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We consider gedanken experiments to destroy an extremal or nearly extremal Kerr-Newman black
hole by causing it to absorb matter with sufficient charge and/or angular momentum as compared
with energy that it cannot remain a black hole. It was previously shown by one of us that such
gedanken experiments cannot succeed for test particle matter entering an extremal Kerr-Newman
black hole. We generalize this result here to arbitrary matter entering an extremal Kerr-Newman
black hole, provided only that the non-electromagnetic contribution to the stress-energy tensor of the
matter satisfies the null energy condition. We then analyze the gedanken experiments proposed by
Hubeny and others to over-charge and/or over-spin an initially slightly non-extremal Kerr-Newman
black hole. Analysis of such gedanken experiments requires that we calculate all effects on the final
mass of the black hole that are second-order in the charge and angular momentum carried into the
black hole, including all self-force effects. We obtain a general formula for the full second order
correction to mass, 62 M, which allows us to prove that no gedanken experiments of the generalized
Hubeny type can ever succeed in over-charging and/or over-spinning a Kerr-Newman black hole,
provided only that the non-electromagnetic stress-energy tensor satisfies the null energy condition.
Our analysis is based upon Lagrangian methods, and our formula for the second-order correction
to mass is obtained by generalizing the canonical energy analysis of Hollands and Wald to the
Einstein-Maxwell case. Remarkably, we obtain our formula for §2M without having to explicitly
compute self-force or finite size effects. Indeed, in an appendix, we show explicitly that our formula
incorporates both the self-force and finite size effects for the special case of a charged body slowly

lowered into an uncharged black hole.

I. INTRODUCTION

The Kerr-Newman family of metrics are the unique
stationary, asymptotically flat black hole solutions of the
Einstein-Maxwell equations in 4 spacetime dimensions.
The Kerr-Newman metrics comprise a 3-parameter fam-
ily of solutions parameterized by mass M, charge @, and
angular momentum J = Ma. However, these solutions
describe black holes only for a limited region of this pa-
rameter space, characterized by the inequality

M? > (J/M)? + Q2. (1)

When this inequality is not satisfied, the spacetime con-
tains a naked singularity, i.e., the singularity is visible
from infinity.

The above facts give rise to a possible means of test-
ing the weak cosmic censorship conjecture [1], [2], which
states that all singularities arising from gravitational col-
lapse must be hidden within black holes, so that no phys-
ical process can give rise to a naked singularity. Suppose
that we start with a Kerr-Newman black hole satisfying
(1). Now throw/drop matter into the black hole carrying
energy F, angular momentum, ¢, and charge ¢, so that
the final state will have mass M + E, angular momen-
tum J + ¢, and charge Q + ¢q. Then if ¢ and/or ¢ can be
made sufficiently large compared with F, the inequality
(1) will be violated, resulting in a contradiction with the
final state being a black hole.

The most obvious case to consider for an attempt to
destroy a black hole in this manner would be to start with
an extremal black hole, satisfying M? = (J/M)? + Q2,
and to throw in particle matter. This case was analyzed
in 1974 by one of us in paper I of this series [3]. It was
shown in paper I that no violations of (1) can occur by
throwing particle matter into an extremal Kerr-Newman
black hole. The nature of this result is well illustrated
by considering the special case of attempting to “over-
charge” an extremal Reissner-Nordstrom (Q = M) black
hole. Let £€* denote the horizon Killing field, which, for a
Reissner-Nordstrom black hole, coincides with the static
Killing field (9/0t)*. A test particle with mass m and
charge ¢ in this spacetime has energy given by

E = (mug + qA,)E" (2)

where u, is the four-velocity of the particle and A, is the
vector potential of the black hole’s electromagnetic field.

Since £* is null on the horizon, the first term —muy,&*
is non-negative on the horizon, although it can be made
arbitrarily small. Thus, the energy of a particle that
crosses the horizon is bounded below by the electromag-
netic potential energy term

E > q%y, (3)

where @y = (—Ay&%)|m is the electromagnetic poten-
tial evaluated on the horizon. However, &5 = 1 for an



extremal Reissner-Nordstrom black hole, so any particle
that enters the black hole must satisfy

E>q. (4)

Consequently, we have M + E > @ + ¢, so (1) holds. In
other words, any particle with sufficiently large charge ¢
as compared with E to produce a violation of (1) for the
final state would be repelled by the electric field of the
black hole and thus cannot enter it. As shown in paper
I [3], similar results hold for attempting to over-charge
and/or over-spin a general extremal Kerr-Newman black
hole using particle matter.

Nevertheless, in 1999 Hubeny [4] proposed that viola-
tions of (1) might still occur if one suitably added matter
to a slightly non-extremal black hole. To see this, con-
sider a slightly non-extremal Reissner-Nordstrom black
hole. It is useful to introduce the dimensionless parame-
ter

€=, ()
so that € — 0 in the extremal limit. For € < 1, we have
Oy =Q/ryr~1—¢, (6)

where 7 = M 4+ /M? — @Q? is the horizon radius. In
place of (4) we now obtain

E>q(l—e). (7)

Consequently, for this lower bound for F, we have

2

(M4E)~Qta)~—e+ o ()

Thus, it might appear that we can obtain a violation of
(1) by taking ¢ > eM /2 (but still keeping ¢ < Q).

The main difficulty with Hubeny’s argument is that
for ¢ ~ eM, the violation of (1) given by (8) is of order
€q ~ q?/M. Consequently, to determine if one truly can
obtain a violation of (1), the quantities appearing in (8)
must all be calculated consistently to the appropriate or-
der. Specifically, the energy, E, of the matter must be
calculated to order ¢?. However, formula (2) applies only
to “test matter” and is valid only to linear order in g¢; it
does not take into account the contributions of electro-
magnetic self-energy (which require consideration of bod-
ies of finite size) or the energy contributed by self-force
effects, both of which enter at order ¢2. In particular,
it is possible that self-force effects could contribute to a
repulsion of the body from the black hole, requiring that
the body be given additional energy at order ¢ in order
to enter the black hole.

Similar potential violations of (1) have been found for
Reissner-Nordstrom black holes absorbing angular mo-
mentum [5], Kerr black holes absorbing charge or angu-
lar momentum [6-8], and for generic Kerr-Newman black
holes [9, 10]. However, just as in Hubeny’s argument,

in order to determine whether these potential violations
actually occur, one needs to calculate all contributions
to energy that are quadratic order in the relevant pa-
rameters of the particle. This would appear to require
a complete analysis of self-force effects as well as finite
size effects and any other effects that might enter at this
order.

Unfortunately, the analytic computation of electro-
magnetic and gravitational self-force effects on the mo-
tion of bodies near a Kerr-Newman black hole is well be-
yond present capabilities. Thus, the main results that
have been obtained thus far have come from numeri-
cal simulations. Numerical work has indicated that the
self-force on particles falling into black holes may suf-
fice to prevent Hubeny-type violations from occurring
in the specific cases of over-charging a nearly extremal
Reissner-Nordstrém black hole [11] and over-spinning a
nearly extremal Kerr black hole [12-15]. However, even
for these special cases, no general analysis has been given
of the second order corrections to energy. As such, there
is no general proof that the cosmic censorship inequality
(1) holds at quadratic order for processes involving mat-
ter that falls into nearly extremal Kerr-Newman black
holes.

The main purpose of this paper is to give a com-
plete analysis—valid to second order—of the contribu-
tions to the mass of a black hole for arbitrary mat-
ter that enters a black hole. At linear order, we de-
rive a general expression—first obtained in [16]—that
expresses 6 M in terms of the flux of charge and angu-
lar momentum carried into the black hole together with
the non-electromagnetic energy flux. Assuming only that
the non-electromagnetic contribution to the stress energy
tensor satisfies the null energy condition, we will prove
that for arbitrary processes involving matter falling into
an exactly extremal Kerr-Newman black hole, no viola-
tion of (1) can occur at linear order in the perturbation.
This result, which was previously obtained for charged
scalar matter in [17] and generalized in [18], generalizes
the results derived for particle matter in paper I [3] to
completely general matter.

