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M-EIGENVALUES OF THE RIEMANN CURVATURE TENSOR*

HUA XIANGT, LIQUN QIf, AND YIMIN WEI?

Abstract. The Riemann curvature tensor is a central mathematical tool in Einstein’s theory of
general relativity. Its related eigenproblem plays an important role in mathematics and physics. We
extend M-eigenvalues for the elasticity tensor to the Riemann curvature tensor. The definition of M-
eigenproblem of the Riemann curvature tensor is introduced from the minimization of an associated
function. The M-eigenvalues of the Riemann curvature tensor always exist and are real. They are
invariants of the Riemann curvature tensor. The associated function of the Riemann curvature tensor
is always positive at a point if and only if the M-eigenvalues of the Riemann curvature tensor are all
positive at that point. We investigate the M-eigenvalues for the simple cases, such as the 2D case, the
3D case, the constant curvature and the Schwarzschild solution, and all the calculated M-eigenvalues
are related to the curvature invariants.

Keywords. Curvature tensor; Riemann tensor; Ricci scalar; Eigenproblem; M-eigenvalue;
Schwarzschild solution; General relativity; Invariants.
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1. Introduction

The eigenproblem of tensor is an very important topic theoretically and practically.
In [10,11,19,24], the elasticity tensor is investigated, including the strong ellipticity, the
positive definiteness, the M-eigenvalues, etc. It is well known that the elasticity tensor
is a very important concept in solid mechanics. In this paper, we will consider another
counterpart, the Riemannian curvature tensor, which is a basic concept to describe
the curved space, and a central mathematical tool in Einstein’s general relativity. In
the following, we first review two kinds of eigenproblems associated with the elasticity
tensor, and then consider their counterparts corresponding to the Riemannian curvature
tensor.

The elasticity tensor E is a fourth-rank tensor. The classical eigenproblem of elas-
ticity tensor reads

Eijklzkl:C Zij, (].].)

where the eigentensor 2% is symmetric. For simplicity, when discussing the elasticity
tensor, we use the metric in the Kronecker delta, and temporarily omit the difference
between the subscripts and the superscripts.

There exists the minor symmetry Ejjp = Ejir and Ejji = Fyijie, and the major
symmetry Ej;jr = Fpr;;. The requirement of the symmetry reduces the number of in-
dependent elements to 21. The eigenproblem (1.1) is closely related to the positive
definiteness of E, which had been considered by Lord Kelvin more than 150 years ago,
which also guarantees the uniqueness of solutions in problems of elasticity. The elas-
ticity stiffness tensor E must be positive definite, which means that the strain energy
density or elastic potential satisfies

EijMGijékl >0,
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where €;; is any symmetric strain tensor. It physically means that energy is needed to
deform an elastic body from its unloaded equilibrium position. The positive definiteness
of F requires that all {’s are positive.

Qi, Dai and Han [19] in 2009 introduced M-eigenvalues for the elasticity tensor.
The M-eigenvalues 6 of the fourth-order tensor are defined as follows.

Eijuy'abyt =0z, Eijux'y’a" =0y, (1.2)

under the constraints (z,z)=(y,y)=1, i.e.,  and y are normalized. Here, x and y
are real vectors. The M-eigenvalues always exist and are real. Furthermore, they
are isotropic invariants of the elasticity tensor. For the elasticity tensor E, since
Eijuxtyi ok = Eyjuz'y’ 2, and Eyji = Elijk, the second equality is equivalent to

EymalyFzt =0y;.

For the fourth-order elasticity F, the strong ellipticity is defined by the following
function to be positive.

f(xvy) :Eijklmiijkyl > 07 vxvy ERB'

Such strong ellipticity condition ensures that the governing differential equations for
elastostatics problems will be completely elliptic. It is an important property in the
elasticity theory associated with uniqueness, instability, wave propagation etc., and has
been studied extensively. It was shown that the strong ellipticity condition holds if and
only if all the M-eigenvalues are positive.

These two kinds of eigenproblems relate to the positive definiteness and the strong
ellipticity of the material respectively. The positive definiteness is a less general hy-
pothesis than the strong ellipticity. The positive definiteness implies strong elliptic-
ity, while the converse statement is not true. Motivated by the work on the elastic-
ity [10,11,18,19,24], in this paper we consider the corresponding tensor eigenproblems
for the Riemann tensor.

Let (M, g) be an n-dimensional Riemannian manifold. That is, M is the Riemannian
manifold equipped with the Riemannian metric g. We consider the curvature tensor of
the Levi-Civita connection V of the Riemannian metric g. The curvature tensor for
the Levi-Civita connection will be called later the Riemann curvature tensor, or the
Riemann tensor.

