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ABSTRACT. The classical Minkowski formula is extended to spacelike codimension-two
submanifolds in spacetimes which admit “hidden symmetry” from conformal Killing-
Yano two-forms. As an application, we obtain an Alexandrov type theorem for spacelike
codimension-two submanifolds in a static spherically symmetric spacetime: a codimension-
two submanifold with constant normalized null expansion (null mean curvature) must lie
in a shear-free (umbilical) null hypersurface. These results are generalized for higher order
curvature invariants. In particular, the notion of mized higher order mean curvature is
introduced to highlight the special null geometry of the submanifold. Finally, Alexandrov
type theorems are established for spacelike submanifolds with constant mixed higher or-
der mean curvature, which are generalizations of hypersurfaces of constant Weingarten
curvature in the Euclidean space.

1. INTRODUCTION

For a smooth closed oriented hypersurface X : ¥ — R", the k—th Minkowski formula
reads

(1.1) (n—k)/zak_ldu:k/zak<X,y>du

where o is the k-th elementary symmetric function of the principal curvatures and v is
the outward unit normal vector field of . (1) was proved by Minkowski [22] for convex
hypersurfaces and generalized by Hsiung [I7] to all hypersurfaces stated above. There
are also generalizations for various ambient spaces and higher codimensional submanifolds
(12, 20, 2],

The Minkowski formula is closely related to the conformal symmetry of the ambient
space. Indeed, the position vector X in (LI]) should be regarded as the restriction of
the conformal Killing vector field r% on the hypersurface X. In this paper, we make
use of the conformal Killing-Yano two-forms (see Definition 2.1]) and discover several new
Minkowski formulae for spacelike codimension-two submanifolds in Lorentzian manifolds.
Unlike conformal Killing vector fields, conformal Killing-Yano two-forms are the so-called
“hidden symmetry” which may not correspond to any continuous symmetry of the ambient
space.
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NSF grant DMS-1308136.
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In the introduction, we specialize our discussion to the Schwarzschild spacetime and
spacetimes of constant curvature. Several theorems proved in this article hold in more
general spacetimes. The (n 4 1)-dimensional Schwarzschild spacetime with mass m > 0 is
equipped with the metric

3 2m
(1.2) g=—(1- 2

n—2

)dt? + > 2m.

1
172md7“2 +r2ggn-1, T
 pn—2

T
It is the unique spherically symmetric spacetime that satisfies the vacuum Einstein equa-
tion. Let @ = rdr A dt be the conformal Killing-Yano two-form (see Definition 2.1]) on the
Schwarzschild spacetime. The curvature tensor of § can be expressed in terms the confor-
mal Killing-Yano two-form @ (see Appendix C). We also denote the Levi-Civita connection
of g by D.

Let ¥ be a closed oriented spacelike submanifold and {eq}q=1,.. n—1 be an oriented
orthonormal frame of the tangent bundle. Let H denote the mean curvature vector of .
We assume the normal bundle of ¥ is also equipped with an orientation. Let L be a null
normal vector field along . We define the connection one-form (7 with respect to L by

1
(1.3) (V) = §<DVL,L> for any tangent vector V € T'Y,
where L is another null normal such that (L,L) = —2. ¥ is said to be torsion-free with

respect to L if (;, = 0, or equivalently, (DL)* = 0, where (-)* denotes the normal compo-
nent.
We prove the following Minkowski formula in the Schwarzschild spacetime.

Theorem A. (Theorem [2.3) Consider the two-form QQ = rdr A dt on the Schwarzschild
spacetime. For a closed oriented spacelike codimension-two submanifold 33 in the Schwarzschild
spacetime and a null normal field L along ¥, we have

a . n—1
~(n—1) /E (o Lydu+ /Z QU L)+ /E Q(cas (Do, L)) dp = 0.

If 3 is torsion free with respect to L for a null frame L, L that satisfies (L, L) = —2, the
formula takes the form:
1

(1.4) =) (G Ldn =5 [(HLQE Ly du=0.

This formula corresponds to the k = 1 case in ([II]) (see ([@I7)) and is proved in a more
general setting, see Theorem The quantity —(H, L) for a null normal L corresponds
to the null expansion of the surface in the direction of L. codimension-two submanifolds
play a special role in general relativity and their null expansions are closely related to
gravitation energy as seen in Penrose’s singularity theorem [26].

The Minkowski formula has been applied to various problems in global Riemannian
geometry (see, for example, the survey paper [27] and references therein). One important
application is a proof of Alexandrov theorem which states that every closed embedded
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hypersurface of constant mean curvature (CMC) in R"™ must be a round sphere. For the
proof of Alexandrov Theorem and its generalization to various ambient manifolds using
the Minkowski formula, see [4] 23] 24, 28], 29].

In general relativity, the causal future or past of a geometric object is of great importance.
It is interesting to characterize when a surface lies in the null hypersurface generated by
a “round sphere”. These are called “shearfree” null hypersurfaces (see Definition BI0]) in
general relativity literature, and are analogues of umbilical hypersurfaces in Riemannian
geometry.

As an application of the Minkowski formula in the Schwarzschild spacetime, we give
a characterization of spacelike codimension-two submanifolds in a null hypersurface of
symmetry in terms of constant null expansion.

Theorem B. (Theorem [3.13) Let ¥ be a future incoming null smooth (see Definition
[Z9) closed embedded spacelike codimension-two submanifold in the (n + 1)-dimensional
Schwarzschild spacetime. Suppose there is a future incoming null normal vector field L
along % such that (H,L) is a positive constant and (DL)* = 0. Then ¥ lies in a null
hypersurface of symmetry.

A natural substitute of CMC condition for higher codimensional submanifolds is to
require the mean curvature vector field to be parallel as a section of the normal bundle.
Yau [37] and Chen [7] proved that a closed immersed spacelike 2-sphere with parallel mean
curvature vector in the Minkowski spacetime must be a round sphere. We are able to
generalize their results to the Schwarzschild spacetime.

Corollary C. (Corollary [310) Let ¥ be a closed embedded spacelike codimension-two
submanifold with parallel mean curvature vector in the (n + 1)-dimensional Schwarzschild
spacetime. Suppose X is both future and past incoming null smooth. Then X is a sphere of
symmetry.

Besides the Minkowski formula mentioned above, another important ingredient of the
proof for Theorem B is a spacetime version of the Heintze-Karcher type inequality of
Brendle [4]. Brendle’s inequality was used to prove the rigidity property of CMC hyper-
surfaces in warped product manifolds including the important case of a time slice in the
Schwarzschild spacetime. Following his approach and generalizing a monotonicity formula
of his, we establish a spacetime version of this inequality (see Theorem BIT]) in Section 3.

Formula (I4) can be viewed as a spacetime version of the Minkowski formula (LTI
with £ = 1. In the second part of this paper, we take care of the case for general k.
We introduce the notion of mixed higher order mean curvature P, s(x, x) for codimension-
two submanifolds in spacetime, which generalizes the notion of Weingarten curvatures for
hypersurfaces in the Euclidean space. The mixed higher order mean curvature is derived
from the two null second fundamental forms x and x of the submanifold with respect
to the null normals L and L, respectively. In the hypersurface case, there is only one
second fundamental form A and the Weingarten curvatures are defined as the elementary
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symmetric functions of A, oi(A). Here, motivated by an idea of Chern [9] (see also [15])
in his study of Alexandrov’s uniqueness theorem, we define the mixed higher order mean
curvature P, 4(x, x), with 1 < r + s < n — 1, see Definition LIl It turns out that those
quantities share some nice properties of or(A). First, we establish the following spacetime
Minkowski formulae.

Theorem D. (Theorem[{.3) Let ¥ be a closed spacelike codimension-two submanifold in

a spacetime of constant curvature. Suppose ¥ is torsion-free with respect to the null frame
L and L. Then

0
(15) 2/2P7’—1,S(X7K)<L7 a>dﬂ + % /2 Pr78(X7K)Q(L7L)dM =0
and

0 r+s
10 2 [ Pt g - = | P 0@ Lidu =0

(L4) is a special case of (L)) for torsion-free submanifolds (r = 0, s = 1) in a spacetime of
constant curvature. Moreover, the classical Minkowski formulae (LI]) for hypersurfaces in
Riemannian space forms (Euclidean space, hemisphere, hyperbolic space) can be recovered
by (LI) and (L4), see [@IT). As applications of these Minkowski formulae, we obtain
Alexandrov type theorems with respect to mixed higher order mean curvature for torsion-

free submanifolds in a spacetime of constant curvature, as a generalization of Theorem
B.

Theorem E. (Theorem[51l) Let ¥ be a past (future) incoming null smooth, closed, embed-
ded, spacelike codimension-two submanifold in an (n+1)-dimensional spacetime of constant
curvature. Suppose Y is torsion-free with respect to L and L and the second fundamental
formx ey (—x €Ts). If Pro(x,x) = C (Pos(x,x) = (—=1)°C) for some positive constant
C on X, then ¥ lies in a null hypersurface of symmetry.

Moreover, we show that a codimension-two submanifold in the Minkowski spacetime
with P, s(x, X) = constant for r > 0,5 > 0, satisfying other mild conditions, must be a
sphere of symmetry. See Theorem [5.5] for details.

In the proof of the spacetime Minkowski formulae (L) (L), we make crucial use of
a certain divergence property of P, s(x,x) for torsion-free submanifolds in spacetimes of
constant curvature. Unfortunately, this property no longer holds for codimension-two
submanifolds in the Schwarzschild spacetime because of non-trivial ambient curvature.
However, under some assumption on the restriction of the conformal Killing-Yano two-
form @ to the submanifold, we establish integral inequalities (see Theorem [6.2]) that imply
Alexandrov type theorems in the Schwarzschild spacetime (see Corollary [6.3]).

