Chapter 3

RIEMANNIAN MANIFOLDS

In his ground-breaking essay in 1855, Riemann investigated the nature
of a space M (called n extended quantities by him) through a precise mech-
anism of measurement of length. Among others, Riemann studied in de-
tails the fundamental case when the measurement takes the form

ds = /Y gijdxidxl,

now called a Riemannian metric g. Through local expansion, Riemann dis-
covered the invariant quantity R;j; in the second order terms and proved
that its vanishing is equivalent to that (M, g) is locally Euclidean.

The Riemann curvature tensor }_ R;jx dx' ® dx) @ dx* @ dx!, which gen-
eralizes the Gaussian curvature K of surfaces, was (and still is) difficult to
work with. To understand it, tensor calculus was subsequently developed
in the next decades by Levi—Civita, Christoffel, Ricci and others. Notably,
for each X € T, M the notion of absolute differentiation VxT was invented.
Aided by this language, Hilbert and Einstein wrote down the field equation
of General Relativity in 1915, which confirmed the central role of Riemann-
ian geometry in Geometry and Physics till today.

In this chapter we present the basic elements in Riemannian geometry.
We introduce normal coordinates (local) and exponential maps (global) and
prove the Hopf-Rinow theorem to characterize complete manifolds. We
then discuss geodesics and variations of them. The precise link between
the second variation formula and the curvature tensor leads to topological
applications like Bonnet and Synge’s theorems. Together with Jacobi fields
we prove the Cartan-Hadamard theorem which characterizes spaces with
constant curvature as quotients of RN, SN or HN (space forms).

We discuss also the second fundamental form B and the mean curva-
ture vector H of a submanifold i : M < N and study the variational
aspects. Comparing with geodesics, only the simplest properties are ad-
dressed here. More advanced aspects will be discussed in later chapters.
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76 3. RIEMANNIAN MANIFOLDS

1. Riemannian structures and affine structures

Definition 3.1. A Riemannian manifold (M, g) is a C* manifold M to-
gether with g € C*°(M, Sym*(T*M)) such that g, is positive definite
for every p € M.

Such a g is called a Riemannian metric, or simply a metric. In local

chart (U, x),
g=)Y gijdx' ®dx,
L]

where g;; = g(%, %) on U. We also denote (X, Y) = ¢(X,Y).

Any differentiable manifold M can be endowed with Riemannian
metrics through a PO.U. {U,, p, }: we can assign an arbitrary metric
g« on U, (e.g. the Euclidean inner product), and then define

g =) Paga-
14

It is easily to see that g is a metric. It is also easy to give another
construction of metrics on M under a given C* imbedding M —
RN. We simply consider the inner product on TyM — TleN ~ RN
induced from the one on T,RY, say the Euclidean one gpn. 1

With a Riemannian metric g, we can define the concept of mea-
sure and integration even for non-orientable M: for f € C* (M),

/Mf:: /Mfd]ig,

where the measure, or the volume form,
dpg =dV =dvol := |w|

A major philosophical question in Riemannian geometry, essentially posed
by Riemann, is the isometric imbedding problem: for any (M, g), does there exists a
C* imbedding ¢ : M — RN for some N € IN such that

g =1U"grn?

The question was finally answered positively by John Nash around 1954-1956
(1954: C! isometric imbeddings; 1956: C* isometric embeddings). Nash’s proof
opened a new era of non-linear analysis and in particular lead to his celebrated in-
verse function theorem on Fréchet spaces. We will not discuss it in this beginning
stage. Will come back to some aspects on it in the later part of this book.
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is the absolute value of a top form w defined at any p € M by
pl n
wp:=¢ N...N¢",

where ¢", ..., ¢" of T;;M is any orthonormal basis of T;M, say dual
to an orthonormal basis ey, ey, . . ., e, of T, M.

Exercise 3.1. (2) Given vy,...,v; € V = R" with inner product (, ),
show that the k-dimensional volume of the parallelpipade

k
P<Ull .. -/Uk) — {Zi:1 tivi

is \/det( <Z)1'.Z)]‘> )5(,]:1
(2) On a local chart (U, x), show that

ogt,-gl}

dpg = w = y/det(g;j) dxt AL A dx

Remark 3.2. In order for the volume form to be defined we need only
the manifold and the metric ¢ to be C.

With a metric g, we can also measure the size of lower dimen-
sional submanifolds. Given a C! immersion:: S & Mofak < n di-
mensional manifold S, the induced tensor gs := (*g is a Riemannian
metric on S and then the k dimensional volume form dyg, € A*(S)
is defined. In local coordinates (x!,...,x") on M and (t,...,t5) on
S, we see from Exercise 3.1 that

k
d;’lgs = \/det <g(l*ati/ l*atj)>i]'—1 dtl AN dtk,

e (5 ox’ ax/\* ik
=, |det Zif,jfﬂgi’j’ﬁg - A LA,

= \/det(D1)!G(DT) d' A ... p i,

]
where 9, := %, 140 = Y it % %, and G = (gyj). The case k = 1

goes back to arc length element we start with:

ds? = Zgi]' dx'dx/.
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Next, we study differentiations on (M, g). Let F be a vector-
valued function on R” and v a unit vector. The directional derivative
of F at a point p in the v direction is defined by

1
DyF :=lim— (F(p+tv) — F(p)) .
t—0 t

To generalize it to a manifold M, we need to compare the difference
of vectors (or tensors) at different points. Therefore, we need to ”“par-
allel translate” them to the same point p to compare the difference.
As a result, to define the differentiation, what we really need is the
notion of parallel translations or affine structures.

We wish to define the directional derivative such that it only de-
pends on v € T, M but not on the extension @ of it. Also, the resulting
differentiation should satisfy linearity and the Leibniz rule.

The “Lie” derivative does not meet the requirement. From

LixY = [fX,Y] = fIX,Y] - (Y)X,
we see that it is not function-linear in X and the differentiation of Y
at p in the direction X, depends on the extension of X, to X. 2

The correct concept, developed by Christoffel, Levi-Civita, Ricci,
Koszul and others, start from the following simple definition:

Definition 3.3. A covariant differentiation is an operator
Vx:C¥(TM) — T,M
for every p € M and X € T,M, such that

(1) VxY is R-linear in both X and Y, and
(2) (Leibniz rule) Vx(fY) = X(f)Y, + f(p)VxY for f € C.