The curvature R of a Riemannian manifold M corresponds to a mapping R(X,Y)
associated with the pair (X,Y) by

R(X,Y) = [VX,Vy] —V[X’y].

Let T, M be the tangent space of M at the point p. The (0,4)-type Riemannian
curvature tensor is a quadrilinear mapping:

R: T,M x T,M x T,M x T,M —R.

R(W,Z,X,Y):=(W,R(X,Y)Z), ¥ W,X,Y,ZeT,M.

By the way, the (1,3) type is given by (w,Z,X,Y)—w(R(X,Y)Z), V vector fields X,Y,Z
and 1-form w. Here R(X,Y)Z or R(W,Z,X,Y) is called the curvature tensor of the Levi-
Civita connection. The notation here is somewhat abused. The two mappings R(X,Y)
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(also denoted by Rxy in some references) and R(W,Z,X,Y) use the same letter “R”.
As such a usage can be found in the literature [1-3,6,12] and will not cause confusion,
we keep such a usage.

To work with components, one needs a local coordinate {x'}, a set of corresponding
basis vector {9;} and the dual set of basis 1-forms {dz'}. Suppose that g;;:=g(8;,0;)
and define Christoffel symbols of the Levi-Civita connection by the formula

i Lo (09n  Ognk _ O9jk
k=9 dzk ~ dxi  Qxh )

Using [0;,0;]=0 and Vg, =T, 8;, we can calculate [23, P.25]

R(0;,07)0k = ([Va,, Vaj] - V[ahaj])ak =V,V,0,=Vo,Vo,0k
= (0T — ;T + T T, — TR T Vo = Ry, 0

(2

That is, Rﬁgij =dz'(R(9;,07)0)). For convenience, one can consider the full covariant
Riemann curvature tensor ;.

R(0;,05,0k,01) = (0i, R(0k,0;)0;) :gihR;‘Lkl =Rijh-

In terms of the Riemann metric and the coefficients Ffj of the Riemannian connection,
we have

Rijr= = (Git,jk — Gik,j1 + Gik,it — Gitik) + Grm (T Te —THITH).

N

Let W =w'0;, Z= zjaj, X =z%0,, Y =4'0;. We can verify that
R(X,Y)Z =R(z"04,y'0,)(270;) = 27 2"y R(0k,0,)0; = zjxkle?klah,
and
RW,Z,X,Y)=w'2 2y Ry
The curvature tensor has the following symmetry properties [2,6,12]:
Rijri=—Rjiri =—Rijit = Ritij, Rijri+ Rijk + Rigi; =0.

The second identity is called the first (or algebraic) Bianchi identity. For the 4D case,
there are 256 components, but only twenty are independent because of these symmetries
[1,5,13].
The contraction yields the Ricci tensor R;; and the Ricci scalar R as follows.
Rip =g" Rniji =Ry =0T}, — Ly + T T, — T,

imk —

R=R;=g"Ri=9g" R}, = 9" " Rniji.

In the following part of the paper, we present two kinds of eigenproblems in Section
2, just as the eigenproblems for the elasticity tensor. In Section 3, we study four typical
cases, calculate the M-eigenvalues and examine their relationship with some well-known
invariants.
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2. Eigenproblems of the Riemann tensor

We consider two kinds of eigenproblems associated with the Riemann tensor. The
first one is well-studied. For the invariant characterizations of a gravitational field, to
investigate the algebraic structure of the tensor we consider the eigenproblem [20]

Rijma™ =¢ 2 =C gimgjna™, (2.1)

where the eigentensor 2% is anti-symmetric.

To express it in a compact matrix form, we identify a pair of indices {ij} of 4D
indices with a multi-index that has the range from 1 to 6: 10 — 1, 20 — 2, 30 — 3,
23 — 4, 31 — 5, 12 — 6. Denoting the basis indices by capital letters and using the
symmetries, we can rewrite the above eigenproblem (2.1) as follows [16].

1
RABxB:§C Gapa®, (2.2)

where both (Rap) and (G 4p) are 6-by-6 matrices, and (R4p) can be further expressed
by two symmetric 3-by-3 matrices according to the Einstein field equation in vacuum (see
Appendix). For this vacuum case, the Riemann tensor is equivalent to the Weyl tensor.
And the well-known Petrov classification reduces to investigate the eigenvalues and the
independent eigenvectors and results in Petrov Types I (D), IT (N) and IIT [14, P.235].

Next, we introduce the M-eigenproblem of the Riemann curvature tensor. Let us
consider the associated function

Q(u,v) = (u, R(u,v)v) = R(u,v,u,v) = Rijmu’viuFv’.