For 2-surfaces in the 4-dimensional Schwarzschild spacetime, we obtain a clean integral

formula involving the total null expansion of X.
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Theorem F. (Theorem [6.5) Consider the two-form @ = rdr A dt on the 4-dimensional
Schwarzschild spacetime with m > 0. For a closed oriented spacelike 2-surface ¥, we have

w2 /E (H, L)L, )y

2

=—16mm + /2 <R + iRLLLL) Q(L,L) + Z <%RbcLL - Q(dCL)bc> Qpedy.

b,c=1

where (g, is the connection 1-form of the normal bundle with respect to L, R is the curvature
tensor of the Schwarzschild spacetime, R is the scalar curvature of 3, and Qp. = Q(eyp, €c),

(dCr)be = (dCr)(ep, €c), ete.

The total null expansion — [y (H,L){L, %)d,u appears in the Gibbons-Penrose inequality,
see for example [6].

The rest of the paper is organized as follows. In section 2, we derive a simple case of
spacetime Minkowski formula and give the proof of Theorem A. In section 3, we study a
monotonicity formula and the spacetime Heintze-Karcher inequality. As an application, we
prove the Alexandrov type theorems, Theorem B and Corollary C. In section 4, we intro-
duce the notion of mized higher order mean curvatures and establish spacetime Minkowski
formulae for closed spacelike codimension-two submanifolds in constant curvature space-
times, Theorem D. Moreover, we show the classical Minkowski formula (LI]) is recovered.
As an application of Theorem D, Alexandrov type theorems for submanifolds of constant
mixed mean curvature in a spacetime of constant curvature are proved in section 5. In
section 6, we generalize the integral formulae to the Schwarzschild spacetime. In particular,
Theorem F is proved. At last, the Appendix contains some computations used throughout
the paper.
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Sciences and Taida Institute of Mathematical Science in Taipei, Taiwan. They would like
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visit.

2. A MINKOWSKI FORMULA IN SPACETIME

Let F: Y"1 — (V"1 (1)) be a closed immersed oriented spacelike codimension-two
submanifold in an oriented (n-+1)-dimensional Lorentzian manifold (V"1 (,)). Denote the
induced metric on 3 by 0. We assume the normal bundle is also orientable and choose a
coordinate system {u®| a = 1,2,--- ,n—1}. We identify gqu with 82‘1’ which is abbreviated

as 0,. Let D and V denote the Levi-Civita connection of V' and ¥ respectively.
We recall the definition of conformal Killing-Yano two-forms.
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Definition 2.1. [I8, Definition 1] Let Q be a two-form on an (n+ 1)-dimensional pseudo-
Riemannian manifold (V,(,)) with Levi-Civita connection D. @ is said to be a conformal
Killing- Yano two-form if

(DxQ)(Y,2) + (DyQ)(X, Z)

(2.1) 2 (). 2) - X206 Y) - 5. 26 X))

for any tangent vectors X, Y and Z, where £ = divy Q.

In mathematical literature, conformal Killing- Yano two-forms were introduced by Tachibana
[33], based on Yano’s work on Killing forms. More generally, Kashiwada introduced the
conformal Killing-Yano p-forms [19].

It is well-known that there exists a conformal Killing-Yano two-form ¢ on the Kerr
spacetime with £ being a multiple of the stationary Killing vector %, see [I§]. We also
show the existence of conformal Killing-Yano forms on a class of warped product manifolds
in Appendix B.

As mentioned in the introduction, we make use of the conformal Killing-Yano two-
forms in Lorentzian manifolds to discover some new Minkowski formulae for the spacelike
codimension-two submanifolds.

Theorem 2.2. Let X be a closed immersed oriented spacelike codimension-two submanifold
in an (n+1)-dimensional Riemannian or Lorentzian manifold V' that possesses a conformal
Killing- Yano two-form Q. For any normal vector field L of 3, we have

(2.2) nol

/ (6,L) dpu + / QU L) dy + / Q0. (D°L)") dpt = 0,
> » >

n
where £ = divy Q.
Proof. Let hgy, = (Do L, 0p). Consider the one-form Q = Q(0,, L)du® on ¥. We derive
divsQ = 0"Qq — Q(V*0,, L)
= (D“Q)(9a, L) + Q(H, L) + Q(9a, D°L)
(23) =" Ne 1)+ QUELL) + haQ” + QMO (D°L))
n—1
n

(6. L) + Q(H,L) + Q(da, (D"L)").
The assertion follows by integrating over . O

In the case of the Schwarzschild spacetime, we take Q = rdr A dt, then £ = —n% and
Theorem A follows from the general formula ([2:2I).
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3. AN ALEXANDROV THEOREM IN SPACETIME

3.1. A monotonicity formula.

In this section, we assume that > is a spacelike codimension-two submanifold with
spacelike mean curvature vector in a Lorentzian manifold V' that possesses a conformal
Killing-Yano two-form ). We fix the sign of Q) by requiring £ := divy Q) to be past-directed
timelike. Let L be a future incoming null normal and L be the null normal vector with
(L,L) = —2. We note that the choice of L, L is unique up to a scaling L — alL,L — %L.
Define the null second fundamental forms with respect to L, L by

Xab = (Do, L, Op)
X, = (Do, L, 0p).

Suppose (ﬁ ,L) # 0 on X, define the functional

(3.1) Ao =" é’%du—% [ e pa

n

Note that F is well-defined in that it is invariant under the change L — alL, L — %L.

Let C denote the future incoming null hypersurface of ¥ and extend L arbitrarily to a
future-directed null vector field along C|), still denoted by L. Consider the evolution of ¥
along C|, by a family of immersions F': ¥ x [0,7) — C,, satisfying

or _
(32) Os (.’L’, S) - (10('%7 S)L

F(z,0) = Fy(x).
for some positive function p(x,t). We prove the following monotonicity formula along the
flow F:

Theorem 3.1. Let Fy : X — V be an immersed closed oriented spacelike codimension-two
submanifold in a Lorentzian manifold V' with a conformal Killing-Yano two-form @Q that
satisfies either one of the following assumptions

(1) V is vacuum (possibly with cosmological constant).
(2) & = divyQ is a Killing field and V' satisfies the null convergence condition, that is,

(3.3) Ric(L,L) >0 for any null vector L.

Suppose that (ﬁ,L> > 0 on X for some future-directed incoming null normal vector field
L. Then F(F(X,s),[L]) is monotone decreasing along the flow.

Proof. Suppose DL = wL for a function w. The Raychaudhuri equation [34], (9.2.32)]

implies

54) S L) = o (Ix + w(H, L) + Rie(L, L))
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where |x|? = X“bxab. On the other hand,
0
(6 L) = ¢ (D16 L) +wig, L)
If V satisfies assumption (1), by [I8] equation (19)], we have
(Dp¢, L) = %Ric@c& —0.

If V satisfies assumption (2), (Dr&, L) also vanishes since { is a Killing vector. By the
Cauchy-Schwartz inequality,

R VL K IR ey

The evolution of [, Q(L, L)dy is given by

0
5 Q. L
— [ [(PLQ) (5.1) + QDo L. L) + QL. Do, L) = QUL L), L) d

From the conformal Killing-Yano equation (2.1]), we derive

1 2
On the other hand, by standard computation

(Do, L, L) = —(L, pwL),
<D83L78a> = _<L7 Da(‘PL» = 2va90 - 90<L7DaL>a

we have
Dy, L = (2V*p — (L, D*L)) 0y — pwL.
The computations together yield

Q(Da,L, L) + Q(L, Dy, L) — ¢Q(L, L){H, L)
=2V°0Q(9u, L) + 20Q(du, (Do L)) + 20Q(H, L)

o 2(n —
29" (6Q(0 L)~ 2 Doie 1),
In the last equality, we make use of (Z3]). Consequently, we obtain

0
(3.6 5 QD=2 [ ple Lydu
§Jx b
Then, the assertion follows from ([B.5]) and (B.6]). O
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3.2. A spacetime CMC condition.

Hypersurfaces of constant mean curvature (CMC) provide models for soap bubbles, and
have been studied extensively for a long time. A common generalization of this condition
for higher codimensional submanifolds is the parallel mean curvature condition. In general
relativity, the most relevant physical phenomenon is the divergence of light rays emanating
from a codimension-two submanifold. This is called the null expansion in physics liter-
ature. We thus impose constancy conditions on the null expansion of codimension-two
submanifolds. More precisely, we are interested in the codimension-two submanifold that
admits a future null normal vector field L such that

(1) (H,L) is a constant, and
(2) (DL)* =0.
We review the definition of connection one-form of mean curvature gauge from [36] and
relate it to the condition introduced above.

Definition 3.2. Let H denote the mean curvature vector of X. We define the normal
vector field by reflecting H along the incoming light cone to be

J= (ﬁ, ent1)en — (ﬁ, €n)ent1

as in [36]. The connection one-form (., of the normal bundle with respect to e, and e,y1
is defined by

(3.7) Ce,,(V) = (Dvepn,ent1)  for any tangent vector V. € TX.
Suppose the mean curvature vector is spacelike, we take ef = —% and ef 1= l—j‘% and

write g for the connection one-form with respect to this mean curvature gauge:
H _H
Oéﬁ(V) = (Dven 7en—|—1>'

This is consistent with the notation in [§]. We note that {ef, efﬂ} determines the same
orientation as {ey,ent1}.
Recall the connection one-form with respect to L is given by

1
(3.8) (V) = §<DVL,L> for any tangent vector V € T'X.