In other words, by the Fundamental Theorem of Tensor Calculus
(theorem 2.14), the IR bi-linear operator

V:  C®(TM) x C®(TM) —— C®(TM)
(X,Y) VxY

%Different extensions X lead to different integral curves and flows ¢;. Even if
we take a non-trivial scaling 1 X of one extension X with h(p) = 1 so that we get
the same integral curves, they must have different parametrizations and the flows
are different. Thus in general we get different values of LxY at p.



1. RIEMANNIAN STRUCTURES AND AFFINE STRUCTURES 79

is function-linear in X. Thus VY is a vector valued 1-form:
V:C®(TM) = AY(TM) = A} (M) ® C®(TM).

More generally, for a vector bundle E — M, an affine connection is
an operator D : C*(E) — A!(E) with Leibniz rule. Thus a covariant
differentiation is simply an affine connection on TM.

Example 3.4. (1) M = R", Vx = Dy, the directional derivative.

(2) Let M — RR" be a submanifold and p € M. Let X € T,M
and Y be a local vector field on M defined near p. Let Y be any C®
extension of Y to TIR". Then we define the induced connection by

ny = (Dxl?)T,

the tangential part of DxY in (1) under the orthogonal projection
il

On a general manifold M, affine connections on a vector bundle
E — M can be constructed by patching the local connections. Let
M = U, U, with a partition of unity (Uy, ¢,)’s. Given an affine con-
nection V* on U, for each g, it is natural to ask if

V=) ¢ V"

is a covariant differentiation on the whole M?
Notice that a simple scaling of a connection is no longer a con-
nection. For V = IV,

Vx(fY) = hX(f)Y +hfVxY = hX(f)Y + fVxY.
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Leibniz rule fails unless i = 1. Nevertheless, for a (locally) finite
sum V = Y1, V!, the same calculation shows that

Vx(FY) = (L h) X(H)Y + fVxY.
Thus V is a connection if and only if } ; h; = 1,i.e. V is a an affine lin-

ear combination of V"'s. In particular, for a PO.U. {¢s}, V = ¥, ¢ V*
is a global covariant differentiation operator.

Exercise 3.2. Show that the set of all affine connections on E — M is
an affine space V" + A!(End E) modeled on the infinite dimensional
vector space A!(End E), where VY is any affine connection.

So far, we have not made use of the Riemannian structure g.
When g is present, which connection(s) will be the best choice(s)
among the above infinite-dimensionally many ones?

Notice that in the case M — R" as in Example 3.4, two more
properties hold for the induced connection V:

(1) V is compatible with metric, i.e. it satisfies the “Leibniz rule”:

X(Y,Z> = <DXy, Z> + <Y, sz> = <ny, Z> + <Y, sz>
since ((DxY)N,Z) = 0for Z € C®°(TM).

(2) V satisties the torsion-free condition:

VxY - VyX = (XY - YX)T = [X,Y]T = [X,Y].

Definition 3.5 (Torsion tensor). For any affine connection V on TM,
T(X,Y):= VxY — VyX — [X, Y] is a tensor, called the torsion of V.

Exercise 3.3. Let (N, g) be a Riemannian manifold and M — N.
Show that the induced connection VxY := (DxY)T is (i) indepen-
dent of the choices of Y, (ii) compatible with metric and torsion-free.

A fundamental result due to Christoffel (1869) and later used by
Levi-Civita (1917) to study parallel transport, asserts that there is an
unique connection, the Levi-Civita connection, satisfies (1) and (2):

Theorem 3.6 (Fundamental Theorem of Riemannian Geometry).
For any Riemannian manifold (M, g), there is a unique connection
V = VL€ on TM which is metric compatible and torsion-free.
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PROOF OF UNIQUENESS. Given any 3 vector fields X, Y, Z, by com-
patibility and torsion-free condition, we have

X(Y,Z) = (VxY,Z) + (Y, VxZ),
Y(X,Z) = (VyZ, X) + (Z,VyX),
= (VyZ,X) + (Z,VxY +[Y,X])
Z(X,Y) = (VzX,Y) + (X, V,Y)
= (VxZ+[Z,X],Y) + (X, VyZ +[Z,Y]).

By adding the first two and subtracting the third one, we get

1

(VxY,Z) :§<X<Y,Z> FY(Z,X)— Z(X,Y)

+(Z XY+ (Y, 12, X]) - (X, 1Y, 2])).
Since Z is arbitrary, this implies that VxY is uniquely determined by
the differentiable structure and the metric. O]
Exercise 3.4. Prove the existence of Levi-Civita connection by check-
ing the above formula for VY defines a covariant differentiation.

In local coordinate (x!,...,x™), let 9; := %. The Christoffel sym-

bol l"i-‘j of an affine connection V is defined by

Vadj = Y T% ok
k

It measures how the frame moves, hence determines the information
of the affine connection: for any vector field v = ¥ v/ 9 s

Viv =V, Zzﬂa Z(avf )9 +Zv
—Z v]+20 I’] -::Zvﬂ.a]-.
j

Here vji = 0;0) + Y oF ka. We will generalize this to all tensors later.

Lemma 3.7. An affine connection V is torsion-free if and only if Fk = Fk

in all coordinate systems.
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Indeed, if V is torsion-free, then
0= [9;,0] = V5,0 — Vi,9i = (I; — )y

Conversely, the torsion tensor T(X,Y) = 0 since T(9;,9;) =0
We further assume that V = V€ is the Levi-Civita connection.
Since (9;,0;) = gij, the formula in the proof of Theorem 3.6 says

Zrz] Stk = 5 (9igjk + 9j8ki — 9x&ij)-

Denote by (") = (gij) ™', i.e. §7g, = 6. Then we arrive at the
fundamental formula for the Christoffel symbols:

Lemma 3.8. The Christoffel symbols for VC are given by
1
(3.1) Tfj =5 ;gk( (9igje + 9jgri — 948ij)-

Now we turn to the question of parallel translation for an affine
connection V. Given a smooth curve y : [0,1] — M. Denote §(t) =

7' (t) = dy () = 9 = 9. Let F be a vector field along . Write
DF
E - VatF = VtP

as the covariant differentiation along .