The Riemann curvature tensor is a real tensor. Vectors u and v are real vectors.
Thus, Q(u,v) is a real continuous function, and we may consider the following optimiza-
tion problem

i t. = =1.
uvglél%}MQ(u,v) s (u,u) = (v,v)
The feasible set of this optimization problem is compact. Hence, it always has global
optimal solutions. It has only equality constraints. By optimization theory, its optimal
Lagrangian multipliers A and p always exist and are real. The optimality condition
reads

R(v,u)v=Au,

R(u,v)u= v,
(uuy=1,
(v,v)=1.

This ensures the existence of such A and p, and they are real. It is easy to verify that
A=—R(u,v,u,v)=pu. We may rewrite the M-eigenproblem as seeking the normalized
eigenvector pair (u,v) and the eigenvalue 6 in a coordinate-free manner as follows.

R(u,v) = (R(u,v)v, R(v,u)u) = 0(u,v),

ie.,

R(v,u)u=0v, R(u,v)v="~0u, (2.3)
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(u,u)y=1, (v,v)=1. (2.4)

Thus, the M-eigenvalues always exist and are real. The corresponding component form
reads

Réjkuivjukzeul, Rﬁjkviujvkzﬁul,
or, equivalently,
Rhijkuivjuk:@hlvl:@vh, Rhijkviujvkzeghlul =0Ouy, (2.5)

where g;;u'u? = g;jvivd =1,
Using (u,u) = (v,v) =1, we have the M-eigenvalue

0= (u, R(u,v)v) = R(u,v,u,v) = Rijru'viurvt. (2.6)

In some cases we further require that (u,v) =0. We add this constraint and present
the following modified M-eigenvalue problem.

R(v,u)u=0v, R(u,v)v=~0u, (2.7)
(u,uy={(v,v)=1, (u,v)=0. (2.8)

Similarly, the modified M-eigenvalues always exist and are real.

Here the Equation (2.5) is a tensor equation. Hence, the M-eigenvalues are invari-
ants of the Riemann curvature tensor. This is also true for the modified M-eigenvalues.
Also, from the properties of the above optimization problem, the associated function
Q(u,v) is always positive at a point if and only if all the M-eigenvalues of the Riemann
curvature tensor at that point are all positive. We see that the M-eigenvalues of the Rie-
mann curvature tensor has all the good properties of the M-eigenvalues of the elasticity
tensor.

REMARK 2.1. The optimization problem is just used to introduce the M-eigenvalue
problem on Riemannian manifold. The definition should not be limited on a Riemannian
manifold, and it can be extended to a pseudo-Riemannian manifold. But for the pseudo-
Riemannian manifold, there may be no maximum or minimum of the optimization
problem, since the constraint set is not compact any more. In the Lorentz manifold, if
v and u are space-like and time-like orthonormal vectors respectively, i.e., (v,0) =1 and
(u,u) =—1, then we have § =0, since the first formula in (2.7) yields 8 = (v, R(v,u)u) =
R(v,u,v,u), while the second formula in (2.7) gives 6 = —(u, R(u,v)v) = —R(u,v,u,v),
where R(u,v,u,v) = R(v,u,v,u) due to the symmetry property.

REMARK 2.2. Suppose that u=v. Then the M-eigenvalue problem reduces to
R(u,u)u=0u with (u,u) =1. In componentwise form, it can be written as R;jxu/u*u' =
Ou;, which is a Z-eigenvalue problem [17]. Since R;;xu’ ukul = — Ry’ utuk = 0, we have
0=0.

Recall that we have two kinds of eigenproblems (1.1) and (1.2) for the elasticity
tensor. For the Riemann tensor, we have similar things, i.e., (2.1) and (2.5). In a
special case, the M-eigenvalue in (2.5) is related to the classical eigenvalue in (2.1) as
stated below.

THEOREM 2.1.  Suppose that (¢,x) is the eigenpair of (2.1) with 29 =u'v’ —v'u’/ and

(u,v)=0. Then (0,u,v) is the eigentriple of modified M-eigenproblem (2.7)—(2.8) and
¢=26.
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Proof. Substituting % =u'v/ —viu?, the eigenproblem (2.1) reads

Rijkl(ukvl - vkul) =((u;v; —viu ).

It is easy to verify that
ik ikl j j
Rijriv? u™v' — Ryjpv’ v’ = (w007 —vui07).

Using Rijklvjvkul :Rikjlvjvkul = —Rikljvkulvj = —Rijklvjukvl, we have

. 1
Rijviufol = 5((%‘ —vi(u,v)). (2.9)

Note that the eigenproblem (2.1) is equivalent to R;jki2" = (grmgima™™". Similarly, we
have

Rijru'viuf = §C(UZ —ur{u,v)). (2.10)
Using the orthogonality that (u,v) =0, then (2.9) and (2.10) reduce to
okl L ik L
Rijrv’u™v —igui, Rijru'v’u —§Cvl.