The two definitions in (3.7)) and (3.8)) give the same connection one-form if we choose
L=epi1+e,and L =eyyq —ep.
Proposition 3.3. Suppose the mean curvature vector field H of X is spacelike.
(1) If (H,L) = ¢ < 0 and (DL)* = 0 for some future outward null normal L and some
negative constant c, then oz = —dlog|H]|.

(2) If (H,L) = ¢> 0 and (DL)*+ = 0 for some future inward null normal L and some
positive constant c, then ag = dlog|H]|.
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Proof. Recall that the dual mean curvature vector J is future timelike. For (1), the condi-
tion (H, L) = ¢ < 0 is equivalent to

—c< 2] f)
== |-—=+—=-
[HI\ |H| |H]

Choose L = A (% + II{U> such that (L, L) = —2. Since (DL)* = 0, we have

1 |H| H\ J
0=—(D,L,L a N+ (D, [~ L
g (Paki L) = <|H|> = )+< ( |H|> |H|>
:8a10g|ﬁ|—|—<Da <—£>,4>
) 1

Hence o = —dlog |H|. (2) can be proved in a similar way. O

Remark 3.4. We remark that when X lies in a totally geodesic time slice of a static
spacetime, the condition (1) and (2) reduces to the CMC' condition.

3.3. A Heintze-Karcher type inequality.
In this and the next subsections, we focus our discussion on a class of spherically sym-
metric static spacetimes which includes the Schwarzschild spacetime.

Assumption 3.5. We assume V' is a spacetime that satisfies the null convergence condition
B3) and the metric g on V =R x M is of the form

1
(3.9) = —f2(r)dt* + fQ(T)dﬂ +1r°gN.
where M = [0,7) x N equipped with metric
1
(3.10) g= f2(r)d7"2 + 129N

and (N, gn) is a compact n-dimensional Riemannian manifold. We consider two cases:
(i) f:[0,00) = R with f(0) =1, f(0) =0, and f(r) >0 for r > 0.
(ii) f : [ro,00) = R with f(ro) =0 and f(r) >0 for r > rg.

In case (i), (V, g) is complete. In case (ii), V contains an event horizon H = {r = ro}. We
note that the warped product manifolds considered in [4] are embedded as totally geodesic
slices in these spacetimes.

Remark 3.6. For a spacetime V' that satisfies Assumption[3.3, a simple calculation shows
that Q@ = rdr A dt is a conformal Killing-Yano two-form and divy@Q = £ = —n% s a
Killing field.
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Lemma 3.7. Let (M, g) be a time slice in V. The null convergence condition of (V,g) is
equivalent to

(3.11) (A, f)g — Hessy f + fRic(g) >0
on M.

Proof. O’Neill’s formula in our case reduces to (see [I0, Proposition 2.7])
H
Rie(g)(0,) = Ric(g)(o, ) - TF 1),
0
Ric(g)(v, =) =0
ie(9)(v, 57) =0,
o 0 Agf 0 0
Ric(g)(=—. =) = — 2L 5(=—. —
for any tangent vectors v and w on M. A unit tangent vector v on M corresponds to a
null vector L = %% + v in the spacetime. Null convergence condition implies that

Agf

0 < Rie(g)(L, L) = =f= + Ric(g) (v,0) - Hessyf (v, v)

f

as claimed.
O

As in section 3.2, we denote the conformal Killing vector field X on (M, g) by X =rf %.
In [4], Brendle proved a Heintze-Karcher-type inequality for mean convex hypersurfaces in
(M, g). In our context, it is as the following:

Theorem 3.8. [4] Let S be a smooth, closed, embedded, orientable hypersurface in a time
slice of a spacetime V' that satisfies Assumption [3.0. Suppose that S has positive mean
curvature H > 0 in the slice. Then

(3.12) (n—l)/s£d,u2 /S<X,1/>d,u,

where v is the outward unit normal of S in the slice and X = rf% is the conformal Killing
vector field on the slice. Moreover, equality holds if and only if S is umbilical.

Proof. We first remark that since S is embedded and orientable, S is either null-homologous
or homologous to {ro} x N. Hence 02 = S or 92 = S —{rg} x N for some domain @ C M.
Inequality ([B12) is equivalent to the one in Theorem 3.5 and the one in Theorem 3.11 of
Brendle’s paper in the respective cases. For the reader’s convenience, we trace Brendle’s
argument leading to (3.12]).

The assumptions on (M, g) are listed in page 248 [4]:

(3.13) Ricy > (n — 2)pgn
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and (H1)-(H3) (note that condition (H4) is not used in the proof of (3.12))). While Brendle
writes the metric in geodesic coordinates

dr @ dF + h?(F)gn,

it is equivalent to ours notation (3.10]) by a change of variables r = h and f = %. Moreover,
as explained in the beginning of section 2 (page 252 of [4]), (H1) and (H2) are equivalent
to our assumptions (i) and (i) on f. In Proposition 2.1, (3I3) and (H3) together imply
that ([B.II) holds on (M, g).

The condition (BI1]) turns out to be the only curvature assumption that is necessary
in proving [BI2]). More precisely, ([B.I1]) is used to prove the key monotonicity formula,
Proposition 3.2 (page 256). Inequality (BI2]) is a direct consequence of Proposition 3.2
up to several technical lemmata, Lemma 3.6 to Corollary 3.10, in which only assumptions
(H1) and (H2) are used.

Finally, the inequalities appear in Theorem 3.5 and Theorem 3.11 in [4] are equivalent

o (BI2) by the divergence theorem. O

Before stating the spacetime Heintze-Karcher inequality, we define the notions of future
incoming null smoothness and shearfree null hypersurface.

Definition 3.9. A closed, spacelike codimension-two submanifold X in a static spacetime
V' is future(past) incoming null smooth if the future(past) incoming null hypersurface of
Y intersects a totally geodesic time-slice Mp = {t = T} C V at a smooth, embedded,
orientable hypersurface S.

Definition 3.10. An incoming null hypersurface C is shearfree if there exists a spacelike
hypersurface ¥ in C such that the null second fundamental form x b = (D,L,0p) of X
with respect to some null normal L satisfies x o = Yoab for some function . A shearfree
outgoing null hypersurface is defined in the same way.

Note that being shearfree is a property of the null hypersurface, see [30, page 47-48].
The spacetime Heintze-Karcher inequality we prove is the following:

Theorem 3.11. Let V be a spacetime as in Assumption [0 Let ¥ C V be a future
incoming null smooth closed spacelike codimension-two submanifold with (H,L) > 0 where
L is a future incoming null normal. Then

(3.14) —(n—l)/ g;z /QL L)du > 0,

for a future outgoing null normal L with (L,L) = —2. Moreover, the equality holds if and
only if X lies in an incoming shearfree null hypersurface.

Proof. We arrange ¢ in ([3.2]) such that w > 0 and that F(X,1) = S, the smooth hypersur-
face defined in Definition We first claim that S C M has positive mean curvature,
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H > 0. Recall that Raychaudhuri equation implies

O 1 o (12
—(H.L) = ¢ (I +w

> (Ix? +w(d, D),

and hence (ﬁ ,L) > 0on S. We choose L = % 5; — €n ON S, where e, is the outward unit
normal of S with respect to €2, and compute

- 10
<H7?a—en>—H

The claim follows since the positivity of (ﬁ , L) is independent of the scaling of L. Next
we choose L = %% + e, on S and compute

0 10
_<57?5_en>:f7

10 10
Q <?§ +€m?a - €n> =2(X,en).

Remark [3:6] implies the monotonicity formula (Theorem B]) holds with £ = —n2- and
thus

(3.16) —(n—l)/ gt’ ——/QLL

. o <8t’L> -
>—(n-1) [ o 5 /. oy QL)

As F(X,1) = S, the above calculation on S shows the last expression is equal to

n—l/Hd,u /Xen>d,u>0

by [BI2). Moreover, S is umbilical if the equality holds. Hence the future incoming null
hypersurface generated from X is shearfree. O

—

(3.15) ,L) + Ric(L, L)>

By reversing the time orientation, we also obtain the Heintze-Karcher inequality for past
incoming null smooth submanifolds.

Theorem 3.12. Let V be a spacetime as in Assumption[3.3. Let ¥ C V be a past incoming
null smooth closed spacelike codimension-two submanifold such that (H, L) < 0 with respect
to some future outgoing null normal L. Then

0
(3.17) (n—l)/ EZL

for a future incoming null normal L with (L,L) = —2. Moreover, the equality holds if and
only if X lies in an outgoing shearfree null hypersurface.

——/QLLd,u>0
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Proof. When we reverse the time orientation, we replace % by —%, Q by —Q, Lby —L,
and L by —L. Plug these into (3.14]) and we obtain (B.17). O

3.4. A Spacetime Alexandrov Theorem.

Together with the spacetime Heintze-Karcher inequality proved in the previous sub-
section, the Minkowski formula (2.2]) implies the following spacetime Alexandrov type
theorem.

Theorem 3.13. Let V be a spherically symmetric spacetime as in Assumption [3.0 and X
be a future incoming null smooth, closed, embedded, spacelike codimension-two submanifold
m V. Suppose there is a future incoming null normal vector field L along X such that
(ﬁ,L> is a positive constant and (DL)* = 0.Then ¥ lies in a shearfree null hypersurface.

Proof. Write H = —%(ﬁ,L)L - %(ﬁ, L)L. From the assumption, (D,L)" = 0, the space-

time Minkowski formula (2.2)) becomes

~n=1) [t a5 [(H.DQEL) =0

Again from the assumption, <ﬁ , L) is a positive constant function and we can divide both
sides by (H, L) to get

0
=y [ L o mydn=o.

