
2 1
Apoa = —|Vul> =T —E4+4T +26 - =2 —
p p
= —|VU*+ 3T + €&,
which gives (3.2). O

We are now ready to establish the nonlinear differential inequality for the Weyl conformal
factor.

Proposition 3.2. Away from ', the Weyl conformal factor satisfies

Ao+ ’Vp“‘ > 9T > 0. (3.3)

Proof. Consider the complex valued functions
v=U,+1iU,, (o= 62”(@;7 +10;), = eU(Xp +ix:), G = 6“(% +i1).),
and observe that the quadrature equations imply
Va
Vol 1z vgra+a. (34)

Indeed, the real and imaginary parts of the complex number on the right-hand side of (3.4) are
exactly a,/p and o /p, by (2.3)-(2.4). Furthermore, the triangle inequality gives

2 2
G+ Gl =P =D IGP=A-T =€,
j=0 j=0
Applying Lemma 3.1, we find that
Val

ANOH—T >—A+3T+E+(A-T =€) >2T.
This yields (3.3). O

We will now obtain the global upper bound for «, by applying the maximum principle on
a sequence of exhaustion domains. The first step is to estimate the asymptotic profile at each
puncture.

Lemma 3.3. Let p; be a degenerate horizon puncture, and let &; be the function provided by

condition (A3). Then
51(9) < max{bi, bi—i—l}a 0<0<m. (35)
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Proof. Insert the asymptotic expansion of « near p;, as given by condition (A3), into the
differential inequality of Proposition 3.2, multiply by r? and take the limit as r; — 0 to find

[ (6:)|

sin 92

ol (0) + >0, 0<6; <m. (3.6)
We will show that a function satisfying (3.6) cannot exceed the larger endpoint value.

In what follows, for convenience, we will remove the i subscript from 6;, and set y = @.
Suppose that y is positive at some interior point. On the connected component of {y > 0}
containing that point, (3.6) reads

Y

/

Y+ — > 0.
sin 6
Since
—In tang =
do 2 sing’
it follows that
d( tan0)>0 (3.7)
ap \Y g ) = '

Let (a,b) be that connected component. If b < 7, continuity gives y(b) = 0, while (3.7) says that
y(0) tan(0/2) is nondecreasing and is already positive at the chosen point, yielding a contradiction.
Hence b = 7, and y > 0 on the entire open interval from the chosen point to 7. The function @;
is therefore strictly increasing there.

If (3.5) failed, continuity and the endpoint values (2.12) would give an interior point 6., at
which @; takes a value larger than both endpoint values. By the mean value theorem there would
be a point to the left of 6, where y > 0. The preceding paragraph then shows that y > 0 from
that point all the way to m, so @;(m) > @;(6.), contradicting the choice of .. We conclude that
(3.5) must hold. O

Proposition 3.4. Set

M = max b;. (3.8)
1<j<N+1

Then M >0 and
alp,z) <M throughout the open orbit half-plane p > 0.

Proof. Observe that the semi-infinite axis normalization (1.4) gives M > 0. To establish the
upper bound for «, we will use the maximum principle on a collection of exhaustion domains.
Let @ be the finite set consisting of all poles of nondegenerate horizon rods and all degenerate
punctures. Choose 0 >0, R> 1, and 0 < 1 < ¢/2, and define

Qyor=1{(p,2) | p>n, p*+ 2% < R% ry> o for every q € Q}, (3.9)
where 1, denotes the Euclidean distance to point ¢ € R3. The value R should be chosen sufficiently
large so that all points of ) lie within the sphere of radius R/2. On this domain (3.9) set

Va
e /N E \Y% 07
B=ova V7

0, Va =0,
and note that B is bounded and measurable, with |B| < n~!. By Proposition 3.2 we have
A,.a+B-Va >0,
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and hence the maximum principle yields

sup a < sup a. (3.10)

QnoR Oy 0. R

We now estimate the boundary pieces. At a degenerate puncture, condition (A3) and Lemma 3.3
provide a modulus g,4(c) — 0 such that

sup a < M +¢4(0).

At a nondegenerate lower or upper pole, (2.8)—(2.9) and Insin(6/2),1n cos(f/2) < 0 imply
sup a < M + Cyo',

rq=0

for some v, > 0. Thus, since @ is finite, the error in all these small circle estimates tends
uniformly to zero with ¢. On portions of the boundary with p = 5 that project to compact
subsets of an axis rod, Proposition 4.1 produces

a< M+ CCT,RTI2’

while on portions of the boundary projecting to the interior of a nondegenerate horizon rod, (2.7)
gives
a<Inn+ Cyp.