This is just the modified M-eigenproblem (2.7) with the M-eigenvalue 8 = 3¢. |
Besides, using (u,u) = (v,v) =1 and the formulas (2.9) and (2.10), we have

[ RijruiviuFol _ R(u,v,u,v)
2 1—{(u,w)2 11— (u,0)?’

The orthogonality that (u,v) =0 and the formula (2.6) again yield that ¢ =26.

The sectional curvature is closely related to the M-eigenvalue. Let m CT,M be a 2D
subspace of the tangent space T, M and let u,v € ™ be two linearly independent vectors
(not necessarily orthonormal). The sectional curvature of (M,g) at p with respect to
the 2D plane 7= span{u,v} C T, M, independent of the choices of basis {u,v}, is defined
by

R(u,v,u,v)

K(m)= luAv|?

; (2.11)

where [uAv|?:= (u,u)(v,0) — (u,v)? = g;ju'n? grv*v! — (g;ju'v?)? denotes the square of
the area of the 2D parallelogram spanned by the pair of vectors u and v.

THEOREM 2.2.  Using the notation above, the eigenvalue of modified M-eigenproblem
(2.7)~(2.8) is the sectional curvature K ().

Proof.  Let (6,u,v) be the eigentriple of modified M-eigenproblem (2.7)—(2.8).
Taking the inner product with the first equation of (2.7), we obtain (v, R(v,u)u) =6(v,v).
Using (v,v) =1, we have § = R(v,u,v,u). Similarly, from the second equation of (2.7),
we have 6 = (u, R(u,v)v) = R(u,v,u,v).

When (u,v) is chosen as an orthonormal basis for 7, we have |[uAv|?>=1, and (2.11)
reduces to K (7) = R(u,v,u,v) = Rijpu'v’uFv!, and hence § = K (). 0

The sectional curvature is essentially the restriction of the Riemann curvature tensor
to a special set of vectors. The knowledge of K(7), for all 7, determines the curvature
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R completely [6, P.94]. Due to Theorem 2.2, it is not surprising to see that the M-
eigenvalues of the cases examined in the next section relate to the Riemann curvature
scalar R.

In the following we point out another related thing: the Jacobi equation, which
reads

VuVyv+R(v,u)u=0, (2.12)

where u is the tangent vector and v is a vector field along the geodesic [3, P.310]. Each
Jacobi field tells us how some family of geodesics behaves [12]. In component notation,
it can be written as
D2y
S+ RU 0P =0,
where t represents an affine parameter along the geodesics.
Note that the second term of the Jacobi equation also appears in the M-
eigenproblem (2.3), where it reads
RE uvPu? =60uvt. (2.13)

vpo
Using (2.13), we can express the Jacobi equation as
o + 0t =0,

where the dot denotes the ordinary derivative with respect to t. This is a linear system
of second-order ODEs for the functions v#, and it can be solved by using the proper
initial conditions [6].

Let us deviate for a while, and switch to the case in the Lorentz manifold, where
we define u as the tangent vector to the geodesic and v the geodesic separation, the
displacement from fiducial geodesic to nearby geodesic with the same affine parameter.
Then (2.12) is also called as the equation of geodesic deviation [13, P.219]. This equation
gives the relative acceleration of free particles [15] and can serve as a definition of
the Riemann curvature tensor whose components can be determined by throwing up
clouds of test particles and measuring the relative accelerations between them [22].
The eigenproblem (2.13) associated with the second term of the equation of geodesic
deviation, which also appears in the M-eigenproblem, has explicit physical meaning. For
a rigid body in free fall, the nontrivial eigenvalues of (2.13) give the principal internal
stresses to keep all the parts of the body together in a rigid shape [14]. This may shed
some light on the physical meaning of the M-eigenvalues of the Riemann tensor.

3. Case study
In this section we calculate several simple concrete cases including the conformally
flat case and the Schwarzschild solution to examine what the M-eigenvalues are.

3.1. The 2D case. For a 2D case, the Riemann tensor can be expressed by
Raved = K (gacvd — gadgve), where K is called the Gaussian curvature [20, P.101], and
there is only one independent component Ri21s.

We can easily check that

Ry = Riﬂ = R%m :921R1121 +922R2121 :922R1212,

; 11 ; 12
Ros=R5,0 =g " Ri212, Ri2=Ro1=Ri;5=—9 "Ro121.
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Then the scalar curvature R can be expressed by
R= Rkjgkj =g"" Ri1+2¢"Ri2+ 9% Ros
— 2R1212 (g11g22 7912912) — 2R1212 detgfl.