Definition 3.9. We say that F is parallel along 7y if V3 F =

Let F =Y f'o;, 'y(t) = (x!(t),...,x"(t)). Then
o F = Z( 9+ £V, ) y <%ai +f xfr{fjak)
= 2 < +ka]1"k])a
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The equation VF = 0 is a first order linear ODE in ¢t. Thus the
parallel translation F(t) exists along v and it is uniquely determined
by the initial vector F(0).

Lemma 3.10. Let (M, g) be a Riemannian manifold. If ¥V is metric com-
patible then parallel translation preserves inner products.
PROOF. Let Vy, V, be two parallel vector fields along y. Then
’j/(Vl, V2> = <V7V1, V2> + <V1, Vj,V2> =0.

Thus (V4, V) is a constant function in . O

2. Geodesics, exponential map and Riemann’s normal coordinates

From now on we assume that V = VL€,

Definition 3.11. A (parametrized) curve vy is a geodesic if V7 = 0.

Example 3.12. For M — R",
Va7 = (D7) = (D7) =1"(1)".
In particular, geodesics on linear spaces are lines and geodesics on
spheres S are great circles.
If V7 = 0 then
711 =2(V47,7) = 0.

So || = cis a constant and the arc length s(t) = fot |¥| = ct. So tis
necessarily proportional to the arc length s.

In local coordinates, let y(t) = (x'(t),...,x"(t)), ¥ = L (t)o;.
The geodesic equation is a second order non-linear ODE in ¢:

Vir=Y (xk + Zrﬁfjx"xf) 9 = 0.
k i

Still, by the existence and uniqueness theorem, -y exists and is uniquely
determined by (#y) = p and 7/(tp) = v for a maximal time interval.

The local existence ensures us to find the geodesics in any direc-
tion v € T, M. This leads to the notion of exponential map:
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Definition 3.13 (Exponential map). For p € M, the exponential map
exp, : U C TyM — M is defined by exp,(tv) = (t), where 1 is the
geodesic satisfying y(0) = p,7'(0) = v € U. Hence expv = y(1).

The exponential map exp , is well-defined on some neighborhood
U of 0 € T, M. But it may not be extended infinitely:

Example 3.14. Consider M = IR? \ {0}. The geodesics are lines on the
R? plane. It is clear that the geodesic can not across the origin.

Proposition 3.15. exp,, is a local diffeomorphism near 0 € T,M

The smoothness of exp,, follows from the smooth dependence of
ODE on its initial values (cf. Section 8 of Chapter 1). By the inverse
function theorem, we only need to compute

By direct calculation,

d

d(exp,,)o(v) = i exp,,(tv) = .

Hence d(exp,,)o = id and the C* local inverse exists.
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An easy application of the exponential map is the Riemann normal
coordinates. Let {ey,...,e;} be an orthonormal basis of T, M. In the
diffeomorphic neighborhood U of the exponential map, we define
the Riemannian normal coordinates (RNC) by

expp(xlel +x%ey 4 ...+ x"Mey) — (x4, x%,...,x™) e U C R™.

Why is the normal coordinates system good? An immediate con-
sequence is the following striking fact:

Lemma 3.16. Under the normal coordinates, l"fj( p) =0foralli,j, k.

PROOF. Fix a direction h =

(1,
x(t) = (xl(t), 22(t),..., x"(t)) =
sponding geodesic y(f) = exp,, (¢

+ Y Ty (8) ® (A (1) = 0.
i

Since x(t) is linear in t, we get }; ; l“i-‘j(’y(t))hihf = 0. Lett = 0. Then
for all k,

h™) and consider the line
(i‘h1 th2 ., th™) = th with corre-
h). The geodesm equation is

> Tii(p)h' = 0.

Since this is true for arbitrary h in the existence neighborhood, we
conclude that Ti‘]( p) =0. O

As an application of the normal coordinates, we prove

Proposition 3.17. Geodesics are locally of minimal length.

More precisely, Take B = B,(0) C Ty M such that exp,, |p is a diffeo-
morphism. Any q € exp,,(B) is connected to p by a geodesic y. Then L(y)
is minimal among all piecewise smooth curves I' connecting p and q.
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PROOF. Consider the spherical coordinate on T, M:
1 -1
(r,6%,...,0" ),

which defines a “spherical normal coordinates” on expp(B). Denote

8rr = g(ar/ ar); ra = g(arr 89“)/ 8up = g(aG‘X; agﬂ)-

Lemma 3.18 (Gauss lemma). g, = 0foralla € [1,m —1].

Assume the Gauss lemma, then
ds? = dr* + Y g, d0" ® doP.
v,
Thus, the arc length of I' is

6% dep
/%/J( ) Zg“ﬁdt ar
/dr
> el
= |at

since g is a positive definite symmetric tensor. The equality holds if
and only if 6*’s are constants. Thatis, I' = +. [

dt = L(v),

PROOF OF GAUSS LEMMA. A simple proof using coordinates is
left as an exercise (c.f. Exercise 3.5). The proof given below is in-
tended to get us more familiar with the exponential map. Also we
prove a stronger form: for w € To,(T,M) = T, M,

(d(expp)v(v),d(expp)z,(w»q = (0, w)p.
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e e — . b 20N
e o

d(expp)v(v

Let w = wy + wy where w; L v, w, = Av. Then for the w; part,
(d(exp, )ov, d(exp, )ow2) = Ald(exp, )0, d(exp,)ov) = A(v,0).

The last equality follows from the definition

d o d o
d(expp)vv = Tl expp(v + tv) = T tZO’Y(t +1) ='(1)

and the fact that |/ ()] is constant in t. Hence |/ (1)| = |7/ (0)| = |v].
For the w part, which is the Gauss lemma, we need to show

(d(exp, )ov, d(exp,)owr) = 0.

Consider a parametrized surface in M, X(t,s) := exp, (tv(s)), where
v(0) = v,79'(0) = wy and |v(s)| is constant.