We then consider the possible Hubeny-type violations
that might occur for slightly non-extremal black holes.
Our general formula for § M shows that the linear order
process obeys a generalization of (7), thus allowing the
possibility of a violation of (1) but requiring an analysis of
the second order effects on energy. We will perform this
analysis by expressing the second order change in mass,
§2M, of the black hole in terms of the canonical energy
of the first order perturbation. We will then make the
additional assumption that the non-extremal black hole
is stable under linear perturbations, so that the first or-
der perturbation decays to a stationary final state. This
will allow us to evaluate the canonical energy in terms
of a positive flux contribution through the horizon and a
contribution from the final stationary perturbation. The
resulting formula gives rise to an inequality on 62M, and
we will see that this inequality is just what is needed to



prove that no violations of the Hubeny type can ever oc-
cur. Remarkably, we are able to derive this inequality—
which automatically takes account of all self-force and
finite size effects—without having to explicitly calculate
these effects themselves. We will show by explicit calcula-
tion in the Appendix that for the special case of lowering
a charged body into an uncharged black hole, our general
formula corresponds precisely to taking these effects into
account.

Our analysis differs from most previous analyses—
including that of paper I [3]—in the following three key
respects: (1) We consider completely general matter
rather than particle matter. Of course, “particle matter”
makes sense in general relativity only when considered
to be a limiting case of general matter as described in
[19] and [20], so the general results derived in this paper
also automatically hold for physically realizable particle
matter. (2) Rather than analyzing the motion of bod-
ies to determine what trajectories will or will not enter
the black hole, we simply restrict consideration to the
case where all matter that is initially present enters the
black hole, and we compute the second order variation of
the mass for this case. This allows us to derive the de-
sired inequality without having to calculate the motion
of bodies. (3) Most importantly, we obtain an exact ex-
pression for the full second order effects on the mass of a
black hole. This allows us to obtain the above-mentioned
inequality on §2M.

In section II, we obtain the general variational for-
mulas that we will need, including the generalization of
the notion of canonical energy introduced in [21] for vac-
uum perturbations of vacuum black holes to the Einstein-
Maxwell case. The gedanken experiments to destroy an
extremal black hole are analyzed in section III. We con-
sider a perturbation of the black hole involving matter
with charge and angular momentum such that the black
hole is initially unperturbed in a neighborhood of the
horizon and such that all of the matter eventually falls
into the black hole. We obtain a general expression for
dM that was first derived in [16]. We show that this
expression yields an inequality that is sufficient to show
that no violations can occur at linear order for extremal
black holes, as previously found in [18]. This general-
izes the results of paper I to completely general mat-
ter whose non-electromagnetic stress-energy satisfies the
null energy condition. The Hubeny-type gedanken ex-
periments to destroy a slightly non-extremal black hole
are considered in section IV. We consider a process that
is optimal at first order so that the first order pertur-
bation saturates our lower bound on dM. We obtain
an expression for 62M involving the canonical energy of
the first order perturbation. Assuming that the first or-
der perturbation of the non-extremal black hole becomes
stationary at late times (i.e., that the non-extremal black
hole is linearly stable), we obtain a lower bound on §2M
that is sufficient to prove that no violations of (1) can
occur. A simple pictorial representation of our results is
presented in section V. The relationship between our re-

sults and the electromagnetic self-force and self-energy is
detailed in the Appendix for the case of a charged body
lowered into an uncharged black hole.

Our metric signature, curvature, and abstract index
conventions follow [22]. In many instances, we will sup-
press the indices on differential forms, in which case they
will be denoted with boldface letters.

II. VARIATIONAL IDENTITIES AND
CANONICAL ENERGY FOR
EINSTEIN-MAXWELL THEORY

In this section, we generalize the canonical energy re-
sults obtained in [21] for vacuum perturbations of vac-
uum black holes to the Einstein-Maxwell case. It would
be most natural to treat the electromagnetic field A, as a
connection on a principal U (1)-bundle and use the frame-
work developed by Prabhu [23] for doing the Lagrangian
analysis in the principal bundle. However, since this
would require the introduction of considerable machin-
ery and formalism, we will bypass this here and simply
treat A, as the one-form that one obtains on spacetime
by making a choice of gauge. This leads to some awk-
wardness in that we will work—as is conventional—in
a gauge such that, in the background black hole space-
time, A, is stationary, £¢A4, = 0, and A, — 0 at infin-
ity, so the “horizon potential” &y = —£*A,| is non-
vanishing, where £ is the horizon Killing field and 57
denotes the future event horizon. Since £* = 0 on the bi-
furcation surface, this implies that, in our gauge, A, can-
not be smooth at the bifurcation surface as a one-form
on spacetime, which might be thought to cause difficul-
ties. In fact, no such difficulties occur, as can be seen
by performing the analysis in the principal bundle in the
framework of Prabhu [23]. Namely, the connection, A,,
is smooth as a one-form in the bundle and this is consis-
tent with the non-vanishing of @5 because the lift of £*
to the bundle has non-vanishing vertical part. Neverthe-
less, to keep our discussion simple, we will perform our
analysis on spacetime and ignore the non-smoothness of
the background A,, relying on the fact that the analysis
could have been performed in the principal bundle, where
all fields are smooth.

Although our interest is in 4-dimensional Kerr-
Newman black holes in Einstein-Maxwell theory, we will
consider general diffeomorphism covariant theories in n-
dimensional spacetimes in subsections II A and IIB. In
II A, we review the derivation of a fundamental varia-
tional identity for theories derived from a diffeomorphism
covariant Lagrangian. We define canonical energy in II B.
The Einstein-Maxwell case in 4 spacetime dimensions is
explicitly considered in I C. Gauge invariance issues are
treated in IID.



A. The Linear Variational Identity

The Lagrangian for a diffeomorphism-covariant theory
on an n-dimensional spacetime is given by an n-form L
on spacetime, which is a local function of the metric, g4,
its curvature, and symmetrized covariant derivatives of
the curvature, and which may also depend on other ten-
sor fields, v, and their symmetrized covariant derivatives.
We refer to the full field configuration as ¢ = (gap, ). We
vary the Lagrangian by considering a one-parameter fam-
ily of field configurations, ¢(\), and taking derivatives of
L with respect to A. Throughout this paper, the notation
“6” will be used to denote derivatives evaluated at A = 0,

e.g.,

dL d’L do
L= — PL=—— Sp= —| .
dX[y_y’ AN 5—g ’ dA |x=o ©)
The first-order variation of the Lagrangian can be writ-
ten as
dL d¢ d¢
B0 Hraw(s5).

where E is locally constructed from the fields ¢ and their
derivatives, while 8 is locally constructed from ¢, d¢/dA,
and their derivatives; @ corresponds to the “boundary
term” one would obtain by putting the variation of L un-
der an integral sign and integrating by parts to remove all
spacetime derivatives from d¢/dA\. The Euler-Lagrange
equations of motion of the theory are simply

E(¢) = 0. (11)

The symplectic current (n — 1)-form w is defined in
terms of a second variation of 6. For a two-parameter
family of field configurations ¢(A1, A2), we define

99 09 0 ¢ 9 ¢
“’((‘j)’axl’aAJ N (d)’axg) Mo (‘b’axz))
12

The symplectic current depends on the background field
configuration ¢, as well as on the perturbations 9¢/0A;

and 0¢/0Ae. If both of these perturbations satisfy the
linearized equations of motion %E(qﬁ) = %E(qﬁ) =0,
then it follows from equation (10) that

dw =0, (13)

i.e., the symplectic current is conserved.
The Noether current associated with an arbitrary vec-
tor field X® is defined as

T x(¢) = 0(¢; Lx¢) — ixL(e), (14)
where ¢ x L denotes contraction of X® into the first index
of the differential form L. A simple calculation [24] shows
that the first variation of J x can be written as

dT x d¢ _do
T (E(¢) : dA) +w (6157 dA7$X¢)

oo (6 29Y] s

4

On the other hand, it was shown in [25] that the Noether
current can be written in the form

J x = Cx +dQx, (16)

where Qx is called the Noether charge and Cx = X*C,
are the constraints of the theory, so that C, = 0 when the
equations of motion are satisfied. In particular, dJ = 0
when the equations of motion are satisfied, as can be
shown directly from the definition (14) of J.