The Gaussian curvature, whose magnitude is defined by external observer, equals
to the scalar curvature, whose magnitude is defined in terms of internal observer. That
is,

R R
ootz v

detg 2

This is nothing but Theorema Egregium of Gauss.

PropPOSITION 3.1.  For the 2D case, the nonzero M-eigenvalue is (=K, where K is
the Gaussian curvature.

Proof. In components, the M-eigenvalue problem reads

(yz'y? —y?2?yt) = (o = Couna® = C(gia’ + g122?),
(yra?yt —ytaty?) = (oo = Cgora® = C(gn1xt + gana?),

)
Rioio(2Py'2® — 2?yPat)
( )

sly?at —alyla?

Ri212

Ri212

S k_ 1 2

=Cy1=Coy" =C(g11y +91297),
(

Ri212 =Cyo=Cgory" = C(g21y" + g229?),
with the constraints

(z,7) ngal“al“k =gna'z' +2g102' 2 + gor?a® =1,
(,9) = gray"y" = 9119" " +29129" v + g22y°y* = 1.
Solving this system of polynomial equations, we have ( =0 and

R R
_ 1212 g
g11922 — 9Jia 2

|
For the modified M-eigenvalue problem, we add the constraint
(x,y) = gijz'y’ = gna'y' + grox'y® + go12°y" + gaoa®y® =0.
We then have ( = K without the zero eigenvalue.
3.2. The 3D case. For the 3D case, there are six independent components in
the Riemann tensor, and it can be expressed by the Ricci tensor as follows.
R
Raped= Racgvd — RadGbe + JacRod — Jad Roe — — (JacGbd — GadJve)- (3.1)

2

Suppose that (A,z) and (u,y) are the eigenpairs of the Ricci tensor (x#y), that
is, Rycx®= Az, and Radyd:uya [8,9]. The M-eigenvalues of the Riemann tensor are
related to the eigenvalues of the Ricci tensor as stated in the following proposition.

PROPOSITION 3.2.  For the 3D case, if A and p are the eigenvalues of the Ricci tensor
associated with eigenvectors x and y respectively, then ({,x,y) is the eigentriple of the
modified M-eigenproblem with the M-eigenvalue (=X 4+ p— g.



HUA XIANG, LIQUN QI, AND YIMIN WEI 2309

Proof. For the M-eigenvalue problem, we need to calculate
Rapeay" =y = Cgana®, (a=1,2,3). (3.2)

Substituting the expression of (3.1) into the left-hand side (LHS) of (3.2), we have

R
LHS of (3.2) = Raet® — (2,y) Raay® + Roay"y o — Rpay’%yq — 5 (#a=(@,9)9a)

=Ract® — (2,Y) Raay” +y* Roa(z°y" — 2%Y°) gea — = (20 — (2,9)Ya) -

2

Since Ryex® = Axg, Radyd = WYa, and ybyb =1, the 3"¢ term equals to

Y (pypa® — ATpY°) gea = Za — M2, Y) Ya-

Direct calculation yields that

LS of (3.2) = (\+ ) (7 {,9)u) — 5 (0 — (&:)30).

Since R,y is symmetric, if A% pu, then (z,y)=0; if A=y, one can orthogonalize the
vectors such that (z,y) =0. Hence, LHS of (3.2)=(A+pu— £)z,.
The second equation of the M-eigenproblem reads

Rapear’y°z =(gary®, (a=1,2,3). (3.3)

We can calculate that

R
LHS of (3.3) = Ract® — (x,y) Raar® + Rpar’2%y, — Rpaxy . — B (Ya — (2,y)7a)

=Rocy’ — (,y) Raa® + 2" Rpa(y° 2 — y?2%) gea — = (Yo — (T, 9)T4) -

2| 3

Similarly we have that LHS of (3.3)=(u+A—£)y,.
Comparing with the right-hand side of (3.2) and (3.3), we have (=A+p—%. O

3.3. The constant curvature. The curvature tensor of a space of constant
curvature is expressed in terms of the curvature x and the metric tensor g;; by the
formula [21]

R;‘kl:’{(gligjl_g;gjk)' (3.4)
For k=0, it is an Euclidean space; for x>0, it is the sphere of radius 1/+/k; and for

k<0, it is a Lobachevskii space.

ProrosiTiON 3.3. For the spaces of constant curvature (3.4), (=& 1is the M-
etgenvalue.

Proof. Suppose that x,y are the M-eigenvectors. Direct calculation yields that
Rabeay"°y" = K(gacgvay"c°y" = gaagoey" = y?) = k(w0 — (€,9)ya) = (2.