Denote X; = aa—i‘ = X*%, X = aa—i‘ = X*%. Then

(d(exp, )ov, d(exp,)owi)g = (Xt Xs)(1,0).
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By definition of geodesics,

0
§<th XS> = <vatxtl XS> + <Xt’ vatxs>

= (0,Xs) + (X, Vo, X + [X¢, X))
1
= (X, V5, X¢) = Eas<xtlxt> =0.

since (X¢,X;) = |v(s)|? is constant. O

Exercise 3.5. Prove Gauss lemma by showing that I', = 0 and then
0:8ro = 0 for all a.

3. Metric space structure and completeness

A Riemannian manifold (M, g) can be endowed with a metric
space structure (M, d) with d(p,q) = infL(y) among all curves vy
joining p and g. From the Gauss lemma, we know that B,(r) C M,
the ball of radius r centered at p, is precisely the diffeomorphic image
of Bo(r) C TpM for small r. In particular the manifold topology
coincides with the metric space topology.

Definition 3.19. A Riemannian manifold (M, g) is complete if (M, d) is
a complete metric space.

In the definition of exponential map, exp,, is only defined on an
open set U of 0 € T,M. It turns out that the question whether the
map can be defined on whole T, M for every point p € M is equiva-
lent to completeness of (M, d). We first need the following

Lemma 3.20. Let p € M, assume that exp,, is defined on whole T, M,
then any point g € M can be joined by a minimal geodesic from p.

PROOF. Let B, () be the ball centered at p in which exp, is a
diffeomorphism. If g € By(r), then we are done. Now, we con-
sider ¢ ¢ By(r), we claim that there exists g € 9B, (r) such that
d(p,q) =r+4d(q,q). To see this, we easily have d(p,q) < r+d(q’,q)
from triangle inequality. For the reverse inequality, let 4 € 9B, (r)
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v 2

g
qu .l]

such that d(q’,q) = infyreap,(r) d(9”, ). By definition of our distance
d, we get the reverse inequality.

Lety : [0,00) — M be the geodesic enumerating from p and pass-
ing through 4. We next prove the statement by continuity method.
Let Z = {t € [0,00) : d(p,y(t)) +d(¥(t),q) =d(p,q)}. First, Z # @
since r € Z. Obviously, Z is closed. Let ty = sup Z, we claim that
v(ty) = g. Assume y(fy) # gq. First, there exists r; > 0, consider
q" € 9B,4,)(r1) such that

d(v(to),q") +d(q",q) = d(v(to),q),

where d(7(t9),q") = r1. Let 0 be the unique geodesic joining from
v(tp) to q”’. Then from

d(p,v(to) +d(v(to),q) = d(p,q),
we have:

d(p,v(to)) +d(v(to),q") = d(p,q").

However, this shows that ([ ) U] g -,] is a minimal geodesic, which
implies that v and ¢ must fit together to form a smooth geodesic
Y0,t94r,)- Thus, to +r1 € Z, a contradiction. O

Theorem 3.21 (Hopf-Rinow-de Rham). The following are equivalent:
(1) exp,, is defined on all T, M for one p.
(2) (M, g) is complete.
(3) exp,, is defined on all T,M for all p € M.

PROOF. (3) = (1) is trivial. For (1) = (2), let {q;}3>, be a
Cauchy sequence of (M, d), and let 7; : [0,t;] — M be a sequence of
minimal geodesic with y(#;) = g;. Since 1; are parametrized by arc—
length, {f;}$°, is also a Cauchy sequence in [0, c0), whose limit is de-
noted by ty. Moreover, by compactness of B1(0) C T, M, we can pass
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to a subsequence v; such that 'yl{n — 0 € TyM as n — oo. Then con-
sider the geodesic equation with initial value ¢(0) = p, 7/(0) = v,
the Picard-Lindelof theorem guarantees the continuity of solution of
the ODE on initial data. As a result, we have q;, = v; (t;,) — 7(fo),
and thus q; — y(tp) (since g; is Cauchy).

Next, for (2) = (3), if there exists p € M such that a geodesic 7y
with 7(0) = p, 7/(0) = v only defines on [0, t). Pick any increasing
sequence t; ' tg, v(t;) is a Cauchy sequence with limit 4. Define
v(tp) = g, then it is a continuous on [0, ty]. Moreover, for sufficiently
large i, 7y (t;) lies in a normal coordinate ball of g, and thus we can join
v(t;) from g by a minimal geodesic o. Thus, the piecewise smooth
curve 7y U o must coincide together with a smooth geodesic, and 7y
extends past tp, a contradiction. O

Corollary 3.22. That (M, g) is complete implies it is geodesic convex,
which means any two points can be joined by a minimal geodesic.

One should notice that even if M is complete, two points may not
be joined by a unique minimal geodesic, e.g. the north and the south
poles of a sphere (cf. Section 6 for more on this).

At the end of this section, we prove Fact 2.37, namely the exis-

tence of convex neighborhood.
Given p € M. Fix 6 >

0 such that V g € By(d),

exp, is a diffeomorphism

on some B, (r;). Simply let
ro= min r; > 0.

q€By ()
As in the picture, any g, 4’ may not be jointed by a geodesic inside

the neighborhood.
Now, we regard (M, g) as a metric space (M, d). Reset § = ry/4.

Let W := By(r/4). Now forall ¢ € W, exp, is a diffeomorphism
on W since d(q,q') < d(q,p) +4d(p,q') < ro/2forall q,4' € W. So
there at least exists a minimal geodesic 7y connecting g and g4’ with
¥ C Bq(i’o/Z) - BP(T’Q).



4. RIEMANN CURVATURE TENSOR 91

We want to prove y C W = By (r9/4).

Let y(t) = (x!(t),...,x™(t)). Recall the geodesic equation:
#(8) + T 2 (1) () = 0,
We will apply the maximum principle to it. Define the distance func-
tion r(t) := d(p, y(t)). 1> = T4t xkak, v’ = Y0 bk,

(1’/)2—1—1”1’” :Zx k)2
= —ZF & ok +Z

Suppose r reaches the max value at t = t. If y(t9) = g or ¢’ then we
are done. Otherwise '(ty) = 0, 7"’ (ty) < 0, hence LHS < 0. When rq
is chosen small enough, RHS > 0 which leads to a contradiction.