Moreover, on the outer semicircle p? 4+ 22 = R2, it follows from (2.13) that
o] <CR?*< M+ CR 2,

since M > 0.

Fix (po,20) arbitrarily with py > 0. For all sufficiently large R and sufficiently small o,7,
this point belongs to €, ; r. In (3.10), first let  — 0 with o, R fixed, then let ¢ — 0, and
finally let R — co. The horizon term tends to —oo and all error terms vanish. It follows that
a(po, z0) < M. O

4. ANALYSIS AT THE AXIS

In this section we will first establish technical properties concerning the Weyl conformal factor
expansion at axis rods, and will then prove a rigidity statement for analytic functions satisfying
the differential inequality (3.3).

4.1. Axis factorization. Fix a compact subinterval I C I'; of an axis rod and assume that
target space isometry (2.5) has been applied so that all potential constants vanish,

v=x=9=0 on the rod. (4.1)

By (2.6) of condition (A1), there exist real analytic functions F, H, K, G on a neighborhood of
the subinterval such that

U=F(s,z), v = s>G(s, 2), X = sH (s, z), = sK(s,z).
where s = p2. We will also set

f(z) = F(0,z), h(z) = H(0, 2), k(z) = K(0, 2).
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Proposition 4.1. Let I C I'; be an axis rod subinterval as described above. Then there exists a
neighborhood O; C R3, and a real analytic function A, such that on O,

a(p,2) = by + p*A(p?, 2). (4.2)
Moreover, on Or NT'; it holds that
app(0,2) = —f'(2)? + 4¢P (h(2)? + k(2)?). (4.3)
Proof. For s > 0, write a(s,z) = a(y/s, z), and define the analytic functions
a=H+ sHg, b= K + sK,
c=2G+s(Gs— KHs+ HK;), d=G,— KH,+ HK,.
Then
U, = 2pFs, Xp = 2pa, P, = 2pb, 0, = 2p%¢,
U.=F., x.=sH., ¢.=sK., ©,=p'd
Since e2* = s71e2F and e** = s72¢4F | the radial Weyl quadrature equation (2.3) yields

1 1 1
G, = 2sF? — §FZ2 + 2setc? — 58264Fd2 +2¢*(a® + b?) — 53621{7(15722 + K2,

which is real analytic in (s, z). In particular, there exists an analytic function A such that, in a
neighborhood of I,

a(s,2) = b, + / as(t, 2) dt = b + sA(s, 2),
which gives (4.2). Next, observe that '
Uy=00),  xp=20h(z)+0(%), v, =20k(z)+O(s"),  ©,=0(p),
U.=f(2) +0(p%),  x:=0("), ¢:=00%), ©.=0(").
These formulas, together with e2* = p~2e2V and e** = p~4e%V, inserted into (2.3) produce
= p =1 +4H O h(2)? + k()*)] + O(°).
Differentiating with respect to p and evaluating at p = 0 gives (4.3). ]

4.2. Boundary rigidity. The next result gives a local boundary rigidity statement for a certain
class of functions. This will be applied to the Weyl conformal factor in the next subsection, and
is a central mechanism in the strict inequality argument for the angle defects.

Lemma 4.2. Let a = a(p, z) be real analytic near (0,0), is even in p, and suppose that in a half
neighborhood p > 0, it holds that

a <0, a(0,z) = 0.

Assume further that for p > 0,
[Val

app + Gz + > 0.

If
app(0,0) =0,

then a = 0 in a neighborhood of the origin.
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Proof. For convenience we set V = —a. Observe that this function satisfies
\A%
V >0 for p >0, V(0,2) =0, A,V — u <0 for p > 0. (4.4)
p

Because V is analytic, is even in p, and vanishes on p = 0, there is an analytic even function P
such that
V(p,2) = p*P(p, 2).
Moreover P > 0 for p >0, and P(0,0) = 3V,,(0,0) = 0 since a,,(0,0) = 0.
Assume, by way of contradiction, that P is not identically zero. Let P; be the first nonzero
homogeneous term in its Taylor expansion at the origin. Then d > 1, Py is even in p, and

Pap,2) >0 for p>0.