(H,L)
Hence the equality is achieved in the spacetime Heintze-Karcher inequality (8.I4]) and we
conclude that X lies in a shearfree null hypersurface. O

Definition 3.14. A null hypersurface in an (n + 1)-dimensional spherically symmetric
spacetime is called a null hypersurface of symmetry if it is invariant under the SO(n)
isometry that defines the spherical symmetry. In other word, it is generated by a sphere of
symmetry.

We remark that in the Lorentzian space forms, the additional boost isometry sends a
null hypersurface of symmetry into another one defined by a conjugate SO(n)-action.

An important example of the spacetime satisfying Assumption[3.5lis the exterior Schwarzschild
spacetime for which the metric has the form (L2]). Since the spheres of symmetry are the
only closed umbilical hypersurfaces in the totally geodesic time slice of the Schwarzschild
spacetimes [4, Corollary 1.2], as a direct corollary of the above spacetime Alexandrov the-
orem, we obtain

Theorem 3.15 (Theorem B). Let ¥ be a future incoming null smooth (see Definition
[Z9) closed embedded spacelike codimension-two submanifold in the (n + 1)-dimensional
Schwarzschild spacetime. Suppose there is a future incoming null normal vector field L
along X such that (H,L) is a non-zero constant and (DL)* = 0. Then X lies in a null
hypersurface of symmetry.
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As observed in Proposition B3] the condition in the above theorem can be characterized
in terms of the norm of the mean curvature vector and the connection one-form in the
mean curvature gauge.

Theorem B’. Let X be a future incoming null smooth (see Definition[39) closed embed-
ded spacelike codimension-two submamfold in the Schwarzschild spacetime with spacelike
mean curvature H. Suppose oz = dlog ]H\ on . Then X lies in a null hypersurface of
symmetry.

Finally, we generalize a result of Yau [37] and Chen [7] to the Schwarzschild spacetime.

Corollary 3.16 (Corollary C). Let ¥ be a closed embedded spacelike codimension-two
submanifold with parallel mean curvature vector in the Schwarzschild spacetime. Suppose
3 is both future and past incoming null smooth. Then Y is a sphere of symmetry.

Proof. The condition of parallel mean curvature vector implies |ﬁ | is constant and o
vanishes. The previous theorem implies 3 is the intersection of one incoming and one
outgoing null hypersurface of symmetry. Therefore, 3 is a sphere of symmetry. O

4. GENERAL MINKOWSKI FORMULAE FOR MIXED HIGHER ORDER MEAN CURVATURE

In this section, we introduce the notion of mixed higher order mean curvature of a
codimension-two submanifold ¥ in a spacetime V' of dimension (n + 1). Let R denote the
curvature tensor of V. Let L and L be two null normals of ¥ such that (L, L) = —2. Recall
the null second fundamental forms with respect to L, L:

ab = (Da, L, Op)
X b = <DaaL7 8b>

and write ( = (g, for the connection 1-form with respect to L:

1
G = 5(Da, L, L).

Definition 4.1. For any two non-negative integers v and s with 0 < r+s < n — 1, the
mized higher order mean curvature Py s(x,x) with respect to L and L is defined through
the following expansion:

r+s)!
(4.1) det(o +yx+y0) = > ( T Ly P00,
0<r+s<n—1 o

where y and y are two real variables and o is the induced metric on 3. We also define
symmetric 2- tensors Tﬂg( X>Xx) and Tab (X, x) on % by

—Tr,s

0P s(x; X)

0P s(x; X)
5Xab ‘

T (x, x) =
- 5Xab

and T, (x,x) =
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In the following, we write P, for P.s(x,X), Tﬁg for Tﬁg(x, X), etc. when there is no
confusion. Note that Py = try and Py = try, and a simple computation yields

b b
T10 =15, = 0"
Moreover, when n = 3, it is easy to check that
(42) 2T1“3 = aabtrx - K“b;
' 211" = o®try — x™

It is worth to remark that the quantities P, ,, T, ;ff,L, I?f’rL, T Y1, and Tab I75 4 are all
independent of the scaling of L and L as L — aL, L — %L.

In the rest of this section, we focus on spacelike codimension-two submanifolds in a space-
time of constant curvature such as the Minkowski spacetime R™!, the de-Sitter spacetime,
or the anti de-Sitter spacetime. Before proving the Minkowski formulae for those mixed
higher order mean curvatures, we observe that P, (X, x) shares the divergence free property
as og.

Lemma 4.2. Let X be a spacelike codimension-two submanifold in a spacetime of constant
curvature. Suppose ¥ is torsion-free with respect to L and L. Then T,?fls’ and Iﬁf’s are
divergence free for any (r,s), that is,

(4.3) VT = VT = 0.

Proof. We denote G4, = (0 +yx+yx)ap and its inverse by (671)%. Formally differentiating
(1)) with respect to xa, and X, We obtain

(4.4) y(E )P det(5) =3 THEyrysTab,
and
(4.5) y(6 H P det(s) = Tl yrysTab,

Next, taking covariant derivative on both sides of equation (£4]) and the left-hand side
becomes

—y(67 )" Vilyx + yxX)ea(@ )P det(5) + y(6~ )™ Vi (yx + yx)ea(6 ") det(5).

Switching indices b and ¢ in the second summand, we arrive at

(4.6) y( )" {y(chbd—Vchd)Jrg(chbd Vix, )]( 1" det(3)

(r+s)! b
:Z mp Yy VT,

T8




MINKOWSKI FORMULAE AND ALEXANDROV THEOREMS IN SPACETIME
Similar computation applying to (3] yields
(4.7) G [Z/(Vchd = Vixed) + y(Vex,, — Vox, )} (- ) det(d)

_Z T+S r SVTab
bL g s+

For submanifolds in spacetime, the Codazzi equations give
Vexod = VoXed = (R(9e; D)L, da) + CoXed — CeXod

4.8 _

17

Since X is assumed to be torsion-free and the ambient space is of constant curvature, the
left hand side of both (4.6]) and (47) are zero. Then, the assertion follows by comparing

the coefficients of the term y"y*.

We now derive the Minkowski formulae for the mixed higher order mean curvatures of

torsion-free submanifolds in constant curvature spacetimes.

Theorem 4.3 (Theorem D). Let ¥ be a closed spacelike codimension-two submanifold in

0

a spacetime of constant curvature. Suppose ¥ is torsion-free with respect to the null frame

L and L. Then
0 r+4s
4. 2 [ P_1s(x,x){L, = — | Ps(x,x)Q(L, L =
@9 2 [ Pt e s | 0@ D=0
and
0 _r+s
(410) 2/2Pr,s—l(X7l)<L7§>d:u 7"—|—S /PT’S L L)dﬂ 0.

Proof. By the divergence theorem, we have
(4.11) / Vo [T®Q(L,dy)|du = 0
b
where T% is one of T ﬂg Since X is torsion-free, direct computation shows

ValQ(L,30)) = (Da@)(L. %) + XiQus + 3xa@(L, L)

By (1)), we derive

(DaQ)(L, ) + (DQ)(L, 00) = 2L, 2o

Therefore, we obtain

0 1
VT Q(L, )] = T™0up(L, ) + 5 (T"xG = T°X5) Qe +

8t> 2 2

LT ) Q(L, L),
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where the second term on the right hand side comes from anti-symmetrization of the
indices. Recall the Ricci equation

1

1 1 -
(412) §XQCch o §Xbczca + (dC)ab = §<R(8ll7 8b)L7L>

Since ¥ is torsion-free and the ambient space is of constant curvature, the equation implies
X and x commute. Note that T% is a polynomial of x and X, and thus also commutes with
x and x. It follows that

b\ S — T’ = 0.
Putting these together, (A1) implies
d 1
[ (o) (2 godu+ 5 [ (xaZi2) QL. Lidu = o
n ’ ot 2 ) ’

@3) follows from (A.H) and (A.3) in the appendix.

The second formula is derived similarly by considering
(4.13) / ValT™Q(L, )]s = 0,
b

and using

Va[Q(L: 8)] = (DuQ)(L, ) + X5 — 5,y QL L),

0

From the above proof, we see that the spacetime Minkowski formulae (£9) and (@I0)
follow from

/ VL [TQ(L, ,)|di = 0, and / V[T Q(L, 8,)|d = 0.
b by
In fact, we have two more possible identities:
/ Vo T®Q(L, dy)]dp = 0, and / Va[T®Q(L, dy)]dp = 0.
b by

Following the same line, one can prove another two spacetime Minkowski formulae:

@) 2 [P0t gde - s [ R 0@ Didu =0,

and

@) 2 [ P e+ — [ R 0QU L =0,
> = ot n—(r+s) /s ’ =

We finish this section by showing that (£9) and ([£I0) recover the classical Minkowski
formulae for hypersurfaces in Riemannain space forms - Euclidean space, hemisphere, and
hyperbolic space.
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It is well known that these space forms S”, can be embedded as totally geodesic time-
slices in the Minkowski spacetime, the de Sitter spacetime, and the anti-de Sitter spacetime
respectively. We write the spacetime metric in static coordinates:

g=—(1+rr?)adt* + dr® 4 r’ggn-1.

1+ kr?