By differentiating! equation (16) with respect to A and
comparing it to equation (15), we obtain the fundamental

identity
el 5
ix (E(sb) jf) (17)

a X
This identity forms the basis for all calculations con-
ducted in the remainder of this paper.
Now, assume that ¢()\) is globally hyperbolic with
Cauchy surface ¥. Evaluating (17) at A = 0 and inte-
grating the resulting equation over ¥, we obtain

[ 1Qx —ix00.001 = [ (600 2x0) - [ s0x
- [ox®0)-60). as)

A Hamiltonian hx associated with a vector field X¢ is
a functional of ¢ such that if and only if ¢ satisfies the
equations of motion, then under all variations d¢ we have

Shy — /E W (6106, Zx ). (19)

If the spacetime is asymptotically flat and there is no
“interior boundary” to X, then a Hamiltonian, hx, con-
jugate to X® must satisfy

Shx = / 6Qx — 1x0 (6,50)] + /E 5Cx.  (20)

where “ foo” denotes the limit to spatial infinity of inte-
gration over a suitable family of spacelike (n—2)-spheres.
This motivates the following definition? of the ADM con-
served quantity Hx conjugate to an asymptotic symme-
try X® for asymptotically flat solutions: Hx (if it exists)
is the quantity such that, for all one-parameter families
of solutions, we have

SHy = / 5Qx — 16 (6,56)] . (21)

1 Note that we take X to be A-independent.

2 We assume here that the matter fields fall off at infinity rapidly
enough so as not to contribute to the surface integral on the right
side of (21). Otherwise, these matter fields may make contribu-
tions of the form “potential times varied charge” that would need
to be subtracted to obtain the conventional definition of ADM
conserved quantities.



Finally, let us restrict consideration to the case where
(i) ¢o = ¢(A = 0) is a globally hyperbolic, asymptotically
flat solution of the equations of motion, E = 0, and (ii)
¢o possesses a Killing field £ that is also a symmetry of
the matter fields 1, so that Z¢¢o = 0. Then (18) yields

| Qe w0 0b0) =~ [oce. (@)
ox >

The case of greatest interest for us is where ¢g repre-
sents the exterior of a stationary black hole, and &% is
the horizon Killing field

€ =1+ Qup®, (23)

where ¢t is the timelike Killing field of ¢g, ¢® is the axial
Killing field of ¢g, and g is the angular velocity of the
horizon. The contribution to the boundary integral from
infinity is then just

| 18Qc ~ 166 (6.60)) = 5He = 621 — 2ist, (20

where M is the ADM mass and J is the ADM angular
momentum. If the spacetime represents the exterior of
a black hole, then there will be a contribution from the
“internal boundary” as well. We will evaluate this inter-
nal boundary contribution for Einstein-Maxwell theory
in subsection C below.

B. Second Order Variations and Canonical Energy

Let us now continue to restrict consideration to the
case where ¢g = ¢(\ = 0) is a globally hyperbolic solu-
tion of the equations of motion that possesses a Killing
field £* that is also a symmetry of the matter fields ¢, so
that Z¢¢o = 0. Again, we do not require that the pertur-
bation d¢ = (d¢/d)| =0 satisfy the linearized equations
of motion. Let ¥ be a Cauchy surface. We define the
canonical energy of the perturbation §¢ on X by

E5 (03 66) = /E w (6566, L:56) . (25)

We can obtain an extremely useful expression for
canonical energy by differentiating (17) with respect to
A and evaluating the resulting expression at A = 0. We
obtain

d [6°Qg — 1660 (¢,00)] = w (¢; 00, Z:3¢) — 6°Ce
—tg (OE-09), (26)
Here, the meaning of the “4’s” in the expression d0(¢, d¢)

is that both derivatives in this term are to be evaluated
simultaneously, i.e.,

560(6,60) = { <¢>, d¢’)]

(27)

A=0

Integrating (26) over X, we obtain
Es(¢;0¢) = / [62Q¢ — 1600 (¢,00)] + / 52Ce
ax b
OE - {§9). 28
+/Eb§( ¢) (28)

The case we are most interested in here is one where ¢q
corresponds to a stationary black hole, £* is the horizon
Killing field,® and ¥ is a Cauchy surface for the exterior
of the black hole. In that case, it follows from (21) that
the contribution to the the boundary term in (28) from
infinity is

/ (02Q¢ — 1600 (¢,00)] = 0°M — Qyo®J . (29)

We will evaluate the interior boundary term at the end
of the next subsection.

C. Einstein-Maxwell Theory

We now consider Einstein-Maxwell theory in 4 space-
time dimensions and provide explicit expressions for
many of the quantities appearing in the previous sub-
sections. The Einstein-Maxwell Lagrangian is given by

_ 1
T 167w

where € is the volume element associated with the met-
ric. For this Lagrangian, the field configuration consists
of the metric and the vector potential, ¢ = (gap, Aa)-
As explained in the introductory paragraph to this sec-
tion, we will treat A, as a one-form on spacetime. The
symplectic potential, Noether charge, equations of mo-
tion, and constraints for this Lagrangian were computed
n [16]. The symplectic potential can be written as

abc (QS? (b) - abc gabc ) (31)

(R—F™®F,)e, (30)

where

d¢ . 1 de fg
abc <¢7 ) - 167T6dabcg g

d9er o 9919
><<Vg ) Ve N (32)

dé 1 s dA,
—€dabe ¢ .
abc <¢7 47_(_6d b d}\ (33)

The Noether charge is given by
(QX)ab = ( X )ab + (QX )aba (34)

3 Note that in [21], the canonical energy was defined with respect
to the asymptotically timelike Killing field t* rather than the
horizon Killing field £¢. These quantities are equal to each other
for axisymmetric perturbations, as considered in [21].



where
1
Q) ap = ———€apea VXY, (35)
167
1
Q%) = g caraFPAX.(30)

The equations of motion and constraints are given by
d(b b dgab . dAa

E Tll a
@2t
Cheda = €ebed [Tae + Aaje] . (38>

(37)

Here we have written Ty, = Gap — 87TT£M—SO that Ty,
corresponds to the non-electromagnetic part of the stress-
energy tensor, and j* = (1/47)V,F*—so that j% corre-
sponds to the electromagnetic charge-current. Note that
in the absence of sources, when both T, and j, are zero,
the constraints (38) vanish and the Euler-Lagrange equa-
tions of motion (37) are satisfied.

The symplectic current for the Einstein-Maxwell the-
ory can be written in the form

dp 0O
Wabc <¢7 ¢ ¢ ) - abc + wlﬁjcw7 (39)

O\’ OXa
where, from equation (31), we have
1
OJS;)IE - 167 6doLbcu]d (40)
1[0 o OA,
Wabe' = [8)\ (cauncF™) 3,
0 des OAe
——(eqapcF% , 41
o CaneF ) 35 | (a1)

where, in (40), we have

g 89?)0 agef 8gbc agef
a _ Pabcdej _ 42
v (aAg Vion ~on Vo, ) 2

with
1 1
Pabcdef gaegfbgcd 5 gadgbegfc 5gabgcdgef
1
—59"9" " + QQng“dgef (43)

We now restrict attention to the case where ¢g =
¢(A = 0) is a stationary black hole solution to the
Einstein-Maxwell equations (i.e., 7% = j* = 0 at A = 0)
with horizon Killing field £%, and we let ¥ be a Cauchy
surface for the exterior region. In fact, by the black hole
uniqueness theorems [22], ¢y must be a Kerr-Newman
solution, but we need not make use of this fact here.

4 We assume that A,t% and Aqp? fall off as 1/r and F,; falls off
as 1/r2 at infinity, so there is no electromagnetic contribution to

We work in a gauge where ZzA,(A = 0) = 0 and
A.(A = 0) — 0 at infinity. As already discussed in the
first paragraph of this section, in this gauge, A,(A = 0)
will, in general, be singular at the horizon, but this does
not cause any difficulties. Furthermore, the variations
§A, and §%2A, may be assumed to be smooth (as can be
justified by working in the principal bundle framework of
Prabhu [23]).

By definition, for a non-extremal black hole the horizon
will be of bifurcate type, and ¥ will terminate at the
bifurcation surface B. For a non-extremal black hole, we
now evaluate the boundary contribution to (22) arising
from B. Since £&* = 0 on B, we have

[ 15Qg" - 169 (0,00)] = [ 50" = Loan,

B B

(44)

where Ap is the area of B and k is the surface gravity
of the event horizon. To evaluate the electromagnetic
contribution to the boundary term?* at B, we note that
by (33), 8FM is smooth at B (since §A4, is smooth), so
LgHEM = 0. However, by (36), we have

1
5QE]‘/[ 77_‘_ [feAeé(eabchCd) +£e(6Ae)€abchCd)] .