Similarly, we have Rupeaz?y°r? =k (ya — (2,9)20) = (Y.
Using (x,y) =0, then we have the M-eigenvalue ¢ =&. ]
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In the following we investigate this case in another way. For the Riemannian man-
ifold with constant sectional curvature x, V W, XY, Z € T,M we have [12, P.149]

ROW,X,Y, 2) = (W,R(X,Y)Z) = k((W, X)(Z.Y) — (W,Y){Z.X)),
equivalently,
RX,Y)Z=r((Z,Y)X —{Z,X)Y).

Assume that X is the tangent vector of geodesic and (X, X)=1, and Y is a Jacobi field
along the geodesic, normal to X, and (Y,Y)=1. Then setting Z =X, we have

R(X,YV)X =k((X,Y)X — (X,X)Y)=—kY, (3.5)

where we use the facts that (X, X)=1 and (X,Y)=0. Similarly, we can calculate that

RY,X)Y =c((Y,X)Y — (YY) X)=—rX. (3.6)
Since R(X,Y)=—R(Y,X), from these two Equations (3.5) and (3.6) we can clearly see
that k is the M-eigenvalue.

3.4. The Schwarzschild solution.  The Schwarzschild solution is the first exact
solution of Einstein’s field equation. According to Birkhoff’s theorem the Schwarzschild
solution is the most general spherically symmetric solution of the vacuum Einstein
equation. The exterior Schwarzschild metric is framed in a spherical coordinate system
with the body’s centre located at the origin, plus the time coordinate. In Schwarzschild
coordinates, with signature (—1,1,1,1), the line element for the Schwarzschild metric
has the form

2GM 2GM
ds’=—(1- G Adt?+(1- ¢
c2r c2r

-1
) dr® +r?df® +r?sin’ 0de”.

Let 7, =29M be the Schwarzschild radius, and define f(r)=1—2%M =1—"= The
nonzero components of the Riemann tensor R%, are given as follows.

T 1 T
o _p1 _Ts 0 _ pl _ 2 _Ts . 2
Ry90=Roo1 =5, R330*R331*§R323**Sm 0,

r
RY >
2r 2r

101:Wa

Ts Ts
Rior=—9"" go0 R = T%CQf(T)a Rioo=—9"g00 Rz = ﬁch(r),

Ts Ts

Rhao == o0 ltba0 = 5,56 (1), - Rhia =601 = 575
R3..— g% Rl_L B3 _ 33 Rz—ri
11379 911 331_27“3f(7")’ 5320 =0 922 R353 = -

0 _ 0
RllO - 7R1017
1 1
ROlO - _R0017
2 2
ROOZ - _R020,

3 3
ROOS - _ROBO?

0 _ 0
R202 - 7R2207
1 1
R212 - _R2217
2 2
R121 - _RIIQa

3 3
R131 - _R1137

0 _ 0
R303 - 7R330a
1 1
R313 - _R3317
2 2
R332 - _R323a

3 3
R223 - _R232‘
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ProrosITION 3.4. For the Schwarzschild solution given above, + & are the M-

. 2
eigenvalues, where K1 = Rapeq R =12 (:—3) 48§1r{3” 1s the Kretschman curvature
mvariant.

Proof. Let t=a%r=2a'0=22¢=23 For the Schwarzschild space, the M-
eigenproblem reads

Ryt (2% —2'y°) + R0y (2% — 2°y°) + Ryay® (2% — 2°y°) = (a”,
Romyo(xoy1 - xlyo) + Ry0y? 21y —2®y') + Rypy° (21 — 2%y t) = (o,
R0y (ay? —2%y°) + RY oy (2'y® — 2®y") + Rigsy® (2% — 2%y%) = (a2,
Riosy” (2% —2®y°) + RY gy (2% — 2°y") + Riyay® (0% — 2%y) = (2,
Ry x' (y°2' —y'a) + RYppa® (y02? — y°2®) + RYpsa® (y02® —y°2°) = (o),
Ri2° (102" —y'a®) + Rypoa” (y'a® — yPa) + Ryyaa® (y'a® — P2t = ¢yt
R3002° (y°0” — ) + RY px' (y'a® — yPa’) + Rige® (y°2® —y°2%) = (0,
Rz’ (400 —y°a®) + Yzt (y'a® — e’ ) + Rigpa® (2’ —y°2%) = ¢y,

gooa:oxo +911$1x1 +gzzx2x2 —|—g33x3x3 =1,

9009y’ + 9119y + 92207y + 933’y = 1.