Given a hypersurface ¥ C S”,., we view it as a spacelike codimension-two submanifold
lying in a totally geodesic time-slice. Let v denote the outward unit normal of ¥ in the

totally geodesic slice. We take L = \/JW% +vand L = \/ﬁ% —vtoget x=—x=nh

and ¢ = 0. Here h is the second fundamental form of ¥ in the totally geodesic time-slice.
Therefore, according to the definition (@II),

r+s)! .
det(o+(y—yh) = > ( T,S,) Y"y° Prs(X: X)

0<r+s<n—1

and thus P s(x,x) = (=1)°0r4s(h). Moreover, (L, %) = —V/1 + kr? and standard compu-
tation gives

(4.16) Q(L,L) = 2(X,v), with X =ry1+ m‘zaﬁ.
r

Putting these expressions into the spacetime Minkowski formula (LX), it reduces to
(4.17) (n—r—s) / VIR sy 1 ()dp = (r + ) / ores(h) - (X, 1) dp.
pY by

We thus recover the classical Minkowski formula (L) in the Eucliean space by letting
k =17+ s and k = 0. In literature, the hemisphere is viewed as the hypersurface defined
by

(2% 4+ (@) =1,2">0
in the Euclidean space and the hyperbolic space is viewed as the hypersurface defined by
—@")2 4+ @)+ (@) =1, 2" >0
in the Minkowski spacetime. The induced metric is

1

2 2
— 1+HT2d'I" —+7r ggn—1,

g

where k = —1 for the hemisphere and x = 1 for the hyperbolic space. From these ob-
servation, it is not difficult to see that (£I7) recovers [2, Corollary 3(b), 3(c)] (see also

[14} 24, 32]).
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5. ALEXANDROV THEOREMS FOR SUBMANIFOLDS OF CONSTANT MIXED HIGHER ORDER
MEAN CURVATURE IN A SPACETIME OF CONSTANT CURVATURE

In Section 3, the simplest case of the spacetime Minkowski formula (Theorem A) was
applied to establish the spacetime Alexandrov type theorems concerning codimension-two
submanifolds with <ﬁ , Ly = constant. It is interesting to replace the mean curvature by
other invariants from the second fundamental form. In the hypersurface case, Ros [29]
showed that any closed, embedded hypersurface in R™ with constant o; curvature is a
round sphere. This result was generalized to the hyperbolic space by Montiel and Ros [24]
and to the Schwarzschild manifold by Brendle and Eichmair [5].

In this section, we consider codimension-two submanifolds in a spacetime of constant
curvature. More precisely, using the spacetime Minkowski formulae established in the
previous section, we prove two Alexandrov-type theorems for submanifolds of constant
mixed higher order mean curvatures. The first one assumes constancy of P, or P and
concludes that the submanifold lies in a null hypersurface of symmetry. The second one
assumes the stronger condition of constancy of P, s for r > 0,s > 0, which forces ¥ to be
a sphere of symmetry.

To state our first Alexandrov theorem, we recall the definition of T’y cone (also see
Definition [A4] in Appendix A). For 1 < k <n — 1, I'; is a convex cone in R?~! such that
Ipy={AeR"™ : 59(\) >0, -+ ,04(\) > 0} where

i1 <<,

is the k-th elementary symmetric function. An (n — 1) x (n — 1) symmetric matrix W is
said to belong to T'y if its spectrum A(W) € T'.

Theorem 5.1. Let X be a past (future) incoming null smooth, closed, embedded, spacelike
codimension-two submanifold in an (n + 1)-dimensional spacetime of constant curvature.
Suppose 3 is torsion-free with respect to L and L and the second fundamental form x € T,
(—x €Ts). If P,y =C (Pys = (—1)°C) for some positive constant C' on 3, then ¥ lies in
a null hypersurface of symmetry.

Proof. By the assumption that P, = C, the Minkowski formula (LE)) becomes

P’I‘—I,O 0 r o
(L, EW# + 2n—7r) /2 Q(L, L)dp = 0.

by Pr,O

Applying the Newton-Maclaurin inequality (A.8)) repeatedly and noting that (L, %> < 0,
we obtain

(L, ) 1
/2 try d'u_‘_Q(n_l)/EQ(L,L)d,uZO,

Comparing this with the spacetime Heintze-Karcher inequality (B.I7), we see that the
equality is achieved. Theorem [B.12] implies that > lies in a null hypersurface of symmetry.
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For the corresponding statement for x, note that under the assumption the Minkowski
formula becomes

Py s—1 0 s /
: L, —)dy— ——— L,L)du = 0.
S PO’S <_7 at> Iu 2(n _ S) 5 Q( 7_) Iu
Applying the Newton-Maclaurin inequality repeatedly, we obtain
Pos—1(x,;x),. 0 Pos—1(x;=x), 0 s(n—1 1 )
D00 0y et p 0y, senl) 1 g 9,
Po,s(x; x) ot Po.s(X, —Xx) ot n—s Poi(x,—x) ~ 0t

As Py1(x,—x) = (ﬁ ,L), the equality of the spacetime Heintze-Karcher inequality is

achieved again and X lies in a null hypersurface of symmetry by Theorem 3111 O

In the rest of this section, we prove a rigidity result for submanifolds with constant P,
for » > 0,5 > 0. We start with an algebraic lemma.

Lemma 5.2. Suppose that x € I'r15 and x € I'r15 can be diagonalized simultaneously. If

Kab(zoﬁ)bc Xca > S
P075 PL() “n-—-1
then x and x satisfy the following inequality

(5.1)

(52) Pr—l,s(X,K) > r+s n—l'
Prs(x;x) — n—(r+s) trx

The equality holds if and only if x is a multiple of the identity matriz.

Proof. Since x € I'yys and x € T'yps, P o(x,x) > 0 for any v’ with 1 <" < by (A7)
and the fact that I’y s C T, 5. We apply Newton-MacLaurin inequality (A8]) repeatedly
to get
(n—(r+5)) Pr—1,s(x; x)
(r+5)Prs(x: X) s+1  Prg(
It suffices to show that

(n—1—s5)Pos(x,x) on—1

s+1  Pis(x,x) — trx
Let x; and X, t=12--,n—-1 be the eigenvalues of x and x. By the definition of
completely polarized elementary symmetric function in (A2]) and (A6,

PO#(X?K) - U(s)(K7 o 7&) = O-S(X%

(5.3)

and

1 00s11(x) 1 =
1506 X) = 01 06X 5 X) S 1 aE Xab o, S 1 EZ Xi0s(x1)
S b

Here o,(x|i) = Ele X, and we sum over distinct ji # 4,5, = 1,...,n — 1.
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On the other hand, by the simultaneous diagonalization of x and x , the assumption

(&T) is equivalent to

n—1

1 . S s ¢
70 2= X;0s-1(x|1)xi = — TEX-
Hence
n—1 n—1 51
> aos (i) = o0ty = Y xixoe1(xli) € o (trx.
i=1 i=1

Again, by the cone condition on x and y, we have trx > 0, > x;0,(x|i) = (s+1)Py s > 0,
and thus
(5.4) (n—1-5)Ps06x) _ (n—-1-5)0s(x) n-—1

' s+1 0 PLOox) Y7 ' xos(xli) T otox

(2

which gives us the desired inequality. Moreover, by tracing back the proof, we notice that
the equality in (5.2) holds only if this is the case in both the Newton-MacLaurin inequality
and (BI). The former one tells us that x is a multiple of I,,_;. And this also implies
the equality for (5.1]) by the elementary identity >, x,05-1 (xli) = sos (x). On the other
hand, it is easy to see that if y is a multiple of I,,_1, the equality in (52)) is achieved. O

Before moving to the Alexandrov type theorem, we make a remark on the conditions in
the previous algebraic lemma.

Remark 5.3. The above algebraic lemma still holds if we replace the cone condition by
X € I'vys and —x € Ty, since the left hand sides of both (2.1]) and (2.2) are homogeneous
of degree zero in x.

Remark 5.4. The technical condition (&1l) can be interpreted as follows. Consider i =

(up, -+ Up—1) with u; = M;:flx()&m as a vector determined by x and ¥ = (vy,- - ,v,—1) with
v = 01X(ix) as a vector determined by ¥, (21l) imposes a restriction on the angle between

the vectors i and .

Theorem 5.5. Let X be a past incoming null smooth (see Definition[3.9) closed embedded

spacelike codimension-two submanifold in a spacetime of constant curvature. Suppose ¥ is

torsion-free with respect to the null frame L and L and that the second fundamental forms

X € I'vys and —x € T'r 15 satisfy

(5.5) P s(x,x) = (—1)°C, where C is a positive constant.

and

Kab(zo,s)bc a S
Xe Z :

P()7 s n—1 7
Then % is a sphere of symmetry.

(5.6)
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Proof. For submanifolds with P, s = constant, the Minkowski formula (L5 becomes
P._14 0 r+s
— ~(L, =—)du (L,L)d
s Prg < ’8t> 2n— T+S/Q

It follows from Lemma [5.2] and the fact that —(L, at) >0,

0
—(n— 1)/2%55% < %/EQ(L,L)du

This together with the spacetime Heintze-Karcher inequality (Theorem [B12]) imply

[ L, 1 N )]
57 (1) /E < /E QUL L)y < (n— 1) /E o

Thus, the equality must hold. Note that the first inequality comes from the Newton-
MacLaurin inequality (A.8) and the equality case implies x = c¢jo. And the second in-
equality is from the Heintze-Karcher inequality and equality holds if x = ¢j0.

On the other hand, equation (5.5]) together with x = ¢yo imply that

Pos(x,x) = (—=1)*C, where C is a positive constant.

which falls in the setting of Theorem 5.1l Follow the same line of the proof there and apply
Minkowski formula

Pys—1 0 /
: L, —)du — L,L)du =
/Z Pos (L, 5 )dp 20— 9) Q(L,L)dp =0,

we can arrive the equality case for the Heintze-Karcher inequality (3.I4]) by using the
Newton-MacLaurin inequality. Then, we conclude that x = cz0. O

As remarked above, (5.6]) seems to be a technical condition. However, we believe that,
another condition on x and x in addition to P s(x, x) = C is necessary in order to conclude
both of them are proportional to o.