(45)
Again, the second term vanishes at B on account of the
smoothness of § A, and the vanishing of £*. However, the
quantity

Op = - [ A (V)] | (46)

is, in general, nonvanishing at B. Since ®y must be
constant on the horizon at A = 0 [26] (see theorem 1
of [23] for a general proof for Yang-Mills fields), we find
that the electromagnetic contribution to the boundary

term at B is
1
/ [6QEM — 1c6"M(4,69)] = 5 Pu / 5 (€apeaFY)
B ™ B
= o0 5B, (47)

where ) is the electric charge flux integral over B.

The ingredients are now in place to write out (22) ex-
plicitly for a non-extremal black hole. We previously
evaluated the boundary term from infinity in (24), and, in
the previous paragraph, we have evaluated the boundary
term from B. Using (38) and the fact that Ty, = j% =0
in the background spacetime (since ¢y is a solution), we
see that the remaining term 6C¢ takes the form

5Obcda§a = €ebed [5Tae + A(Laje} ga (48)

Thus, we see that (22) takes the explicit form

the boundary term at infinity.



SM — QpdJ — SiéAB —du0Qp = — / €ebed [0 + A6 €°. (49)
Y8

For source free perturbations, 67T, = §j, = 0, this yields
the usual first law of black hole mechanics of Einstein-
Maxwell theory.

It should be emphasized that (49) holds only for non-
extremal black holes. In this paper, we will be con-
cerned with both non-extremal and extremal black holes.
However, it is clear from the derivation that (49) (with
0Ap = dQp = 0) also holds for extremal black holes
in the special case where ¥ is not a Cauchy surface
but rather an asymptotically flat hypersurface with one
boundary at spatial infinity and the other boundary on
the horizon at an early time such that the perturbation
vanishes in a neighborhood of this internal boundary. In
this case, there clearly will be no boundary contribution
from the internal boundary of . We will use (49) in this
form for extremal black holes in section III.

The canonical energy may also be split into gravita-

J
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tional and electromagnetic contributions
Ex(¢30¢) = E5T + EZM. (50)

Explicit formulas for these parts can be obtained from the
definition (25), substituting from (40) and (41). These
formulas are quite complicated and will not be written
out explicitly here. Fortunately, we will need to evaluate
the canonical energy integral only over (a portion of)
the horizon (where its form simplifies considerably) and
for stationary perturbations (where it can be evaluated
straightforwardly).

We may now explicitly evaluate the terms appearing in
(28) for Einstein-Maxwell theory, in exact parallel with
our above evaluation of the terms appearing in (22). For
a non-extremal black hole, we obtain®

82M — Qo] — dp*Qp — 8%52,43 = Ex(¢;60) — /E e (OE(9) - 5¢) — /25205. (51)

Again, this equation (with 6?Ap = §2Qp = 0) will hold
for an extremal black hole if we restrict consideration to
the case where both the first and second order pertur-
bations vanish in a neighborhood of the horizon at the
internal boundary of ¥. In section IV, we will evalu-
ate the right side of (51) in the context relevant to our
calculations.

D. Gauge Invariance of Canonical Energy

In this subsection, we show that the canonical energy
is gauge invariant when evaluated on linearized solutions
to the Einstein-Maxwell equations, subject to the restric-
tions of Proposition 1 below. It should be noted that the
symplectic form (i.e., the integral of w(¢, d1¢, d2¢) over a
Cauchy surface) is not gauge invariant, either in the sense
of the Maxwell gauge transformations A, — §A4, + Vax
or the infinitesimal diffeomorphisms d¢ +— ¢ + Zx ¢, on
account of boundary terms arising from the horizon.

(

For the purposes of analyzing gauge invariance, it is
convenient to view the canonical energy as a bilinear form
on the space of perturbations to a black hole background
given by

E5(6: 610, 528) = /Z (65016, Lebsd).  (52)

The canonical energy will be gauge invariant if and only
if it vanishes whenever d1¢ or d2¢ is a pure gauge trans-
formation.

If 516 and d2¢ are solutions, then, as shown in [21], Ex
is symmetric. Namely, by the antisymmetry and bilin-
earity of the symplectic current, we have

E5(6:616,026) — Ex(0:526,616) = /E Lews(:516,529).

(53)
Applying the Lie derivative identity Zzw = tedw+d(Lew)
and applying Stokes’ theorem to the second term yields

E5(6: 610, 828) — Ex (6 526, 616) = /Z edws(6: 516, 520) + / e (6561, 520) — /B 1ew(6:616,520).  (54)

5 It should be noted that since we take £% to be fixed, the quantities
Qp and k do not vary. This means that if we perturb toward
another another stationary black with different values of Qg or

Kk, then £€* cannot be the horizon Killing field of the perturbed
black hole. See [21] for further discussion.



The first term vanishes for solutions® by (13). The
boundary term at infinity vanishes under the assump-
tion that §1¢ and d2¢ are asymptotically flat perturba-
tions with appropriate falloff conditions and the bound-
ary term at the bifurcation surface vanishes since £ van-
ishes on B, thus establishing that & is symmetric. This
is convenient because it implies that to show gauge in-
variance of &, we need only show that & vanishes when
d2¢ is pure gauge in (52).

First let us consider a pure Maxwell gauge transforma-
tion given by dg. = 0,dA, = V4 x for some smooth func-
tion x. In analogy with (14), which defined the Noether
current associated with a local diffeomorphism, we may
define the Noether current associated with a Maxwell
gauge transformation by

S =06, Yax). (55)

Just as in (16), this Noether current can also be written
in terms of a constraint and a charge as

S =€l +dQx]. (56)

A simple calculation shows that for the Einstein-Maxwell
theory, the constraint and Noether charge are given by

(C[X])abc = 6dachjdv (57)
(Qlab = —SiﬂecdabxFCd. (58)

A calculation similar to that used to obtain (18) yields
the identity

5Q[x]=/2w(¢;5¢,vax)—/zéc, (59)

ox

W(: 56, V) = / 5Q[] - /B 5O + / 5¢. (60)

where Wx(¢;010,020) = [ w(h;010,02¢) is the sym-
plectic form. The constraint term vanishes under the
assumption that d¢ satisfies the linearized equations of
motion, so, using (58), we obtain,

1
W (0700, Vax) = — 5 / N

1
— S(ecaapFY). 61
+e Bx(édb ). (61)

6 The perturbations considered in sections III and IV do not sat-
isfy the linearized equations of motion, since they have sources
in the form of charged matter that is added to the black hole.
However, the quantity fz tgdw still vanishes for the particular
surface ¥ chosen in those sections (cf. figures 1 and 2), and so
the gauge invariance established in this subsection still holds for
that particular case.

This expression is nonvanishing for generic perturbations
and gauge transformations, since y may be non vanishing
at infinity and at B. Thus, the symplectic form is not
invariant under Maxwell gauge transformations. How-
ever, the gauge invariance of the canonical energy for
Maxwell gauge transformation can be seen by replacing
X by Zex = £€*Vex in (61). The resulting expression
vanishes, since £*V,x goes to zero at infinity and van-
ishes at B. Thus, the Einstein-Maxwell canonical energy
is indeed invariant under Maxwell gauge transformations,
as we desired to show.

W now analyze the gauge dependence of the canoni-
cal energy under smooth infinitesimal diffeomorphisms,
0¢p = ZLx¢, for which X® is an asymptotic symmetry.
The canonical energy of an infinitesimal diffeomorphism
is given by

Ex(9: 00, Lx¢) = Wx(; 60, LeLx )
= Wx(¢; 09, Zy ), (62)

where Y* = [¢, X]* and we have used the fact that Z¢¢ =
0 at A = 0. From (18) and (21), we have

Es(9; 00, Lx ) = Wx(¢; 00, Ly 0)
— GHy — / 6Qy — 1v0 (6,60)] , (63)
B

where we have used the assumptions that ¢(A = 0) and
0¢ satisfy the equations of motion and the linearized
equations of motion, respectively.

It is easily seen that the right side of (63) cannot vanish
unless some restrictions are placed on the allowed pertur-
bations at the horizon and at infinity. These conditions
are purely gauge conditions on the perturbations that
do not restrict the physical perturbations we consider.
First, following [21], we impose the gauge condition that
the perturbed expansion of the horizon generators van-
ishes,

66|jf =0. (64)

As shown in [21], this condition may always be imposed
for non-extremal black holes. The infinitesimal diffeo-
morphisms X* that preserve this condition are the ones
that are tangent to the future horizon. This implies that
Y = Z: X is normal to the horizon at B.

Second, we impose the condition

k5 Ag)e = 0, (65)

where k® denotes an affinely parametrized tangent to the
generators of the horizon. This condition always can
be imposed by a Maxwell gauge transformation 64, —
JA! = §A, — V,x with x satisfying k*V,x = k%0 A, on
H.