_GMf(r) _ __GM _ GM s GMsin?0 _
Define A= r3 = - 27‘3 ch( ) —e2r3f(r) T 2r3f C 27 ;r ’ D= csm
Ts

ﬂsin2 f. The nonzero components are expressed by

R101 = Ruo =2B, R220 = R202 =C, R330 = R303 =D,
R001 :—R010:2A, R221 :—R212=C, R331 :_R313:D7
Rgzo = _R?Joz =A, R112 = R%m =B, R§23 = _Rgaz =2D,
Roso = Rgos =4, R113 = R:f31 =B, R232 = R;)zg =2C.

We have the following system of polynomial equations with nine variables

(2%,2t,22, 2%y, y1 92, 93,Q).

2By* (a°y' —2'y%) — Cy? (2% — 2*y°) — Dy (2%9° — 2°y°) = a”,
24y° (20" —2'y°) = CyP (a'y® —2%y") — DyP (a'y® — 2Py ) = (o,
— Ay’ (2% —a®y") + By' (a'y® —a?y") + 2Dy’ (2% — 2y?) = (a?,
—Ayo(zoyg—xSyOHBy( y’ —a’y') = 20y*(¢y® —2’y?) = (2,
2B} (2" —a'y)+ (@’ —a%y®) + Da* (@’ —ay®) = ¢y,
—2Ax°(af0y1—x )+ Ca?(a'y? —2?y') + D’ (xly’ —2y) =y,
Axo(mOyQ—xQ 0y _ Bat(aly? — 22y") — 2Da3 (22 — 2%y?) = (o,
Az® (2% —2%y°) — B2l (a'y® — 23y + 2027 (2%y® — 2%y?) = (.

Let S¥ =2'y? —2/y*. From the first four equalities, we have

0 259 §20 §307 7400 0] [y°
250 0 52§31 10BO0 O
52006120 2521 100C 0
530513 25%2 0 | {00 0D

<

ARSI
w =
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For simplicity, we denote it by

TAy=(z,

where A:=diag(A, B,C,D) = F5diag(c2f(r), f(r)~',r?,r?sin*0), and T can be defined
correspondingly.
Similarly, from the last four equalities, we have

TAxz=—Cy.

Rewriting these two equations in a compact form, we have
0 TA|(x\ _ ¢ x
—TA 0 |\y) >\y/)’

det( ¢ _TA) —det (C2I+(TA)?).

Note that

TA ¢
The nonzero solution requires that det (T'A+i(I)=0. Direct calculation yields that

det (T£iCA™") =det(T) + [(* + AB(25%")2 + AC(5%°)% + AD(5%0)?
—CD(25%)%? — BD(S')? — BC(S*")?)¢?det(A™Y).
A sufficient condition for the existence of nonzero solution is that the two terms in the

right-hand size of above formula are zeros.
For the first term, we can verify that

det(T) = — (28" - 2523 4 520513 4 §30.621)2,

Hence, det(T)=0 is equivalent to 4515234 520513 4 630621 —(). We can denote this
by (2591,520,830) | (2523,813 S21) for an easy-to-remember form. Substituting the
expression for %, we have 35°1523 =0, ie., 2%' =z'9y" or 22y3 =23y%. Meanwhile,
520531 _ 530521 =0.

The choice that © =y gives zero M-eigenvalue. We choose

=y’ al=yl, 2P=—y? 2=yt

Under such settings, we have S0'=0=.523, §20=24022, §30=22023, S13=_22'23,
and S?! =221'22. For this special choice, the first four equations and the next four
equations are the same, and can be further reduced to two equations:

Aa®)? = B(z')?=(/2,
C(2*)*+D(2%)* = —(/2,

which can be obtained, for example, from the 2"? and the 3"¢ equations in the system
of polynomial equations. This indicates that

A(2%)? - B(2')? = —C(2?)* - D(2%)2.
By the way, we can check that the second term in det (T'+4i¢A™") reduces to

{C+4[A@E")? = B(2"))[C(2%)* + D(2)?]}¢*det(A71),
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and it vanishes naturally.
Since the metric

2r3

T's

(9i5) = diag(—czf(r),f(r)_17r2,r2 sin? 0)= diag(—A,B,C, D),

and the constraint
2r3

S

(z,0) = g; ' 2! = [~A(2°)? + B(z")? 4+ C(2*)* + D(2*)?] = £1,

we have
GM K
—92[A(z°)2 - B ney s UM )
¢=2[A(x") (z7)7] $27”3 $c2r3 $\/ 48
0

We find that the M-eigenvalue relates to the Kretschmann invariant, which is the
simplest invariant product involving the Riemann curvature tensor, and used most often
to identify essential singularities in a spacetime geometry.