To finish this section, we present two settings in which condition (5.0 is automatically
satisfied.

The first example is: x = —x. From the discussion at the end of Section 4, we see
that the classical hypersurfaces cases fall in this setting. In this special situation, (5.6]) is
equivalent to

(n=1) ¥ o1 (=018 ()i _ (0= 1) S0 o ()N

so1(x)os(—x) s01(x)os(x)
(n—1)[os(x)o1(x) — (s + 1)1 (X)]

s01(X)os(X) '

However, this inequality follows from the standard Newton-MacLaurin inequality for sym-
metric functions: (n —s—1)os(x)o1(x) > (n —1)(s + 1)os+1(x). In view of the remark at
the end of the previous section, Theorem generalizes the classical Alexandrov theorem
in Riemannian space forms [24, Theorem 7 and Theorem 10].

1
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The second example is: one of y and y is already known to be a multiple of I, ;. One can
easily check that (5G] is trivial by using the elementary formula >, x,05-1(x|i) = sos(x).

6. GENERALIZATION IN THE SCHWARZSCHILD SPACETIME

In this section, we discuss Minkowski type formulae and Alexandrov theorems in the
Schwarzschild spacetime. The divergence equations (£3]) of T“b and T% s Play crucial
roles in the proof of the Minkowski formula in a spacetime of constant curvature. Those
equations no longer hold in the Schwarzschild spacetime due to the presence of a non-trivial
ambient curvature contribution. However, it turns out the divergences of T,?fls’ and Iﬁf’s still
posses favorable properties under natural assumptions on ¥ when either = 0 or s = 0..

Lemma 6.1. Let X be a spacelike codimension-two submanifold in the Schwarzschild space-
time. Suppose X is torsion-free with respect to a null frame L,L. Then the following
statements are true:

(1) If Q(L7L) = 07 then Za,b(vbT;,l()))Q(L7aa) <0 and Za,b(vbT&g)Q(L7 811) <0

(2) Suppose x is positive definite and (Q*)(L,v)Q(L,v) < 0 for any vector v tangent to
Y, then Za’b(vbTﬁg)Q(L,aa) <0ifr>3.

(3) Suppose —x is positive definite and (Q*)(L,v)Q(L,v) > 0 for any vector v tangent
to X, then Zmb(vbT&g)Q(L, 0a) <0 ifs>3.

Proof. Denote the radial coordinate in the Schwarzschild metric by p and write the metric
as

_ 2m 1
gz—( = >alt2 Wd,o + pAggn-1.

We only deal with case (2), and the other cases can be derived by the same argument.
Denote & = o + yx and write 7T, for T}.o. Setting y = 0 in (&.6]) and (&8, we obtain

Zyrv T =y Ripae(671) (6~ 1)™ det(5).

From the curvature expression (C.2)), we have

Ripge = —n(npn_%)m <§QLdec - %QLdch - QLchd) ZZZ ((Q*)Laobe — (Q%)LcTba) »
and thus
> VT QLa
r
= —% [(n = DQLbQac + (Q%) Labe — (Q) 1c0ba] QrLa(67)* (67 ")™ det(5).
Now, suppose that y is diagonal with eigenvalues x1,...,xn_1. Write the eigenvalues of &

as g = 1+ yx,. We obtain
S YT Qe = 25y | S 2t (Q%)10Q1a
T
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On the other hand, by standard computation we have

n—3 n—1
OIS SHNAPHES S S MITI Si) S URr R )
azy Hald atb ab q=0 =0 a=1

To get the last equality, we use the property of elementary symmetric function that
>t ok(A ] i) = (m —k)ok(A). Thus,
n—1n—3
6 YUTQu = S 3Dy 0 — 0~ 2)a,(xja) Q) raQue
r a=1 gq=0
n—1n—3

= n+2ZZy n — p)op-2(x|a)(Q*) 1aQra

a=1 p=2

By comparing the coefficients of y", we obtain

n—1
62 L0 = TS o (00 (@)aQua for 722,
a=1

a,b

which is negative by the assumptions that y is positive definite and (Q?)(L,v)Q(L,v) < 0
for any vector v tangent to Y. This proves the second statement. The third one is proved
along exactly the same line.

For 7 = 2 (or s = 2) case, by comparing the coefficients of y? on both sides of (G.1]), we
get

Z(vngb)QLa = n+2 Z LaQLa
a,b a=1
n(n —2)m . 1 9
= Z QL QeaQra — 5Q1L Eaj@m)
1n
= _Q(TQLLZ QLa )
which is non-positive by the assumption that Q(L, L) > 0. O

Notice that no condition is needed for 7 = 1 or s = 1 since 7% ‘0 =1 5‘1 = 0% is always
divergence free. Thus, we can prove a clean Minkowski formulae for (r,s) = (1,0) or
(0,1) in the Schwarzschild spacetime, see Theorem A or Theorem For r,s > 2, the
divergence property of T}. o and Tp s no longer hold. Fortunately, based on the above lemma,
we can still establish certain inequalities for those higher order case in the Schwarzschild
spacetime.

Theorem 6.2. Let X be a closed spacelike codimension-two submanifold in the Schwarzschild
spacetime. Suppose that X is torsion-free.
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If ¥ satisfies assumption (1) or (2) in LemmalG 1, then for any 1 <r <mn —1,

63 [Pt g+ g [ Poteoa(e.n 2o

If ¥ satisfies assumption (1) or (3) in Lemma 61, then for any 1 <s<n—1,

0
60 [ Pl g) - 5t [ Ao =0

2(n =)

Proof. Note that Tﬁ is a polynomial in x only and thus 7 bOXa T“OLXG = 0. By the above
lemma, we can proceed as in Theorem [ ]

In [5], Brendle and Eichmair considered the case that X is a closed embedded hypersur-
face contained in a totally geodesic time-slice M of the Schwarzschild spacetime. Assume
Y to be star-shaped and convex, they derived an interesting integral inequality

(6.5) (n— k:)/zfak_ld,u < k‘/zak(X, v)du

where X : ¥ — M is the position vector, v is the outward unit normal vector field of ¥
and f=,/1— p?ff”z.

In fact, (G.5]) can be recovered by (G3]) or ([G.4]). The argument is similar as the discussion
at the end of section 4 where we recover the classical Minkowski formulae (1) by (LH)
or (LG) except that one needs to check the assumption in Theorem First, it is easy
to see that star-shapeness is equivalent to QQ(L, L) > 0 because of identity (£.16]). On the
other hand, the convexity of 3 implies y is positive definite.

For a submanifold ¥ on a totally geodesic slice My, the term (6.2) can be compared
with the Ricci curvature term in Brendle-Eichmair’s formula [5](at the end of the proof of
Proposition 8). Indeed, given two vectors v, w tangent to M;, the Ricci curvature satisfies

Ricpy, (v,w) = R(v, ept1, W, €p41)

= —i—?g_](v,w) - %Q(%enﬂ)Q(waenﬂ)

nm

yntl (Q(U, w)Q2(en+17 en+1) - Q2(U7 w)) )

by the Gauss equation and (C.2). Let v be the outward normal of ¥. We note that
Q*(ei,v) = Q*(Lyei) = Qs ent1)Q(eis ent1),

where L = e,,4+1 + v. Hence, Ricyy,(e;,v) = rn+2 mQ*(L,e;).
On the other hand, we claim that the condition in Lemma [6.1]

(Q*)(L,v)Q(L,v) <0 for any vector v tangent to ¥

is automatically satisfied under the star-shaped condition. Indeed, the main ingredient

is that the tangent vector v does not have % component if ¥ lies in a totally geodesic
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time-slice. By the definition of @* (CI) and noting that Q (9, v) = rdr A dt(0y,v) = 0 for
any tangent vector 0, we expand

(@*)(L,v) = g¥"Q(L, L)Q(L, ).

Therefore,

(@)(L,v)Q(L,v) = 3L, L) (Q(L,v))* <0,
provided that 3 is star-shaped.

Again, once we have the Minkwoski formulas at hand, the spacetime Alexandrov theo-
rems follow by the spacetime Heintze-Karcher inequality as in Theorem [B.11

Corollary 6.3. Let 3 be a past (or future) incoming null smooth (see Definition[3.9) closed
embedded spacelike codimension-two submanifold in the Schwarzschild spacetime. Suppose
that X is torsion-free. If ¥ satisfies the assumptions in either (1) or (2) ((2) or (3)) in
Lemma and

(6.6) P.olx,x) =C ( or PO,s()@X) = (—1)8C)

for some positive constant C, then ¥ lies in a null hypersurface of symmetry.

Remark 6.4. In [21], Li-Wei-Xiong show that the convexity assumption in Brendle-
Eichmair’s result can be removed. The same argument works here if we assume x (or
X ) is positive definite at a point.