We now evaluate the terms appearing on the right side
of (63), where Y* = Z; X*. First, we evaluate the contri-
bution to the boundary term at B arising from the sym-
plectic potential. We split the symplectic potential into
a gravitational and an electromagnetic part as in (31).



As shown in [21], the gravitational part of the symplectic
potential contribution yields

1
GR _
/BLYH (¢,09) = 87r/Bf5@€’ (66)

where we have written Y* = fk® on B with k® normal to
the horizon, since Y* is normal to the horizon at B. This
term vanishes as a consequence of our gauge condition
(64).

As for the electromagnetic part of the symplectic po-
tential, we have

/ LXeEM((p,&;s):—i / €aeatYFI5A..  (67)
B AT Jp

However, the assumption that the background spacetime
is stationary restricts the form of F?, since the flux of
electromagnetic stress-energy

TEY = o R~ JonF R (09
through the horizon must vanish. For this flux to vanish,
we must have T af;M k?k® = 0 on the horizon. The dom-
inant energy condition (which is automatically satisfied
by the electromagnetic field) then implies that T, ﬁM ke
must be proportional to kp. This implies that on 2,
F must take the form

Fob = ploghl 4 b (69)

where w is purely tangential to the horizon. From this,
and from the assumption that X is tangent to the hori-
zon generators on B, we find that the electromagnetic
part of the symplectic potential can be written as

/ by 0FM (9, 0¢) = —i/ €aeaY vke5A.,  (70)
B 81 JB

where we have used the fact that the pullback to . of
€abeq contracted into any vector tangent to .7 vanishes.
The right side of (70) vanishes on account of our gauge
condition (65).

Next, we consider the term 6Hy in (63). Since X* is
an asymptotic symmetry and £* = t® + Qg for a Kerr-
Newman background, Y is a linear combination of an
asymptotic space translation and an asymptotic rotation
in a direction orthogonal to the black hole’s axis of ro-
tation. So long as we restrict ourselves to perturbations
with vanishing ADM linear momenta, 6 P; = 0, and van-
ishing ADM angular momentum in directions orthogonal
to the axis of rotation, we have dHy = 0 for all suit-
able choices of infinitesimal diffeomorphism X®. These
conditions do not restrict the physical perturbation.

We are left with

E5(6:60, Lxd) = — /B 5Qy. (71)

We split Qy into gravitational and electromagnetic parts
as in (34). It was shown in Appendix A of [21] that since

Y is normal to the horizon, the pullback to B of §Q$?
is given by

QST = (O€apea) VY. (72)

1
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The right side will be nonvanishing if and only if the
quantity

U =negVey? (73)

is nonvanishing on B in the background spacetime, where
Nab = Nigp) 18 the binormal to B. We substitute Y =
L X = ¢V, X% — XPV,E% in this equation and expand
using the Leibniz rule to get

U = neq [€VV, X9+ (VE)V, X4
—XPVeV,ET — (VEXP)VeY] . (74)

The first term vanishes since €% vanishes on B. Since
€% is a Killing field, we have VoV = R%qq6% = 0 on
B, so the third term also vanishes on B. Finally, using
the fact that V &, o« ng, on B, the second and fourth
terms can be seen to cancel. Thus, U = 0 on B and the
contribution from §Q$F vanishes.

Remark In [21], the vanishing of the contribution from
§Q$F was obtained by imposing the gauge condition
deap = (0A/A)eqp on the area element on B together
with the restriction dA = 0 on the perturbation. The
above calculation shows that it was not necessary to im-
pose either this gauge condition or this restriction. In
particular, the hypothesis that A = 0 may be dropped
from Proposition 3 of [21].

Finally, we evaluate the contribution from §Q¥M. We
obtain

1
/ SQEM — / — 0 (€eapeaF ) ALY . (75)
B B 871'

However, a diffeomorphism X¢ will preserve our gauge
condition (65) only if £€2.%xA, = 0 on the horizon”,
which implies that A,Y® vanishes at B. Thus, the con-
tribution from §QEM also vanishes.

We summarize the results of this subsection in the fol-
lowing proposition:
Proposition 1: Consider the subspace of perturbations,
d¢, that (i) satisfy the linearized equations of motion,
dE(¢) = 0, (ii) satisfy the gauge conditions (64) and
(65) at the horizon, and (iii) have vanishing ADM lin-
ear momenta, 6P; = 0, and vanishing components of
ADM angular momenta in directions orthogonal to the

7 Rather than restricting X® so as to preserve the gauge condition
(65), it would be more sensible to require that any X® that vi-
olates (65) be accompanied by a Maxwell gauge transformation
that restores (65). One would then get a nonvanishing contribu-
tion from (75) that would then be canceled by the contribution
from the Maxwell gauge transformation.



axis of rotation of the unperturbed black hole. Then
the Einstein-Maxwell canonical energy Ex(¢; 619, da¢) on
this subspace is invariant under all infinitesimal diffeo-
morphisms d¢ = Lx¢ and Maxwell gauge transforma-
tions 0A, = Vgx (where it is understood that these
transformations must preserve conditions (ii) and (iii)).

III. GEDANKEN EXPERIMENTS TO
DESTROY AN EXTREMAL BLACK HOLE

Consider an extremal Kerr-Newman black hole,
M? = (J/M)? +Q*. (76)

We wish to see if we can cause the inequality (1) to
be violated by throwing/dropping charged and/or ro-
tating matter into the black hole. Specifically, (1) will
be violated—and a contradiction with cosmic censorship
obtained—if we can perturb the black hole so that

2MOSM < 2(J/M)(M8J — JSM)/M? +2Q5Q .  (77)

Writing a = J/M, we see that a violation will occur if
the perturbation satisfies
a QM

M .
OM < Sz 0]+ g5 0Q (78)

To analyze whether it is possible to produce such a
perturbation, let ¥y be an asymptotically flat hypersur-
face that terminates on the future horizon and extends
to spatial infinity. We consider a perturbation §¢ whose

b3}

0 n Yo

FIG. 1. Charged matter, occupying the shaded region, falls
through the event horizon of an extremal black hole. The
perturbed initial data on Yy vanishes in a neighborhood of
the horizon.

initial data on X, for the fields dg,, and dA, vanishes
in a neighborhood of ¥y N H, as shown in Fig. 1. We
assume that the matter sources d7Ty;, and 07% are nonva-
nishing only in a compact region of ¥y, as shown. Physi-
cally, this corresponds to considering a perturbation that
is induced by bringing matter in from infinity in such a
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way that the disturbance to the black hole at very early
advanced times is negligibly small. If we evolve the per-
turbation, in general, some of the matter will go into the
black hole and some will go out to infinity or remain in
orbit around the black hole. The matter that does not
fall into the black hole is of no interest to us. There-
fore, we can greatly simplify our analysis by restricting
to the case where all of the matter goes into the black
hole. Note that this also saves us the trouble of analyzing
the motion of bodies outside of the black hole; we do not
care about the details of how the matter managed to get
into the black hole as long as it does get in.

Thus, we wish to consider a one-parameter family
where 07,;, and §j* are nonvanishing only in a region
like the shaded region of Fig. 1. Let ¥ be a hypersurface
like that shown in Fig. 1 with the following characteris-
tics: (a) It starts on the future event horizon in a region
where the perturbation vanishes. (b) It continues up the
future horizon until past the region where the matter
sources are nonvanishing. (c) It then becomes spacelike
and continues out towards infinity in an asymptotically
flat manner. Let H denote the horizon portion of 3, and
let ¥; denote the spacelike portion (see Fig. 1) so that

S=HUY,. (79)

We now use (49) (with §Ap = 6Q p = 0) for this choice of
3. The integrand on the right side of (49) is nonvanishing
only on H. Thus, we obtain,

6M—QH6J:—/

Gebcdfa(STae _/ gaAaa(eebcdje)'
H H

(80)
Since &y = —€* A, is constant on H, we may pull it out
of the integral. The integral fH 0(€ebeaj®) is just the to-
tal flux of electromagnetic charge through the horizon,
0Q #1ug- Since all of the charge added to the spacetime
falls through the horizon, this flux is just equal to the
total perturbed charge of the black hole, dQ fiuz = 0Q.
Combining these observations yields the following for-
mula relating the perturbed parameters of the black hole
spacetime:

OM —QpéJ —PdQ = —/ €ebedba 0T . (81)
H

This result was first derived in [16]. On the horizon, we
may write

€cbed = —4K[c€peq), (82)

where k¢ is the future-directed normal to the horizon and
€peq 18 the corresponding volume element on the horizon.
The right side of (81) can be written as

_/ eebcdfa(STae :/ gbcd(STaefak& (83)
H H

Since £% o k%, the right side is non-negative pro-
vided only that the non-electromagnetic stress energy



tensor 67y, satisfies the null energy condition, so that
§Tapk®k® > 0. Thus, (81) yields the inequality

SM — Qo — dpoQ >0, (84)

which holds for all perturbations of an extremal Kerr-
Newman black hole resulting from charged-matter enter-
ing the black hole.