4. Riemann curvature tensor

Definition 3.23. The Riemann curvature detects the non-commutativity
of covariant differentiations, that is:

R(X, Y)Z = V)N{VYZ — V;/V;(Z — V[X’?]Z
= (V5 V5l = Vigy)) Z-
for X,Y,Z € T,M and XY, Z any vector fields that extend X, Y, Z.

The last term in definition is a correction to make it function-
linear. R is a (1, 3) tensor. In local coordinates, we write

R(2;,0))9; =t Y R, 0.
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For convenience, we drop all summation symbols and use the con-
vention that the appearance of an index j on both upper and lower
indices means summing over j. By computations,

R(9;,0/)0¢ = V;V;dy — V;V;0p — V; 10y
= V;(I'5,0s) — V;(Tj;01)
= (T3 + T3, T3k — (9jT%) 9k — Th, Tk
= (3T — 9Ty + T T — T35 ) oy
Also, the metric g leads to T,M = T,;M via v — (v, ). In coordi-
nates, this means we may use g;; to lowering the indices and define

Rycij := gimRii; = (R(9j,0)9¢, 9.
Example 3.24. Let Z = fPd, be a vector field. We denote
Vi(fPap) ::ffap, ViVi(ffop) =: f;l.ap

" 77

means covariant differentiations. So
p p

In other words, we can change the order of covariant differentiation

where indices after

via the commutation formula

P — fﬂiR

L qij°

Exercise 3.6. Extend the covariant derivative to all tensors and prove
the commutation formula:

iyecip _ pipeecly qiz-ir iy nqiz-irpip
Tjr-~js;ji_T11 ]ZJ+T]1 Js RWZJ+T]1 Js Rq11+
T RP T RE
- pia-- s ]1]1+ - Jifs—1p s

Proposition 3.25 (Symmetries on R).

— k
(0) Rh] _REJZ

(1) Torsion free: the first Bianchi identity.
R(X,Y)Z+R(Y,Z)X+ R(Z,X)Y =0,

k _ pk _
Le. R[/z]] R/ZJ + Rz]ﬁ + R]ﬁz 0.

(2) Metrical: skew symmetry in Rysij = —Rygij.
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PROOF. (0) follow from R(X,Y) = —R(Y, X). For (1), since these
are all tensors, we may check it in any basis. Then

R(0;,9;)9x + R(9j, 9 )9; + R(, 9;)9;
= V;Vidx — V;Vi0r + V;V0; — Vi V;0; + VV;0; — V;Vi9; = 0
since V;0; — V;0; = [9;,0;] = 0.
(2) is equivalent to (R(X,Y)Z, W) + (Z,R(X,Y)W) = 0. Let X =
d;, Y = d;. Then
(ViV,Z,W) —(V,;V:Z, W)
— 3,(0,Z, W) — (V,2, VW) = 3;(V,Z, W) + (V:Z, V;W)
— 3,9,(Z, W) — 3(2,V;W) — (V;Z, V;W)
—0,0;{Z,W) +09;(Z, VW) +(V;Z,V;W),

which is anti-symmetric in Z, W. O

Exercise 3.7. Show that
(1) The symmetries in Proposition 3.25 implies Rys;j = Rijks-
(2) The second Bianchi identity holds:

0= Rij[kﬁ;m} = Rijké;m + Rijé‘m;k + Rijmk;é-
Definition 3.26 (Ricci and scalar curvature). The Ricci curvature tensor
Ric := Y Rjjdx’ @ d/ € C®(Sym?(T*M)) is the trace of R:
l kl
Rij = ZRW =8 R
l k¢
The further trace is a function called the scalar curvature:

S = Zgl]Rl]
ij

Definition 3.27. A metric g satisfying Ric = Ag for some A € C*(M)
is called an Einstein metric.>

3In Einstein’s general theory of relativity in 1915, curvatures of spacetime are
related by Einstein’s field equation:

S
Rij = 58ii = Tij,
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Exercise 3.8. Let (M, g) hasdim M = m > 3, if
Rij = Agij,
then A is a constant. (Hint: use the Bianchi identity.)

There is another important curvature.

Definition 3.28 (Sectional curvature). For a two-dimensional plane
E C Ty M, the sectional curvature is defined by

R(X,Y,X,Y)

Ke = K(X,Y) = XA

for any linearly independent vectors X, Y € E.

In the two-dimensional case (surfaces), the sectional curvature is
the only non-vanishing components in the Riemann curvature ten-
sor. Moreover, it coincides with the Gaussian curvature:

Exercise 3.9. Let X,Y € T,M. Show that K(X,Y) is the Gaussian
curvature of the surface X(u,v) = expp(uX +vY).

Example 3.29. A sphere S} of radius r has constant sectional curva-
ture K = 1/72. The converse is true and will be proved later.

In fact, the Riemann curvature tensor is completely determined
by the sectional curvature ranging over all two-planes.

where T; is the energy momentum tensor in spacetime—a pseudo-Riemannian man-
ifold (M, g) where g is non-degenerate but not necessarily positive definite. Most
of our discussion on connection and curvature works in the general setup. (The
spacetime considered by Einstein is 4-dimensional and is Lorentzian: it has local
coordinates (x* = t,x1,x%,x%), and ¢ has signature (1, 3).)

The spacetime is vacuum if Tj; = 0. In this case,

s i s s
Rij—38j=0 = g/(Rj—358ij) =s—m.

If the spacetime dimension m # 2 then s = 0, hence R;; = 0 as well.

For the uniform case, Tj; = pg;; for some function p, we have R;; = Ag;; for
A = u +s/2. This leads to the name of the Einstein metric.
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Exercise 3.10 (Polarization formula). Let K(X,Y) = R(X,Y, X,Y).
Then

(RIX,Y)Z,W) =K(X+W,Y+Z)—K(X+W,Y)-K(X+W,Z)
K(X,Y+Z)—K(W,Y+Z)+K(X,Z)+K(W,Y)
KY+W,X+Z)+K(Y+W,X)+K(Y+W,Z)
K(Y,X+Z)+KW,X+2)+K(Y,Z)— K(W, X).