Indeed, this follows by restricting P to every ray and taking the first nonzero coefficient. The
first homogeneous term of V' is

Va(p,2) = p*Pa(p,2),  n=d+2>2.

Passing to the leading homogeneous order in the differential inequality of (4.4) gives

VvV,
A, Vy — V¥ <0 for p > 0. (4.5)
Next, introduce polar coordinates
p=rsinf, z =rcos#, 0<0<m,
and write
Vo =1r"p(0).

Then p > 0, and the factor p? shows that p vanishes to order at least two at both endpoints.
Equation (4.5) then becomes

S22 4 )2
w <o. (4.6)
sin
We first show that p > 0 on (0, 7). On any component where p > 0, define ¢ € (—7/2,7/2) by

/

p// + n2p _

tan¢ = L (4.7)
np
A direct substitution into (4.6) yields
, CoS ¢
< . 4.8
ctns sin 6 (4.8)

If p had an interior zero at 6y, nonnegativity and analyticity would give, on one side of the zero,
p(0) = ¢l — 6p|™(1 + o(1)) with m > 2 and ¢ > 0. Approaching from the right gives
p n COS ¢
S — ) N
m sin 6
Taking the limit in (4.8) would imply n(1 —1/m) < 0, which is impossible. Hence p > 0 in (0, 7).
Let m_ be the order of vanishing at § = 0. Then p(f) = 6™ (1 + o(1)), and (4.7) gives
, n COS ¢ n
¢ — ——, — —» .
m_ sin 6 m_

— 0.
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Equation (4.8) therefore implies m_ < 2. Since the factor p? gives m_ > 2, one has m_ = 2. An
identical argument at § = w shows that the upper endpoint order is also two.
Now, reparameterize 6 € (0,7) by t € (—00, 00) and define a function y(t) as follows

t = Intan g, sin @ = secht, y(t) = sing(6(t)).

Then multiplying (4.8) by sin 6 cos¢ produces

Y <1—y?—nsechty/1—y2, (4.9)

where ' = %. We will make a comparison with the function
yo(t) = — tanht.

Observe that replacing y with g in the right-hand side of (4.9) yields (1 —n) sech? t, whereas
yh = —sech?t. Thus, since n > 2 we obtain

1 —y2 —nsechty/1 — 2 < yp. (4.10)

Moreover, since the endpoint vanishing for p is of order two it follows that

2

y(t) =1- %e% + o(e*) as t — —o0, (4.11)
n2
y(t) = -1+ ?e*% + o(e’Zt) as t — +o0. (4.12)
On the other hand,
yo(t) = 1 — 2 + o(e?) as t — —oo,
yo(t) = =1+ 2e 2 + o(e™ ) as t — +00.

Since n > 2, (4.11) gives y < yo for all sufficiently negative ¢. At a first finite time contact from
below we would have (y — yo)’ > 0, while (4.9) and (4.10) give (y — yo)’ < 0. Therefore y < yg
for every finite t. However, (4.12) ensures that y > yo for all sufficiently positive ¢, yielding a
contradiction.

We conclude that no nonzero first homogeneous term P, exists in the Taylor expansion of
P. Real analyticity then implies that P = 0 near the origin, and hence ¢ = 0 in the same
neighborhood. O

4.3. Rigidity at a maximal axis rod. We will now apply Lemma 4.2 at an axis rod having
the largest logarithmic angle defect.

Proposition 4.3. Let M be defined by (3.8). If a bounded axis rod T'j satisfies
b; =M, (4.13)

then
a=0 throughout the orbit space half-plane,

and in particular M = 0.



ELECTROVACUUM BLACK HOLE UNIQUENESS 15

Proof. We first observe that the axis trace f(z) = U(0, z) on I';, achieves an interior maximum.
This is due to the fact that f is continuous in the open interval and tends to —oo at both
endpoints. Indeed, this asymptotic behavior follows from (2.10) for an endpoint belonging to
a nondegenerate horizon, and follows from (2.11) for an endpoint that is a degenerate horizon
puncture. We may therefore choose an interior maximum point and translate it to z = 0, so that
1/(0) = 0. We will also choose the target space gauge (4.1).
Set
a=a—M.
By Proposition 3.4, a < 0 in the open half-plane. By (4.2) and (4.13), a(0, 2) = a,(0, z) = 0 near
the chosen point, and since p — a(p,0) has a one-sided maximum at p = 0 it follows that
app(0,0) = a,,(0,0) <0.
On the other hand, (4.3) and f’(0) = 0 give
app(0,0) = 4e2/ O (1(0)% + £(0)%) > 0.
Therefore
h(0) = k(0) = 0, a,(0,0) = 0.
By Proposition 4.1, a is a real-analytic function of (p?, 2) near the axis, and satisfies
|Val

app + Q. + >0

by Proposition 3.2. The boundary rigidity Lemma 4.2 then applies and gives a = 0 near the
chosen point. Since a is real analytic on the connected open orbit space half plane, analytic
continuation yields

a=M.