For a general (not necessarily extremal) Kerr-Newman
black hole, we have

a

Qp = ) (85)
and
By = s (56)
where 7 is the horizon radius
ry =M+ /M2 - (J/M)? - Q2. (87)

For an extremal black hole, we have ry = M, so (84)
yields

a QM
oM > oJ
- M2 + a2 + M2 + a2

5Q. (88)

Thus, (78) cannot be satisfied, and an extremal black
hole cannot be destroyed by dropping/throwing matter
into it. This generalizes the results of paper I [3] to arbi-
trary matter, provided only that the non-electromagnetic
contribution to the stress-energy tensor satisfies the null
energy condition. This argument that (81) implies that
one cannot over-charge or over-spin an extremal black
hole was previously given in [18].

IV. GEDANKEN EXPERIMENTS TO DESTROY
A SLIGHTLY NON-EXTREMAL BLACK HOLE

In the spirit of Hubeny [4], let us now repeat the
gedanken experiment of the previous section starting
with a slightly non-extremal Kerr-Newman black hole.
The relevant spacetime diagram for this case is shown in
Fig. 2, where the only significant difference is that ¥y and
Y. are now taken to terminate at the bifurcation surface,
B. This does not affect the analysis of the first order per-
turbation given in the previous section, since the pertur-
bation is assumed to vanish on the horizon at sufficiently
early advanced times. Since we will need to calculate sec-
ond order effects in this section, we further assume that
the second order perturbation also vanishes in a neigh-
borhood of B, and that all of the matter sources go into
the black hole at second order, so that 62T, = 625 =0
on Xj.
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¥

FIG. 2. A spacetime diagram showing charged matter falling
into a black hole as in Fig. 1, but now shown for a non-
extremal black hole. The surface Yy is taken to pass through
the bifurcation surface.

An exact repetition of the analysis of the previous sec-
tion yields

oM = QH5J+ (PH(;Q _/ GebcdgaaTae
H
>QuéJ + @péQ

_ a Qry
_ri+a25j+ri+a26Q' (89)

As already noted in the Introduction for the special case
of a nearly extremal Reissner-Nordstrom black hole, this
equation admits the possibility of violating (1). However,
as discussed in the Introduction, in order to determine
whether violations of (1) really occur, it is necessary to
calculate the second order corrections, §2M, to the mass
of the black hole.

In order to proceed further with our analysis of the sec-
ond order corrections to mass, we will make the following
additional assumption:

Additional Assumption: The (slightly) non-extremal,
unperturbed Kerr-Newman black hole we are considering
is linearly stable to perturbations, i.e., any source-free®
solution to the linearized Einstein-Maxwell equations ap-
proaches a perturbation towards another Kerr-Newman
black hole at sufficiently late times.

It should be emphasized that this linear stability as-
sumption is entirely compatible with having an insta-
bility associated with over-charging or over-spinning the
black hole, i.e., we are not assuming what we wish to
show. Since we are considering a non-extremal black
hole (i.e., M? > (J/M)? + Q?), a finite perturbation is

8 Qur perturbations are, in general, not source-free. However, we
will only need to apply this assumption on the late-time surface
331 sketched in Fig. 2, long after all sources have fallen into the
black hole.



required to over-charge or over-spin it. A linear pertur-
bation of a non-extremal black hole always can be scaled
down so as to not violate (1). Thus, the presence of a
linear instability of a non-extremal black hole would rep-
resent an instability that is independent of over-charging
or over-spinning. If a non-extremal black hole were lin-
early unstable, there would be no need to attempt to
over-charge or over-spin it in order to destroy it.

In view of this assumption, we may choose ¥ in Fig.
2 so the horizon portion, H, extends to sufficiently late
times that it enters the late time stationary era of the
perturbation. We may then take 3; so that it extends
far? from the black hole while remaining in the station-
ary region. The quantities 62M and §2J arising in the
boundary term (91) on ¥ will then have the interpreta-
tion of being the second order corrections to the mass
and angular momentum of the perturbed black hole!®.

We now consider our gedanken experiment to destroy
the slightly non-extremal black hole. We assume that
our first order perturbation has been done optimally (see
(89)), so that

a Qr4
0J
r2 + a? + 2 + a?

SM = QudJ + ®péQ = 5Q. (90)

As can be seen from (89), this requires vanishing non-
electromagnetic energy flux through the horizon, i.e.,
§Tpk®k® = 0, as should be (nearly) achievable if the
matter is lowered (nearly) to the horizon or is (nearly) at
a turning point of its orbit just before entering the black
hole.

The second order change in mass is given by (51) with
5?Qp = §2Ap = 0 (since the second order perturbation
has been assumed to vanish in a neighborhood of B). We
have

62M—QH52J:Sg(¢;5¢)—/HLE(6E(¢)-5¢)—/H §2Ce.

(91)
Here, the integrals in the last two terms extend only over
‘H rather than over all of ¥ = H U X, because JE and
5205 vanish on Y1 by the assumption that there are no
sources outside the black hole at late times.

We now evaluate the last two terms appearing on the
right side of (91). From (37), we have

(16 (OB(6) - 60), 1, = ~E et | 3073y + 65764,
2

9 If we wish to take 31 to extend infinitely far from the black
hole, we would have to take it to null infinity rather than spatial
infinity.

10 Note that since mass and angular momentum cannot be radiated
away at linear order, we did not need to be careful in our speci-
fication of ¥; in our first order analysis in order for 6 M and §J
to represent the perturbed mass and angular momentum of the
final black hole.
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Since £° is tangent to the horizon, the pullback to H
of this term vanishes, so it does not contribute to (91).
From (38), we have

(62 Cg) abe

Using our gauge condition £*6A4, = 0 on H (see (65) and
the discussion of subsection IID), we see that on #, the
second term is

= 6% (ccancTu ") + 0 (€cancAaj®€”) . (93)

8§ (eeabcAdjegd) = _(I)H(S2 (Eeabcje) s (94)

and therefore
52 |:/ gaAaeebcdje] = _(I)H62Qfluw = _¢JH62Q’ (95)
H

where 6@ is the second-order change in charge of the
black hole. On the other hand, using our assumption
that the first order process was done optimally and thus
there was vanishing non-electromagnetic stress-energy
flux through the horizon at first order, we have

62 (eeabchegd) = Eeabcgd(ssze- (96)

Putting this together, we obtain

2
gaeebcda Tae .

(97)
The last term in this equation is positive provided that
the non-electromagnetic stress-energy tensor satisfies the
null energy condition.
It remains to compute the canonical energy Es(d; 0¢).
Since ¥ = H U X, we have

S2M — Qb2 — Bd2Q = Ex(6:00) — /
H

E5(:66) = /H (6,56, Lebd) + / (6,56, L:5).

¥
(98)
Let us calculate first calculate the horizon contribution.

We have
/w:/wGR—I—/wEM, (99)
H H H

where the gravitational and electromagnetic parts, w&%

and wPM | are given, respectively, by (40) and (41) above.
The integral over H of the gravitational part of the canon-
ical energy density was computed in [21], and is given by

1
/ wOt(g; 89, Ledg) = — / (£7V yu) 803000 €

1
+—— [ (£°Vau)dg*dop.€(100)

1671' S
where do,, denotes the perturbed shear of the horizon
generators, u is an affine parameter along the future hori-
zon, and S = H N X, is the 2-surface formed by the in-
tersection of H and X;. By our additional assumption



above, the perturbation is physically stationary at .S, so
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doapy = 0 on S. Thus, we obtain

AWGR(¢§5¢7=%§5¢) = % A(favau)5abc§abce >0.

(101)

We may interpret this horizon flux contribution from

wC as representing the total flux of gravitational wave
energy into the black hole.