+

Definition 3.30. We say that (M, g) has constant sectional curvature
K(p) atpif K(X,Y) = K(p) for all independent vectors X,Y € T,M.

Exercise 3.11. (M, g) has constant sectional curvature at p if and

only if (R(X, Y)W, Z) = K(p)({X, Z)(Y, W) — (X, W)(Y, Z)). Le.,

Rijke = K(p)(8ik8jc — Sie&jk)-

5. Variations of geodesics

Let 7 : [a,b] — M be (piecewise) C* curve on M. We consider
the one parameter variation of +:

F:[a,b] x (—€,€) = M,

with F(t) := F(s,t), Fy = 7. Let T = F.2 be the tangent vector field
and V = F*% be the variational vector field for Fs(t). Then

VT =[R2 E3) = EIZ 2 =0
Exercise 3.12. Make sense of the above calculations as well as the

formula VyT = VrV. Notice that in this special case we do not
need to assume the vector fields are F-related.

The length of F; is given by the functional

L(s) = /ab<T, TYV2(1,5) dt.
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In this section, we will establish the minimality of arclength of geodesics
from the variation method. We compute directly that

(B2) L'(s) = %/b<T,T>1/2dt:/bV(T,T>1/2dt

b2(VyT,T) b (VyV,T) ,

(33) = : Wﬁl :/a Wdt (tOI'SlOl’I free)
bT(V,T) — V(VT) .

(3.4) / T, T2 dt. (metrical)

We may assume that 1y is parametrized by its arc length, i.e. (T, T)(t,0) =
1. Then we achieve the

Proposition 3.31 (First variation formula).

b b
(3.5) L'(0) = (V, T) / (V,VrT)dt.
a a
Hence, -y is a “critical point” of the arc-length functional L if
d
dSL( ) 5=0 =0

for any variation F of 7 such that F(a,s) = P, F(b,s) = Q with
P,Q € M fixed. Note that P, Q are fixed, so V(a) = V(b) = 0. From
the first variation formula we deduce

Fact 3.32. <y is a critical point of L among all end-points fixed varia-

tions if and only if <y is a geodesic, i.e. VT = 0.

Remark 3.33. Instead of the ends-fixed condition, we may consider
(V,T)(t,0) =0forallt € [a,b], called “normal variations”.
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Assume 7y is parametrized by arc length. Differentiate (3.3) again

L) = 2 [T g

" 09s Ja (T, T)1/2
_ /b V(ViV,T) (VrV,T)? ”
~Ja (T, T)1/2 (T, T)1/2 ™

For the first term, we can change the order of differentiation by the
curvature tensor:

V(ViV,T) = (VyVTV,T) 4+ (VV,VyT)

= (VIVyV,T) + (R(V,T)V,T) + [ VrV|?

=T(VyV,T) = (VyV,V1T) — (R(V,T)T, V) + |V V|~
Also, (V1V,T) =T(V,T) — (V,VrT). Hence we get the

Proposition 3.34 (Second variation formula-I). Let 7y : [a,b] — M be
a geodesic parametrized by arc length. Then for any variations,

b

L"(0) = (VyV,T),

a

(3.6) ,
+/a (IV2VIP = (R(V, T)T,V) = (T(V,T))?) dt.
From
IVTVI? = (VrV,V1V) = T(V,V1V) = (V,V1V7V)
and

(V,VV) =(V,VyT) = V(V,T) = (VyV,T),

we have the second form of this formula:

Proposition 3.35 (Second variation formula-II).

L"(0) = V(V,T) '

a

(3.7) b
_/ ((VZTV+R(V,T)T,V>+(T<V,T>)2> "

Now we give some applications of these formulas. Recall that in
a metric space (M, d), its diameter is defined by

diam M := sup d(p,q).
pgEM
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Theorem 3.36 (Bonnet-Myers 1941). Let (M™, g) be complete with Ric
(m —1)K > 0 (K a constant). Then M is compact with

Vv

_ T
diam M < \/K

PROOF. If there exist p,q € M withd(p,q) > \/LK’ let 7y be a short-
est (minimal) geodesic joining p, g, say v(0) = p, y({) = g. Such a vy
exists by the Hopf-Rinow-de Rham theorem (Theorem 3.21).

Lete; = T = 9/ and pick {e;(0) }, so that {¢;(0) }" ; is an O.N.B.
of T,M. Let ¢;(t) be the parallel translation of ¢;(0) along y. Then
e;(t)’s are still orthonormal for all ¢ by Lemma 3.10.

For each i € [2,m], let V;(t) = sin(7tt/{)e; and construct the vari-
ation of y by

Fi(t,s) = exp, ) (sVi(t)).
Since F; is an end-points fixed normal variation, the second variation
formula in Proposition 3.6 implies that

m m Y
0= 100 = [ (IVrVil? - (RO 1T, Vi) a

= ,é (/OE H%cos <%t> ej||? — sin? (%) (R(e;, el)el,ei)> dt.

Since ||e1]| = 1and Ric(ey,e1) = Y i_>(R(ej, e1)e1,ei)) > (m—1)K, a
direct integration gives

0= (2 ) <o

a contradiction! O

Remark 3.37. This was earlier proved by Bonnet in 1855 under the
stronger assumption that the sectional curvature > K > 0. The con-
stant is sharp as shown by S}”. The converse was proved by S.-Y.
Cheng in 1975: if there are p,q € M such that d(p,q) = 7t/v/K then
M is the round sphere with sectional curvature K.

Theorem 3.38 (Synge 1936). If (M, g) is compact with sectional curva-
ture > 0, then 1t1(M) is finite. Moreover,
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(1) If m is even and M is orientable, then 7r1(M) = {1}.
(2) If m is odd then M must be orientable.

SKETCH OF PROOF. (1): if (M) # {1}, then any non-trivial
[70] € 11(M) can be represented by a C* closed curve y with short-
est length. We leave the existence and smoothness of <y as exercises.

Let v(0) = p. For any v = v(0) € T, M, parallel translations of
v(0) along <y gives v(¢) € T,M. Parallel translations correspond to
solving linear ODE. Hence the map v(0) — ©v({) = Av is a linear
transformation on T, M, called the holonomy along 1.