Lastly, the asymptotic normalization (2.13) forces M = 0. O

5. PROOF OF THE MAIN THEOREM

The main theorem involves a dichotomy statement, between the balanced and unbalanced
classes of solutions. These two classes are characterized by the vanishing or nonvanishing of «,
respectively.

5.1. The Majumdar—Papapetrou case. In this subsection we will classify all solutions for
which « vanishes.

Proposition 5.1. Assume that o = 0 on the orbit space half-plane. Then the following global
properties of the harmonic map and its associated electrovacuum spacetime hold.

(i) The twist 1-form is trivial, and the two remaining pieces of the renormalized energy density

agree
0 =0, VU = (Vx> + [Vy|?). (5.1)
(ii) There is a constant unit vector ng € S* C R? such that, with U = eV, one has
AU =0, d(x,¥) =nop*2 dU. (5.2)

(iii) The spacetime metric (1.2) takes the form
g = —U2dt* + U (dp? + d2* + p*dg?). (5.3)
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(iv) After a Heisenberg translation, the twist potential vanishes v =0, and the Mazwell field is

a constant duality rotation of d(U~'dt), in particular
dx = cosy p*a dU, dip = siny p xo dU,

for some constant y € [0, 27).

Proof. Since « is constant, (3.3) implies that 7 = 0, and hence ©® = 0. According to (3.2) we
then have A = £, which yields (5.1). Next, observe that the two quadrature equations (2.3)—(2.4),

with « = 0 and © = 0, give

Uy = U2 +e®(x; — X2 + ¢, —v2) =0,
U,Us + e (xpXz + Ypths) = 0.
Set
X =e"(Xp: Vp), Y =e"(xz,92), a="U,, b=U,.
Then combining (5.1), (5.4), and (5.5) produces

X2 = b, Y?=d%  X-Y =—ab

Thus, equality holds in Cauchy—Schwarz, and it follows that on any open set where VU # 0,

there is a unit vector field n such that

bX —aY
X = bn, Y = —an, W:fzg-
a
Since e™* = pe~V = pU, equations (5.6) may be rewritten as

dZ =nw,  Z=v), w=p(-Usdp+Uydz)=p*2dlU.

From (3.1) and (5.1), AU = |[VU|?, and hence
AU = e Y (-AU + [VU*) = 0.

Moreover, a direct calculation shows that

dw = p(AU)dp Ndz =0,
and taking an exterior derivative in (5.7) gives

dn Aw = 0.
When © = 0, the third and fourth equations of (2.1) become
div(e®VZ) =0 <=  d(pe*"xdZ) = 0.
Using (5.7), pe** = 1/(pUU?), and x3 = —1 on 1-forms, we obtain
pe?xg dZ = —nU2dU = ndU™Y),

and thus
dpNdU™) = 0.

(5.6)

(5.7)

(5.9)

Where dU # 0, the 1-forms dif and w = p xo dU are linearly independent. Equations (5.8) and
(5.9) then imply that dn = 0 on such a region. Choose a nonempty connected component of
the set on which dlf # 0; note that U is not globally constant because the solution contains a
horizon. On this set, n = ng is constant and (5.7) holds with 79. Since dZ — now = 0 on an open
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set, and the left-hand side is an analytic 1-form, it follows that this holds globally on the orbit
space half-plane, which yields (5.2).

To establish (iii), note that the quadrature equation (2.2) gives dw = 0; asymptotic flatness
fixes w = 0. Substituting into (1.2) then produces (5.3).