The Schwarzschild metric (1915), the Reissner-Nordstrom metric (1916, 1918), the
Kerr metric (1963), and the Kerr-Newman metric (1965) are four related solutions. The
analysis above can be extended to the Reissner—Nordstrom solution, a static solution
corresponding to the gravitational field of a charged, non-rotating, spherically symmetric
body. Its line element reads

-1
r2 2

where 7@ is a characteristic length scale given by r% = % with @) being the charge.
The Kerr solution is more interesting, and the corresponding M-eigenproblem is much
more difficult to solve. Using the Newman-Penrose null tetrads [4] can be helpful for

this case.

4. Conclusion

Starting from two kinds of eigenproblems of the elasticity tensor, we investigate
two corresponding eigenproblems of the Riemann curvature tensor. One is classical,
related to the Petrov classification. The other one is the M-eigenvalue problem, which
is the extension of the M-eigenvalue problem of the elasticity tensor. In a way similar
to the elasticity tensor case, from the optimization problem on the associated function,
we introduce the M-eigenproblem of the Riemann tensor. The M-eigenvalues of the
Riemann curvature tensor always exist and are real. They are invariants of the Riemann
curvature tensor. The associated function of the Riemann curvature tensor is always
positive at a point if and only if the M-eigenvalues of the Riemann curvature tensor are
all positive at that point. These show that the M-eigenvalues are some intrinsic scalars of
the Riemann curvature tensor. We further examine several typical cases such as the 2D
case, the 3D case, the constant curvature case and the Schwarzschild solution. But we
can just obtain a few of the M-eigenvalues, and cannot calculate all the M-eigenvalues
by solving a system of polynomial equations. Actually, the M-eigenvalues and their
corresponding eigenvectors are real solutions of a system of polynomial equations. Thus,
it is hard to know the number of M-eigenvalues [7,17]. But we believe that the M-
eigenvalues are related to those important curvature invariants, and would show us
tremendous mathematical and physical information.
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Appendix. Using the symmetry of Riemann tensor R;jr; and the anti-symmetry
of eigentensor 7, we can rewrite the eigenproblem (2.1) as follows.

Rio10 R1o20 Rio30 Rio2s Rios1 Rioiz] [0 z10
Ra010 Ro020 Ra030 R2023 Raos1 Rooiz | | 2 z?0
R3010 R3020 R3030 R3023 R3os1 Raoiz| | 230 | 1 .[Gy1 Gia] | 2%
Ras10 Raspo Rasso Rosas Rassn Rosia| | 222 | §< {Gm Gm] %3
Rs110 R3120 R3130 Ra123 Rais1 Raiz| | 23! z3!
Ri210 R1220 Ri230 Ri223 Ri231 Ri212| \@'? zt?

We express it in a compact matrix form, compressing each pair of indices into one
index by the following standard mapping for tensor indices.

—_

ij = 10203023 31 12
R
A= 123456

[\]
[an}
[\)
—
—_

Denoting the basis indices by capital letters, we rewrite the above eigenproblem as
(2.2): RaprP= éCGABxB, where (G ap) is defined by the following matrix blocks of
size 3-by-3:

_900911 —9(2)1 goog12 — go2910 9googis — 903910_
G = 900922 — 93> 900923 — 903920 | »
sym. 900933 — 933 i

_922933 —953 923931 — 921933 921932 — 922931_
Gaa= 11933 — Gi3 912931 — g11932 |
sym. 911922 — 91 ]

903912 — 302913 901913 —go3zgdi1 Jo2911 — 9goi1gi2
G12= [ 903922 — 902923 901923 — 903921 J02921 — Jo1922 | »
903932 — 302933 901933 — J03g31 902931 — go1932

and Ga1=(G12)T. For the case where (g;;)=diag(—1,1,1,1), we have G=
diag(—1,—1,—1,1,1,1).
From the Einstein field equation in vacuum

Rij=kgij,
and Ry, = RZhb = g™ Ruipn, we have > ok SkRikjk = Kgij, where s, =£1.

Due to the symmetry, we suppose that (Rap)= where M and W are

M N
NTw|
symmetric. According to the (0,1), (0,2) and (0,3) components of the equation, we can
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derive that N itself is symmetric. Using the Bianchi identity Rgyi23 + Ros12 + Ro231 =0,
we have tr(N)=0. From the (1,2), (1,3) and (2,3) components, we obtain that M =—-W
except the diagonals. Further more, using the (0,0), (1,1), (2,2) and (3,3) components,
we can verify that M =—W and tr(M)=—k. In all, the 6-by-6 matrix (Rap) can be
expressed as

(Rap)= []\]\47 _]XA )

where tr(N)=0, tr(M)=—x, N and M are both symmetric [16].
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