In general we know that A € O(m) since it preserves inner prod-
uct. By our construction, e := 9/(0) = 9/(¢) is invariant under A,
hence we get the induced transformation

A:et et 2R
Now m — 1is odd and M is orientable, we get A € SO(m — 1) and it
must has 1 as its eigenvalue. That is, Av = v for some v € e=.
Let v(t) be the parallel translation of v = v(0) along 7 and use

V(t) = ou(t) as the variation vector field. The second variation for-
mula implies that

ogLﬂmy:AZQV%VW—wRUcDTAo)ﬂ

14
:—/ijwnw,
0

which is a contradiction. Thus 7r1(M) = {1}.
We leave the proof of (2) as an exercise. ]
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Exercise 3.13. Let (M, g) be a compact Riemannian manifold. Show
that any non-trivial [yg] € 7r1(M) can be represented by a C* closed
geodesic ¥ € [y¢] of minimal length.

Exercise 3.14. Let (M™, g) be compact with positive sectional curva-
ture. If m is odd show that M is orientable.
6. Jacobi fields

Recall the second variation formula of the form (Proposition 3.7)

b b
L"(0) = v{v,T)| —/ (VEV + R(V, T)T, V) + (T(V, T))? dt.

In case of a normal variation, we found that V2V + R(V, T)T is the
essential quantity to determine this value.

Definition 3.39. For a geodesic 7y, T := 7/, a vector field V along v is
a Jacobi field if it satisfies the Jacobi equation:

VAV +R(V,T)T = 0.

Since the Jacobi equation is a second order linear ODE, the Jacobi
field V is uniquely determined by V(0) and V'(0) = V1V/|,_,. Also
the solution space has dimension 2m.

Theorem 3.40. A vector field | is Jacobi if and only if | is a variation vector

field of geodesics, i.e.

0
] o F*g s=0

for some F(t,s) which is a geodesic in t for any s.
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PROOF. Assume that F(t,s) is a family of geodesics for all s. Let
T=F.2,V=F2. Then

ViV =V1V7V = VVyT
=VyVrT + R(T, V)T.

So we get the Jacobi equation since V1T = 0 for all s.

i

Conversely, suppose that | is a Jacobi field along a geodesic 7.
Let c(s) be a curve with ¢(0) = p, ¢’(0) = J(0) along c. Let T, ]’ be
the parallel translation of T(0), J'(0). Define

(3.8) F(t,s) 1= exp)(t (T +5s]")),

which is clearly a variation of geodesics with F(0,s) = c(s).
It suffice to check V = F, & = ], i.e. V(0) = J(0), V'(0) = J'(0):

__OF (t=0) d —(0) —
V(0) = = 65200 75 &XPe(5)(0) o= (0) = J(0),
/
= f— T
Vi) =VrV ’(s,t)—(0,0) Vv (5,)=(0,0)

Jd , Y
= Vy {(dexpc(s))t(fﬂmg(t(T—l—s]'))} ‘

(1=0) V,1d(T+5]')

(s,£)=(0,0)

The theorem is proved. O]

Example 3.41. On $?, it is clear that exp,, is well-defined on all T\S?.
We observe that any Jacobi field J with J(0) = 0 must have J(7r) = 0.
Indeed, any geodesic passing through the north pole N is a great
circle passing through the south pole S as well. Hence the variation
constructed above has F(7t,s) = S for all s.
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w
Lo T, TS

( expN)Ev

5 J(m) =0
Definition 3.42. For P, Q € v, we say Q is a conjugate point of P if Q is
a singular point of expp, i.e. if Q = exp,(¢v) then
(dexpp)io : Tio(TpM) — ToM

has a non-trivial kernel.

e setof conjugate points

For any vector w in the kernel, we will construct a Jacobi field
with J(0) = 0 and with J(¢) related to w.
Let F(t,s) := exp,(t(v +s7)) (cf. (3.8)). Then

JF
35 |y = {d&XPy)r0(®).

Soif | = % «—p is Jacobi with J(0) = 0, J({) = (dexp, ) (w) for
general w. Hence w is in the kernel if and only if () = 0and J'(0) =

w/¢. And that is to say, J(¢), J'(0) can determine each other if and
only if (d exp,, ), is invertible. Thus, we have:

Corollary 3.43. Q conjugates to P if and only if there exists a Jacobi field
J # 0 with J(P) = J(Q) = 0. Furthermore, there’s a correspondence
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between the space of Jacobi fields and the kernel:

J Jacobi, }
< ker((exp., )«
{](P) =0=7(Q) (epp))e
J = w:=£]'(0).
Also, Q is conjugate to P if and only if P is conjugate to Q.
Now we give some applications of Jacobi fields.

Theorem 3.44 (Hadamard 1898, Cartan 1928). If M is complete and
with K < 0, then Vp € M, exp,, : TyM — M is a covering map. In
particular, the universal cover M is diffeomorphic to R™.

Lemma 3.45. If M complete with K < 0 then ¥V p € M, any geodesic y
geodesic through p does not have conjugate points of p along <.

PROOF. Suppose there exists a conjugate point and let | be a Ja-
cobi field with J(0) = J(¢) = 0. By the Jacobi equation,

V4
0 _/O (V2] +R(J,T)T, ]) dt
__ /(f (T(VL, 1) = IV 2|2 + (RO, T)T, J) ) dt

! L
— 2
= Vel + [ IV = (RO DT, ) d.
Since J(0) = J(¢) = 0and K < 0, V1] = 0 along -y. But this implies

J = 0, a contradiction. O

Lemma 3.46. If X is complete and f : X — Y is a local isometry, then f
is a covering map.

Exercise 3.15. Prove Lemma 3.46 and show by example that it fails
if X is not complete.

PROOF OF CARTAN-HADAMARD THEOREM. By Lemma 3.45, exp,,
is a local diffeomorphism on the whole T, M. Hence

(,)=expi(, )



104 3. RIEMANNIAN MANIFOLDS

is a Riemannian metric on T,M = R™ which makes exp, a local
isometry. In particular, exp,, : To(TyM) — T, M is defined and is an
isometry. By Hopf-Rinow theorem (cf. Theorem 3.21), (T, M, (, )) is
complete. By Lemma 3.46, exp p 1s a covering map. O

7. Local isometry and space forms

As the second application of Jacobi fields, we investigate how
curvatures identifications are related to the constructions of isome-
tries between spaces. In fact this is one of Riemann’s original moti-
vations to define his curvature tensor.