We will now prove (iv). Let ng = (—n2,n$). Observe that, throughout the half-plane, we then
have

d(ny - Z) =1y - dZ = (ng - 1o)w = 0.
Hence
778‘ -Z=c 1

for some constant ¢, and it follows that

Z=qp+cing, q=m-Z

Therefore, the image of Z is contained in an affine line parallel to 79. Choose the constant
Heisenberg translation (2.5) with (az,a3) = —c| 75, namely

X = Xx +az, b =1+ as, U=v+agx —ap + ar.
This transformation preserves
O =dv—1Ydx+ xdy,
and for the translated electromagnetic potential Z = (X, @Z) one has

Z = qno-

Therefore

—pdxX + X dip = 0.
Since © = © = 0, it follows that dv = 0. The remaining translation parameter a; may then be
chosen so that v = 0. In what follows, we will denote v, ¥, ¥ by v, x, ¥.

Define
Fo = dU™dt) = U™2dt A dU,

and observe that a direct calculation in the metric (5.3) produces

*gFo = pdo A xodld.
It follows that

tpxgFo = pxo dlU, 1y Fo =0, n = 0.

2

Since *g

= —1 on 2-forms, the axial potential pairs associated with F( are
(dxo0, dibo) = (p*2 dU,0).

Note that since U is harmonic, F( satisfies the source-free Maxwell equations dFy = d+gFg = 0.
Now write the constant unit vector in (5.2) as 19 = (cos~y,sin~y). Then

dx = cosy pxa dU = 1y*gF, dip = siny pxo dd = 1,)F,
where F is the following duality rotation of Fy,
F = cosyFq + siny *gFy.

Indeed, away from the rotation axis, a spacetime 2-form F is uniquely determined by the pair
(tn*gF, 1y F), through the formula

F= ]n\: {nb N N Ln*gF)} : O
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To complete the classification of solutions with o = 0, we next find the explicit form for U
and show that nondegenerate horizons cannot occur.

Proposition 5.2. Assume that o = 0 on the orbit space half-plane. Then there are no nonde-
generate horizon rods. Moreover, if p1,...,pn denote the degenerate horizon punctures, then the
positive harmonic function in Proposition 5.1 has the form

my

N
U=Uy, =1
mp +;’X7m

for some constants m; > 0.

Proof. Assume that a nondegenerate horizon rod exists. On the interior of this rod, (2.7) gives
u = ug(2) + O2(p?) with wg finite. Hence

U=eY= e )

+ O2(p),

and thus the leading terms in the axisymmetric Laplacian are
e*Ug(z)

1
AU =Up, + U + ;u =5 +0(p™h).

This contradicts AU = 0 for p > 0 sufficiently small. We conclude that nondegenerate horizons
cannot occur.

Now let pi1,...,pn denote the collection of degenerate horizon punctures. Observe that
axis analyticity implies that U extends harmonically across the axis away from the punctures.
Therefore

U >0, AU=0 onR*\ {p1,...,pn}, U — 1 at infinity.

By Bocher’s theorem [2], near each puncture

m;
Ux)= ——
|x — il
where m; > 0 and h; is harmonic across p;. The uniform puncture expansion (2.11) gives
U=e"Y — 400 as x — p;; hence m; > 0. Moreover, the function

+ hi(x),

m.

N
h(x) =U(x) — :

; x — pil
extends to a harmonic function on all of R?, and tends to 1 at infinity. It is bounded, so Liouville’s
theorem implies h = 1. g

An immediate consequence of the previous two propositions is the following classification.

Corollary 5.3. Let ® = (u,v,x,%) be a stationary electrovacuum singular harmonic map
with black hole rod data in the sense of Definition 2.1, and let o be reconstructed with the
asymptotically flat normalization. If o = 0, then all horizon components are degenerate punctures,
and the associated spacetime metric takes the Majumdar-Papapetrou form (1.1), with Up,p = e V.
Moreover, after a Heisenberg translation, there is a constant v € [0,2m) such that

v =0, dx = cosy p*2 dUp, dp = siny p xa dUyp,p.
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In particular, the reconstructed Maxwell field is that of a constant duality rotation of the collinear
Majumdar—Papapetrou solution.

5.2. Proof of Theorem 1.1. Let M = maxi<j<n+1 b;. By (1.4), M > 0. Suppose first that
no bounded axis rod realizes the logarithmic angle defect maximum, M. If M > 0, then the
maximum could not occur on either semi-infinite rod, whose values are zero, and hence would
have to occur on a bounded rod, leading to a contradiction. Therefore M = 0. Since no bounded
rod realizes M, every bounded rod satisfies b; < 0. This is alternative (i).

Suppose instead that some bounded axis rod realizes M. By Proposition 4.3 it follows that
a = 0. We may then appeal to Corollary 5.3, to obtain the conclusion of alternative (ii).
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