The above discussion on the Schwarzschild spacetime indicates that it is not easy to get a
clean general form of Minkowski formulae with nontrivial curvature and torsion. In the rest
of this section, we focus on a closed spacelike 2-surface in the 4-dimensional Schwarzschild
spacetime which carries the two-form @) = rdr A dt. With the same notations as in Section
4, we have

T3 0= = (try)o™ — x, and To b = (try)o” Xab-
Recall the Codazzi equations
(6'7) VaXbe = VoXae = RabcL + XacCb — Xbelas
(68) Vaxbc o Vbzac - RabcL o Xacgb + Kbcca'

Taking trace of (6.7), (6.8), and using the Ricci-flatness of 4-dimensional Schwarzschild
spacetime, we get

1-
(6.9) VQT% = —0"R,".;, — T34 ,06a = __RLb LL — T34 ,06as
(6.10) Vol = —0"R,’ . + T5h a_——RL 1z + TihCa.
Now, we run the same proof as Theorem (Theorem D) by considering

/Z V. [T°Q(L, 8,)] = 0, and / V[T Q(L, 8,)]dp = 0.

b
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and get
(6.11)
15 b 9 ab c 1
0= [ 5B QL) + 0L 5) = XX Q= 5 (trxtrx = X, ) QL. L)dyi
by
(6.12)
15 b 9 ab c 1 ab
0= [ —3R1 12Q(L.3y) +trx (L. 5) = X"oQes + 5 (trxtrx = X" ) QL. L)
%

Since % is a Killing field and H= %tr&L + %trxL,

0 1 0 1 0
0= [t g =5 [ et gydu+ g [ L g
Subtracting ([G12)) from (G.II]), we obtain

0
2 [ tr(L g
1. _
= /2 3 (RLb LLQ(L,d) — R LLQ(L,E%)> + (x“bxc x“bxé‘;) Qeb + (trxtrx —~ x“bxab) Q(L,L)du

=/Z % (RLb QL 9) — R 1, Q(L, 5&»)) + (RpeLr — 2(d¢)ne) Q" + <%RLLLL - R) Q(L, L)du

where we use the following Gauss and Ricci equations to get the last equality.

_ 1._
(6.13) R+ Rpp + §RLLLL = R+ trxtry — Xabz“b,
1= 1
(614) §RabLL = (dg)ab + 5 (Xacxcb - KQCch> .
Next, from

_ _ _ _ 1.
RoprrQ® = Roer1Q" — Rippr Q" — Rupnr @ + §RLLLLQ(L7 L),

we have

1L /=y = b 1= o8, 1a be | 14

5 (RL LLQ(L,0p) — Ry, LLQ(Lvab)> = _§RaBLLQ + §RbcLLQ + ZRLLLLQ(LaL)y
where a, 3 = 1,--- ,n + 1 represent the indices of the ambient space. Therefore,

0
2/ trx(L, =—)du
1Ot
:/Z _51?@5@62“5 + <%R@L - 2(dC)bc> QP+ GRLLLL = R> Q(L, L)dy.

Consider the two-form n = Ragquaﬁda:“da:” on the spacetime. In [I8] section 3.3], it
is shown that dn = dxn = 0. So fz RasL Q%P is the same for any 2-surface bounding a
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3-volume. Evaluating the integral on a sphere with ¢ = constant and r = constant, we

have [I8] (53)]
/ RoprrQ%F = —32mm.
)

As a result, we reach the following Minkowski formula on the 4-dimensional Schwarzschild
spacetime.

Theorem 6.5 (Theorem F). Consider the two-form Q = rdr A dt on the 4-dimensional
Schwarzschild spacetime with m > 0. For a closed oriented spacelike 2-surface X, we have

; B
2 [ (D)L )
2

= —16mm + /2 <R + ERLLLL> Q(L,L)+ Z <%RbcLL - 2(dCL)bc> Qvedp.

b,c=1

where (1, is the connection 1-form of the normal bundle with respect to L, R is the curvature
tensor of the Schwarzschild spacetime, R is the scalar curvature of 3, and Qpe = Q(ep, €¢),

(dCr)be = (dCr)(ep, €c), etc.

APPENDIX A. PROOF OF SOME ALGEBRAIC RELATIONS

In this section, Garding’s theory for hyperbolic polynomials, in particular for elementary
symmetric functions oy, is reviewed and applied to prove several algebraic relations for
mixed higher order mean curvatures. For more detailed discussion about polarized oy
functions, we refer to the Appendix in the lecture notes by Guan [12] [13].

Definition A.1. Let W' ... W™ ! be (n — 1) x (n — 1) symmetric matrices, define the
mized determinant o(,_y) (Wl, e ,W"‘l) such that ﬁa(n_l) (Wl, e ,W"‘l) is the
coefficient of the term ty---t,_1 in the polynomial

det (W' + -+t W)
In general, for 1 < k <n—1, we define the complete polarization of the symmetric function
or by

n—1

(A1) o (Wl,"' 7Wk) = < k >0(n—1) (Wl,"' W Ly, ,fn_l),
where the identity matriz I,,—1 appears (n — 1 — k) times.

Higher order mixed mean curvatures can be expressed in terms of complete polarizations
of the elementary symmetric functions, oy:

Lemma A.2. The following identity holds:
A2 PTS 5 :O-TS ’...’ s ’...’ .
(A.2) s (06X) = 00490 X X X)

[ —

T s
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Proof. Notice that (=] ) 10m-1) (X X6 Xo 5 Xo In—1,7 7+, In—1) is the coefficient of the
—_— ——— ———
r s (n—=1)—(r+s)

term tq - - -t,_1 in the polynomial
On—1 (BiX+ - F X+t X+ trgpsX + o1+ FEno1) -
Denotet =t1+---+ty, t =tr41+---+trys, to =trrs+1+---+tp—1 and use the equation
@D, we get
Op—1 (X + - F X+t X o A b X F trpsr1 o o)
= det (tx + tx + toln—1)

(k+1)! Fre\!
n—1 = P,
4 z i (£) () At

k+l gn—1=(k+
—Z et R P x)

k+ 1) _—
= Z %(tr-‘:—sﬁ-l to )" T e ) (g o ) P06 0)-
k.l o

For fixed r, s, the term ¢1 - - - t,,_1 appears in the last expression only when k =7 and [ = s,
and the coefficient is

r+s)!
P 1= (4 ) 11 ) Pl ).
Thus,
r+s)l(n—1—(r+s))!
0(n—1)(X7"' y X Xo 7&7[n—17"' 7In—1) = ( ) ( ( )) Pns(X,X)
—— N— —— (n — 1)'
r s (n=1)=(r+s)
1
= ﬁPr,s(X,X)-
(r+s)
(A.2) follows from this and the definition of complete polarization (A.I]). O

From (A2) and the definition of P, and 7%, we have the following basic identities:

. P (x> x)
(A3) Z XabTrg = Z Xabai_ = TPT,S(X7K)7
a,b a,b Xab
OP:s(x, x)
» S = S )
a,b Zab

Indeed, the equalities (IEI) and (A.4]) follow from the fact that P, 5(x, x) is a polynomial
in y and x, homogeneous of degrees r and s respectively. B

In addition, the following equation ([A5) can be deduced from the definition of complete
polarized symmetric function and (A.2):
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Lemma A.3.

8Prs Xy ) r(n—(r—l—s))
§ : ab __ § —
(A5) UabTr Oab aX ) = r+s Pr—l,s()@&)-

Proof of (A.3). Indeed, we have the standard definition of completely polarized symmetric
function as

n—1
1 ko (W)
1 2 k) _ 1 2 k k
o) (W,W,...,W)_H' S owiwi W

i1, =1

where Wf ) WJ _, are the eigenvalues of W7. We note that % is a combinatorial

constant depending only on k& and W can be replaced by any symmetric matrix. Thus

1 n— ao'k n_l 80k
(A6) om0 xo X)) = 35 D XX, X 7)( kz

< = ! i .
T i, =1 0x Ry,

1 d
S A CESYE

More generally, we have

Pty) = ( ) = st d"
reOX) = ) Qo X% X X)) T T G e

1 (1 4 )
- (Tj«_s) rldtr t:oJH_S XTX))-

Equation (A is verified by a sequence of direct computations:

[Orts (tx + x)

Z o aPT’,S (X7 K) _ 1 l i Z 8UT+5 (tX + K)
— ab OXab (“’s) rldt" lt=0 ab OXab
1 1d
= (r—i—s) ,r,| dtr =0 [(n - (T + S)) Ur+s—1(tX + X)t]
11 drt
= T g oo )]
n—(r+s)(r+s—1
= —Fr Pr_1s(x
(r—?ln—s) < r—1 ) 1, (X X)
(n—(r+s))r
= ——PF 150, %)
r+s s K)
where we use equation y | ! 6%’“/\(:‘) = (n—k)ok_1(\) to get the second identity above. [

We now briefly review Garding’s inequality for polarized elementary symmetric functions
and apply it to deduce a version of Newton-MacLaurin inequality for P (x,x) which is
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used several times in the previous sections. First, we recall the definition of the positive
cone for oy:

Definition A.4. For 1 <k <n—1, let ', be a cone in R"! defined by
I={DeR" : 5y(\) >0, ,00()) > 0},

where

o(A) = Z Aiy - Ay
1< <y
is the k-th symmetric function. An (n—1) x (n—1) symmetric matriz W is said to belong
to Ty if its spectrum AN(W) € T'y.

According to the standard theory for elementary symmetric functions from the hyper-
bolic polynomials point of view (see Corollary 13.1 and Proposition 13.3 in [12]), we know
that I'y is the positive cone for both o and its polarization o, i.e.,

oy (W ,WF) >0, for W eTy, withi=1,--- k.
In view of the relation (A.2)), we also have
(A7) PT,S(X7X) > 077 for X5 X € FT—l—s-

The following lemma is a special case of a theorem of Garding for hyperbolic polynomials,
which can be found in [I1] (or see Appendix of [13] or [16]).

Lemma A.5. For any W' € T, or —T'%, i =1,--- |k, we have
o2 (Wl,W2,W3, - ,Wk> > o) <W1,W1,W3,--- ,Wk) o) (W2,W2,W3, . ,W’f) .
The equality holds if and only if W' and W?2 are multiples of each other.