Next, we calculate the horizon flux contribution from

wEM  From (41), we have

1 1
(WFM)abe (9300, Zeg) = 1 Cdabe [6AcLedFY — 6P Le5A.) + o [(Lebedape) FIOA, — (Seqape) P Le0A,] . (102)

The last two terms on the right side of this equation
involve the background electromagnetic field strength
F . However, by (69) together with our gauge condi-
tion €204, = 0 on H, it can be seen that the last two
terms in (102) vanish. The first term in (102) can be
written as

€dabedAeLeOFY = L [€gabed A6 F] —€ b0 Y Le 5 A, .

(103)
When pulled back to H, €gape0Ac0F% is a 3-form 1, on
a 3-dimensional surface, so when pulled back to H, we
have

Zen = 1edn + d (1en) = d (em), (104)

where the pullback of tcdn vanishes since £ is tangent to
‘H. Thus, the integral over H of the first term on the right
side of (103) will merely contribute a boundary term at
S = H N ¥y. However, since the perturbation is assumed
to be stationary at S, the electromagnetic energy flux
must vanish there, so §Fy; must be of the form (69). Us-
ing this fact together with our gauge condition £6 A, = 0
on H, it can be seen that this boundary term vanishes.
Finally, the second term on the right side of (103) com-
bines with the second term of (102). This term can be
further simplified by noting that

Le6A = 1ed0A + d (10 A) . (105)

Under our gauge condition £0A,|x = 0, the second term
of (105) is normal to the horizon, and hence proportional
to the horizon normal k%. By the antisymmetry of ¢ Fyy,
§Fky, is orthogonal to k% and hence tangent to the hori-
zon. As this term only appears in (102) when contracted
into the volume element on the horizon, it makes no con-
tribution to the canonical energy integral. Putting ev-
erything together, we find that

/ WM (656, L86) = — o / €aabcl OFYSE,; .
H 21 Ju

(106)
The right side of this equation is nonnegative and can
be interpreted as the total flux of electromagnetic energy
into the black hole.

(

All that remains now is to calculate the contribution
to canonical energy from ¥

Es, (6:60) = / (6,86, Le56).

2y

(107)

Since we have assumed that the perturbation is station-
ary on X1, it might be thought that £:d¢ = 0 on 3¥;
and thus this contribution to the canonical energy van-
ishes. However, this is not the case because our condi-
tions 6£* = 0 as well as our gauge condition £*0A, = 0
on H preclude our writing the perturbation in a gauge
where Z¢dgap = 0 and Z:0A, = 0; see [21] for further
discussion. Nevertheless, we can calculate s, (¢; ) as
follows. First, since, by assumption, d¢ is equal to a per-
turbation §¢X?V to another Kerr-Newman black hole on
Y1, we obviously may replace d¢ by 6¢%V (written in
our gauge) on the right side of (107)

Es,(6:00) = E, (6365 N) = / w(6,56"N, Le5KNY.

P

(108)
However, as can be seen from our analysis above, g%V
has no flux of canonical energy through H, i.e., there is no
flux of gravitational or electromagnetic energy through
the horizon for a Kerr-Newman perturbation. Thus, we
may replace Y7 by ¥ in (108). Finally, we may evalu-
ate Ex(¢; 6¢™N) using (51). Consider the one-parameter
family, ¢%¥(a), where each field configuration in the
family is a Kerr-Newman black hole with parameters
given by

MEN(a) = M + asM, (109)
Q" N(a) = Q + adQ, (110)
JEN (@) = T + adJ, (111)

where dM, §Q, and JJ are chosen to agree with the cor-
responding values for our first-order perturbation ¢(\).
Then, for this family, we have §2M = 62J = 62Qp = 0,
as well as 0E = §2C¢ = 0. Thus, we obtain

En(9:06"N) = — =52 AFN. (112)



where 62 AEYN denotes the second order change in the area
of the horizon for the one-parameter family (109)-(111).

J
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This quantity can be evaluated by taking two variations
of the area formula A = 4w (r3 + (J/M)?), and is given
explicitly as follows:

52A§N = M863 [ (6M)? ( (24 ) J*M* — MB3(1 4 €)(—1 + e + 262))
5Q)* (M° Q2 + M3(1 4 €)e?) + (6J)* (JPM? + M°€?)
+6M6 (=2J°M —2JM°(1+ €%)) +6J6Q (2JM*Q)
+OM6Q (— 2J2M3Q+2M7Q( 1+6*)] . (113)
[
Here we have introduced the parameter mass of the black hole
M? — Q% — (J/M)? 2 2 2 K o 4 KN

e—riM—1=Y UME M Qi - Byd*Q > ~ R AKY.  (115)

(thereby generalizing (5) to the case where the black hole
is rotating as well as charged) in order that we can keep
better track of the extremal limit, ¢ — 0. However, we
have not assumed that € is small in (113).

We have now computed all of the terms appearing in
(91). Using the positivity of the gravitational, electro-
magnetic, and non-electromagnetic stress-energy fluxes
through the horizon, we have thereby derived the follow-
ing inequality involving the second order change of the

J

M

2 2 2

[M*(57)

where we have used IM = QpdJ + @xoQ (see (90)) to
eliminate 6 M from the expression.

+ (M5 + J2Q* + M2 J?)(6Q)? — 2T M*Q5J5Q] + O(e),

The surface gravity of a Kerr-Newman black hole is given
by

M3
M1 +e?+2°

R =

(116)

Expanding the right side of (115) to lowest order in €, we
obtain

(117)

(

the black hole. Consider a one-parameter family, ¢(A), of
the type we have been considering, where ¢(0) is a nearly
extremal Kerr-Newman black hole, ¢ < 1. Define

We now show that this inequality is precisely what is FO) = MA)? = Q(N)? — J(N)?/M(N)? (118)
needed to show that gedanken experiments of the Hubeny
type can never succeed in over-charging or over-spinning Then, to second order in A, we have
J
2 M4 + J2 J
2
f) = ( -Q° - > + 2\ (W(SM — W(U — QéQ)
J? + M J 4J
2 2 2 2
+A [(]\/[3>6 M—W(S J—Q0 Q—i—W(SJ(SM
1 M*—3J?
_WW)Q + (M4> (6M)? — (5@)2] : (119)

We wish to know if, for small, A\, we can make f < 0. If we
took into account only effects linear in A, the inequality

(

(89) would constrain f by

FOV 2 M+ 1 (

+O(N\%, €3, 2N).

M2 + J? = M*HQ6Q — 2JM?5.J) Ne

(120)



If the O(\?) term and the higher order terms are ne-
glected, then it is easy to see that it is possible to make
f(A) < 0, suggesting that the black hole could be over-
charged or over-spun. However, when our calculation of
the O(A\?) term given by inequality (117) is taken into
account, we have shown that for an optimal first-order
process with M = QgdJ + Py dQ, we have

_ 2
M*+ J?
1

Jr]\/[2(]\44 +J2)2 ((
+O(N3, €3, 2N, eN?),

fO) > M?e + ((J? = MMQSQ — 2T M?5.J) Ae

J? — MHQOQ — 2T M?5.J)%\?
(121)

This expression can be rewritten as a perfect square,

(J2 = MHQSQ — 2JM?25J 2
f(A)>< VLT T ) )\+Me>
+O(\3,..)).

Thus, f > 0, and no violations of (1) can occur.

(122)

V. DISCUSSION

The Kerr-Newman parameter space (M,Q,a = J/M)
is shown in Fig. 3. In this parameter space, black holes
lie within the “future light cone” M > 0, M? — Q% —a? >
0. Kerr-Newman solutions outside this cone correspond
to naked singularities. Extremal black holes live on the

naked singularities

FIG. 3. The parameter space of Kerr-Newman black holes.

boundary of the cone, M = /Q? + a2. The gedanken
experiments to destroy an extremal black hole discussed
in section III correspond to analyzing whether, starting
at the boundary, one can perturb the spacetime so as
to move outside the cone. The gedanken experiments to
destroy a slightly non-extremal black hole discussed in
section I'V correspond to analyzing whether one can move
out of the cone starting near (but not on) the boundary
of the cone.

Within this cone, one can draw surfaces of constant
area for the Kerr-Newman black holes. One such surface
is shown in Fig. 4. It is important to note that the
surfaces of constant area meet the boundary tangentially.
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M 1l

FIG. 4. A surface of constant area for Kerr-Newman black
holes.