Proof. We may assume W? € T, for all i because changing W* to —W? does not change
the desired inequality. Since W3,...,W* & T, the homogeneous polynomial p(x) =
O (k) (z,2, W3, ..., Wk) is hyperbolic with respect to every element in I'y, (see Appendix of
[13]). The assertion follows by applying the usual Garding’s inequality to the complete
polarization of p.

O

The above Garding’s inequality yields the following Newton-MacLaurin inequality for
Prs(X: X)-

Lemma A.6. If x and X are both in 'y 151 cone, we have
(A8) Prz—l,s(Xv X) 2 C(TL, T, S)PT,S(X7K)PT—27S(X7K)7

_ ( ﬁ;i ‘)2 _ r+s n—(r-l—s)—i—l
where c(n,r,s) = (rfgis)(éfli) = A
cly,_1 for some constant c.

The equality holds if and only if x =
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Proof. When P, s(x,x) < 0, the inequality (AZR)) is trivial. We thus assume P, (X, x) > 0.
Replacing k by (r + s) in the above Garding’s inequality (A.S), we obtain

O-(2T+S) (W17W2’W3’... ,WT7WT+1,'-- ,WT+S)
Z0(r+s) (WI’W17W37 o 7WT7WT+17”’ 7WT+S) O(r+s) (W2,W2,W3,-.. ,WT,WT+17... 7I/VH'S).

Setting Wt = I,,_,W? =--. = W" = y and W't = ... = W"** = x and rewriting in
terms of the complete polarization ([AJ), we derive
2
n—1 9
(T + S> U(n_l)(Xv X Xo s X In—la T 7In—1)
r—1 s (n=1)—(r—1+s)
n—1\2
> U(n—l)(Xv XX X In—1,-- 7In—1)0(n—1)(X7 XX X Inq,--- 7In—1)
r+s —_——— Y——— —_— —— Y——
r—2 s (n—1)—(r—2+s) r s (n—1)—(r+s)

From Garding’s inequality, we also see that the equality holds if and only if xy and I,,_; are
proportional.

On the other hand, using (A.]) and (A.2)) again,

1
J(n—l)(X7"' y X Xyt 7&7[n—17"' 7In—1) = 70‘(7”—1-‘1—8)()(7“' y X Xo 7&)
— O —— n—1 e < 3
r—1 s (n—1)—(r—1+s) (7‘ 14 S> r—1 s
1
= n—1 Pr—l,s(XyX)y
(r -1+ s)
1
J(n—l)(X7"' X X 7&7[n—17"' 7In—1) 1 0(r—2+s)(X7' s X Xo 7&)
& S N —— n — R 5
r—2 s (n—1)—(r—2+s) r—24s r—2 s
1
= n—1 Pr—2,s(X7 X)7
<7‘ -2+ s>
( Lo Iosy) : ( )
U(n—l) X5 7X7X7 7&7 n—1, s dn—1 n—1 U(T—i—s) X5 7X7K7 7K
r s (n—l)—(r—i—s) r+s r s
= n—1 7,5 XaX)
r+s
Thus, we reach that
(o)’
Py (06X 2 i Pro2,s (06 X) - Prs(X6 X)-
(7“—2—1—3) (r+s)
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APPENDIX B. THE EXISTENCE OF CONFORMAL KILLING-YANO FORMS

In this appendix, we show the existence of conformal Killing-Yano form for a class
of warped-product manifold. We recall the following equivalent definition of conformal
Killing-Yano p-forms using the twistor equation [31], Definition 2.1].

Definition B.1. A p—form Q on an n—dimensional pseudo-Riemannian manifold (V,g)
1s said to be a conformal Killing-Yano form if Q satisfies the twistor equation

1 o
(B.1) DxQ — 7 XdQ + g(X)Ad*Q =0

n—p+1
for all tangent vector X.

The main result of the appendix is the following existence theorem.

Theorem B.2. Let U C R™ and V C R™ be two open sets. Let G be a warped-product
metric on U x V' of the form

R*(y)oap(z)dzda’ + g;j(y)dy'dy’.

Then @ = R"(y)v/det ogpdzt A+ Adx™ and xQ = R(y)+/det gijdy* A--- Ady™ are both

conformal Killing-Yano forms.

Proof. By [31, Lemma 2.3], the Hodge star-operator * maps conformal Killing-Yano p—form
into conformal Killing-Yano (n + m — p)—form. It suffices to verify that () satisfies the

twistor equation. Let w“, a = 1,...,n 4+ m be a local orthonormal coframe for G such
that w!,...,w" is an orthonormal coframe for R2(y)aab(a;)c'zla;aala:{7 on each slice U x {c1}
and w1 .. W™ is an orthonormal coframe for g;;(y)dy’ A dy’ on each slice {c2} x V.

Let E, be the dual frame to w®. If we write Q = w! A --- Aw™, then Q = RQ. From the
structure equations

dw® = —w' AW’ —w®, L AW"T =dR A0 — Ry Ao®
n+i ., n+i b, nti n+j
dw = —wi AW — W AW,

we solve for the connection 1-forms

Enyi(R)
wan—i-i = %waa wh =%

where v%, are the connection 1-forms with respect to the metric oap(x)drdab.
We compute each term in the twistor equation.

DxQ=X(R)Q+RVxQ=X(R)Q > Epi(R)w" A (X1Q).
=1
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m
X.dQ =X —wh A WTTAWI A ADTFWAWE AWTTEA AW —
n—+1 7
i=1

=X Zn (EL+T@WH+i VAN Q)
i=1

- Enti(R n+i
:TLZ$X_J(OJ TAQ)
i=1

= ni En_FT?(R) (W"TH(X)Q — W™ A (XLQ))
i=1

This implies that
X1dQ = X (dR N Q + RdQ)

= X(R)Q—dR A (X2Q) + 1) Eppi(R) (0"(X)Q — ™ A (X1Q)) .
i=1
On the other hand, d*@Q) = 0 since R only depends on y. Putting these facts together, we
verify that ) satisfies the twistor equation
1 1
DxQ - ——X ——g(X)Nd*
Q= = X3dQ + ——g(X) N dQ

= X(R)Q — Em: Eni(R)W"T A (X1Q)
i=1

- (X(R)Q —dRA(X2Q) —n i Bnpi(R) (@™ (X)Q — 0™ X Q) )
i=1
- " _X(R)Q- - le 1En+i(R)w"+i A(XLQ)

1 n
X.0) —
dR N (X19) T

E,i(R)w" T (X)Q

o (R (X
=0.

We use the fact that R only depends on y in the last equality. O

We have the following existence result, generalizing the fact that rdr A dt is a conformal
Killing-Yano two-form on the Minkowski and Schwarzschild spacetime.

Corollary B.3. Let (V,g) be a warped product manifold with
(B.2) g = gut(t,7)dt® + 294, (t, r)dtdr + g (t,7)dr? + 72 (gn ) apdzda®
where (N, gn) is an (n — 1)—dimensional Riemannian manifold. Then the two-form

Q:r\/det< Gt Gtr )‘ dr A dt

9rt  Grr
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is a conformal Killing-Yano two-form on (V,g).

APPENDIX C. CURVATURE TENSORS ON SCHWARZSCHILD SPACETIME

We consider (n + 1)-dimensional (exterior) Schwarzschild spacetime with the metric
(C2). The spacetime admits a conformal Killing-Yano tensor Q = rdr A dt. Let Q? be the
symmetric 2-tensor given by

(C.1) (@)as = QuQrs-
Lemma C.1. The curvature tensor of Schwarzschild spacetime can be expressed as

_ 2m o nn—1m (2 1 1
Ropys = T (Gor 985 — JasGpy) — (rn7+2) <§Qa5Qws - ngQaﬁ - §Q05Q57>

_nm o/ 2)
rnt2 (g °Q aBvs

where (g o Qz)aﬁvé = ga'y(Q2)66 - gaé(Q2)B’y + 5_766(@2)&“/ - gﬁ’y(Q2)a6

Proof. Denote f? =1 — T%—Tg Let Fq, Fo, ..., E,11 be the orthonormal frames for g with

Eni1 = %%,En = f% and F;,1 = 1,...,n — 1 tangent to the sphere of symmetry. We
have

(C.2)

_ m(n—1)(n —2
R(En—i-l,Em Enia, En) = - ( Tr)L( )
_ m(n — 2
R(Ent1, Biy Enyr, Ej) = %5@'
_ m(n — 2
R(E,, E;, E,,E;) = —%5@'

_ 2m

R(E;, E;, By, Ey) = T—n(5ik5jl — 0i10k)

Except for the symmetries of the curvature tensors, the other components are zero.

On the other hand, we have Q(Ey, Epy1) = 1, (Q*)(Ept1, Ent1) = =%, and (Q*)(Ey, En) =
r2. Let b(Q) = %Qaﬁng — %Qanéﬁ — %QagQg,y. The following table lists the nonzero
components for the (0, 4)-tensors involved.

T | gavgﬁé - gaégﬁ'y b(Q) (g © Q2)‘a575
T(En-i-la En, By, EN) -1 r’ —2r?
T(En+1, Eis Ent, Ej) —0ij 0 —r%0;;
T(Ey, E;i, By, E;) 5ij 0 r26i;
T(E;, Ej, By, Ey) dik0j1 — 0itdjk 0 0

Suppose Ragrs = AZ (GayGss — Jasdsy) + Bz (3QapQys — 3QarQsp — 1QasQpy) +
C23 (g 0 Q*)apys. We can solve for A=2,B = —n(n—1), and C = —n. O
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