To linear order, the change in the parameters (M, @, a)
resulting from dropping matter into a Kerr-Newman
black hole corresponds to a tangent vector in param-
eter space. Equation (89) shows precisely that for an
arbitrary Kerr-Newman black hole, to linear order, any
perturbation resulting from matter entering a black hole
cannot decrease the area of the black hole''. Thus, the
tangent to the surface of constant area provides a lower
bound to the slope of any tangent vector representing a
physically achievable perturbation. In particular, for an
extremal black hole, the best one can do is move tangen-
tially to the cone. Thus, as we found in section III, to
first order it is impossible to escape from the cone into
the naked singularity region of parameter space starting
at the boundary of the cone.

The Hubeny argument for possibly escaping from the
cone is illustrated in Fig. 5. For simplicity in the draw-
ing, we have set J = 0 and thus show only the parameter
space of Reissner-Nordstrom solutions. As is illustrated

11 This result was first obtained for

Christodoulou [27].

particle matter by



M
L

FIG. 5. The tangent to a curve of constant area for a slightly
non-extremal Reissner-Nordstrom black hole.

in this figure, except at the boundary, the tangent to the
curve of constant area has a slope strictly less than one.
Thus, a straight line tangent to such a curve will exit the
cone. This means that if the linear approximation were
valid for a finite perturbation, it would be possible to
add charged matter to a slightly non-extremal Reissner-
Nordstrom black hole so as to over-charge the black hole,
as originally argued by Hubeny.

However, our work shows that at second order, there
are corrections to the straight line, as illustrated in Fig.
6. Consider a one-parameter family of solutions corre-

M

L.

FIG. 6. The quadratic approximation to the curve of final
state parameters obtained by adding charged matter to a
slightly non-extremal Reissner-Nordstrom black hole.

sponding to adding charged matter to the black hole. As
we have noted above, the curve representing the final
state parameters has a tangent whose slope is bounded
below by the tangent to the curve of constant area. In
addition, however, if its slope is the minimum possible,
we have proven in section IV that the second derivative
of the curve must be greater than the second derivative of
the curve of constant area. The quadratic approximation
to this curve thus coincides with the curve of constant
area and does not exit the cone. The linear approxima-
tion is simply not an adequate approximation. Second
order effects do not allow one to exit from the cone.
Finally, it is worth noting that there is a discontinu-
ity in our lower bound on §2M in the extremal limit.
Consider, for simplicity, the case of adding charged mat-
ter with no angular momentum to a Reissner-Nordstrom
black hole, so J = §J = §2J = 0. Without loss of gener-
ality, we also may take §2Q) = 0. Then, for ¢ > 0, for an
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optimal perturbation with 0M = ®zdQ, it follows from
(117) that

82M > 0@ + O(e) .

i (123)

Thus, as € — 0, the right side approaches (6Q)?/M. Now
consider adding charged matter to an exactly extremal
black hole, ¢ = 0. As shown in section III, the opti-
mal perturbation satisfies M = ®5IQ = 5Q, so opti-
mally, the perturbation moves one tangent to the cone.
However, the derivation of (117) does not apply to this
case—even if we assume that the linearized perturbation
becomes stationary at late times—because our evalua-
tion of &s, is valid only for non-extremal black holes.
Nevertheless, if the perturbation decreases the charge of
the black hole (i.e., if 6@ has sign opposite that of Q)
then one would expect that 62M > (6Q)%/M, so that,
optimally, at second order the area of the black hole will
remain constant. On the other hand, if §Q increases the
charge, then there is no reason why this bound need be
satisfied since the area of the black hole will increase in
any case. Our expectation is that

§2M >0, (124)
so that, optimally, the black hole will remain extremal at
second order. Indeed, the explicit example of adding a
charged shell of matter shows that the lower bound (124)
can, in fact, be achieved. Thus, there is a discontinuity
between (123) and (124) when € — 0. It would be inter-
esting to derive (124) from first principles and to see if it
is related to other discontinuous behavior as € — 0, such
as the Aretakis instability [28].
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Appendix: Self-Force Energy and Finite Size Effects

The second-order correction to the mass of a black hole
given by equation (117) gives a lower bound on the en-
ergy of any matter that enters a black hole that is valid to
quadratic order in the charge and angular momentum of
the body. Since particle-like matter in general relativity
must be described as a limiting case of general continuum
matter (see [19] and [20]), this formula applies to particle
matter as well. At second order, self-force effects con-
tribute to the energy of a particle. In addition, at second
order, a charged body will have an electromagnetic self-
energy that diverges when the size of the body is taken
to zero, so the size of the body must be finite. However,
the finite size of the body may prevent one from lowering



the body all the way to the horizon. Our bound (115)
must implicitly take into account all of these effects. The
purpose of this Appendix is to show explicitly that this
is the case for the special case of a charged, particle-like
body that enters an uncharged, non-extremal Kerr black
hole along the black hole’s symmetry axis. The self-force
effects in this case were previously calculated by Leaute
and Linet [29], while self-energy and finite size effects in
this case were previously obtained by Hod [6].

It is particularly easy to evaluate our lower bound on
02 M for the case of a charged body entering a Kerr black
hole along the symmetry axis, since @ = 0 and dJ =
62J = 0. An optimal process therefore has §M = 0 at
first order. Thus, (113) reduces to'?

PAEY = -1 4 )5 (A1)
Hence, (115) yields
1 r
23 r > b s2AKN _ T+ 2
M 2 BN = T (00) (A.2)

where we have used the expression (116) for £ and have
used (114) to replace € by ry. Since Q = 0, we have
r2 4+ a? = 2Mr,, and so (A.2) may be written as

1
M > ——(06Q)% A3
> - (5Q) (43)
Taking into account the Taylor coefficient of 1/2, this
means that any charged matter with no angular momen-
tum that enters an uncharged black hole must carry an

energy

E> (502

> (A4)

into the black hole. This bound holds for any Kerr black
hole with a < M.

On the other hand, Leaute and Linet’s expression [29]
for the (proper, locally measured) self-force on a charged
particle on the symmetry axis of Kerr is repulsive and
has magnitude

Mr 9
m@@) .

f(r) = (A.5)

The force exerted at infinity when lowering the charged
body is reduced from this by the redshift factor (—gs;)'/?
(see, e.g., [30]). However, the infinitesimal proper dis-
tance traversed when lowering is given by dl = (g,.-)*/?dr.
The factors (—gs)*/? and (g,,)'/? cancel on the symme-
try axis of Kerr. Thus, we find that the work done at
infinity in overcoming the self-force when lowering the
charge from infinity to the horizon is

Bor = [ 100 = 5t 6P (A0
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12 Note that this is an exact expression, i.e., we have not assumed
that e is small.

Note that Egr < Enn for a nonextremal black hole,

with Ep,i, given by the right side of (A.4).

However, the self-force expression is only valid for a
small body that is roughly spherical in shape. For such
a body, there will be potentially important self-energy
and finite size effects, which can be calculated as follows.
For a charged spherical body of radius R and charge §Q),
the electromagnetic contribution to the rest mass of the
body is minimized for a thin shell and is given by

_1(6Q)?
M=9 R

(A7)

If the body is dropped into the black hole from a proper
distance [ from the horizon, its electromagnetic self-
energy will contribute an energy

Eself = mEMV(l) (AS)

to the black hole, where V(1) is the redshift factor at the
dropping point. However, near the black hole, we have

V(1) = kl, (A.9)

where « is the surface gravity of the black hole. Since we
must have [ > R, we obtain

Bouy > g(éQ)z. (A.10)

Substituting for « from (116) and adding these two con-
tributions yields a minimal total added energy of

(0Q)°
AM

Eself + ESF = (All)
in exact agreement!'3 with (A.4). Thus, we see explicitly
in this example how our general bound (A.4) incorporates
both self-force effects and self-energy/finite size effects.

One could attempt to evade our bound by making
Eserr smaller by choosing, instead of a small spherical
shell, a body that has radial extent much smaller than its
angular extent. Such a body could be lowered arbitrar-
ily close to the black hole without making its self-energy
arbitrarily large. However, choosing such a shape for
the body would result in other second-order corrections
to the energy (such as self-repulsion effects) that would
inevitably have to reproduce our bound (A.4). As an ex-
treme example of this, one can consider a thin spherical
shell of charge collapsing around a Schwarzchild black
hole, which experiences a large self-repulsion but for
which the (redshifted) electromagnetic self-energy can be
made exactly zero. Using the methods of Boulware [31],
it is straightforward to show that such a shell still adds
a minimal energy of (§Q)?/4M to the black hole. This
illustrates, again, that our bound automatically takes all
effects on energy into account.
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