Let X and Y be Riemannian manifolds of the same dimension.
Forany p € X, g € Y, we may construct an isometry ® : T, X — T,Y
of inner product spaces. Then ® induces a local diffeomorphism:

y=¢(x) :=exp,o® o exp;l.
That is, we identify points x € X and y € Y by identifying the
geodesics starting at p and q respectively.
Let v be a geodesic with ¢(0) = p. Denote by P, the parallel

translation along 7. Alsolet ¥ = ¢ o 7y be the corresponding geodesic
on Y. For v € Ty X where x lies on vy, define

8y TeX = Topn)Y, v g, (v) =Py OCDOP{l(U)-

Then g is an isometry on inner product spaces.

(%
P
T
w
X P ¥

Theorem 3.47 (Cartan1925, Ambrose 1956). If

R(8+(v),8+(w))&+(2) = gy(R(v, w)z)
forall v,w,z € Ty X, x in a neighborhood of p, then ¢ is a local isometry.
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PROOF. The key idea is to show that g, is indeed the tangent map
(d¢)x, and then ¢ is a local isometry.

Since d exp,, is local diffeomorphism, we may assume that there
are no conjugate points in the neighborhood under our considera-
tion. Let ] be the Jacobi field along v with J(0) = 0, J(¢) = v. Then

J=8,(])
is also a Jacobi field on 4 by the assumption.
Also, J'(0) = ®J'(0) by the Chain Rule. Since J(0) = 0, we have
J(£) = (dexp,)ey(0)t]'(0)
as we had seen in the construction Jacobi fields (cf. (3.8)). Then
J(€) = (dexp,) 30T (0)
= (dexp,)y(0) © ®LJ'(0)
= (dexp,) ey (0) 0 P o (d expp)é_,yl,(o)](f)
= d(exp,o®o exp;l)](ﬁ)
= (d9)x] (£).
Here d® = ®. This applies to all v € Ty X, hence (d¢), = g,. O
Ambrose indeed proved a global version of the theorem using
piecewise geodesics, i.e. a continuous curve v = |J;7; which is a
tinite union of geodesics <y; (also called broken geodesics in the lit-
erature). Although we have not yet a map ¢ : X — Y as before,
applying the exponential maps successively at end points of 7;’s the

corresponding piecewise geodesic ¥ in Y is still defined. Then g, can
be defined similarly.

Theorem 3.48 (Cartan—Ambrose). Let X, Y be complete Riemannian
with an isometry ® : T, X — T,Y. Assume that 11 (M) = {1}. If

R(g+(v),8+(w))&+(2) = gy(R(v, w)z)
for all piecewise geodesics «y : [0,¢] — X with v(0) = p and v,w,z €
T, (1) X, then for every other piecewise geodesic vy with y1(0) = p, 11(£) =
() we also have 41(£) = §(¢).
This defines ¢ : X — Y which is a locally isometric covering map.
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Exercise 3.16. Prove the global Cartan-Ambrose theorem.

Remark 3.49. Cartan proved his theorem for locally symmetric spaces
and used it to classify them. Ambrose proved the general case as
well as the global case. In 1959, Hicks generalized the result for gen-
eral affine connections on the tangent bundle. Thus the theorem is
often called the Cartan-Ambrose-Hicks theorem.

As model spaces, we often take manifolds with constant sectional
curvature to start with. The more general model spaces including
(locally) symmetric spaces require more tools to study and will be
discussed in Chapter 5. Here are some simplest examples:

Example 3.50. Complete manifolds with constant sectional curvature.
(1) 8", K > 0.
2 R*/T, T =Z".K=0.
(38) H"/T, T is a discrete group of isometries. K < 0. Here

4|\ dx|?

H" := {x e R"| ||x|| <1},g:d52:%

is known as the hyperbolic space.
Exercise 3.17. Show that IH" is complete with K = —1.

Definition 3.51 (Space forms). A space form is a complete, simply con-
nected Riemannian manifold with constant sectional curvature.

Now we will show that for each K, say K € {—1,0,1}, the space
forms are isometric:

Theorem 3.52. Let (M, ) be a space form. Then
1) K= —1 <= M= H"
2) K=0<= M=R".
B)K=1+= M=9"

PROOF. For (1) and (2), K < 0. We compare H", R™ with M > p.
Step 1: Fix a linear isometry: L : ToH" — T, M.
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Step 2: Matching geodesics as in Cartan—-Ambrose’s theorem,
(p:expp0Loexp61 :U>0— M.

Since K < 0, this map is well-defined by Cartan-Hadamard theorem
(Theorem 3.44) and we need only geodesics.

In the case K = —1, exp, : TopH" — H™ is a covering map. So
¢ : H" — M is a diffeomorphism. Cartan-Ambrose’s theorem then
implies that ¢ is a local isometry.

The case K = 0 is proved by the same argument. We leave the
positive case as an exercise. O

Exercise 3.18. Let M be complete, simply connected with K = 1.
Show that M = 5.

)

So if M has constant sectional curvature, M = space form/T
where I' is a discrete group of isometries, I = 711 (M).
For example, we have hyperbolic geometry when K = —1.

Exercise 3.19. For the Poincaré upper half plane, show that all geo-
desic are circles that perpendicular to the real line. Use this to prove
that the isometry group is precisely SL(2, R) under the action

a b (Z)_az+b
c d ooz +d
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4|dz|? dx®+d
ds = i o ds =S
—

8. Variations of higher dimensional submanifolds

In this final section we consider the variational properties on sub-
manifolds. Let
f:M" — M
be a Riemannian imbedding. That is, (M, §) is equipped with the
Levi-Civita connection V = VLC, and (M, g) is with the induced
metric ¢ = f*¢ and hence V := V€ = VT, where T means the

tangential projection under T,M = T,M ot Ny.

In general, for X,Y,Z, W € T,M,

(R(X,Y)Z, W) # (R(X,Y)Z, W).

E.g. for 8" « R"*! K =1 on the S” while K = 0 on R™.
In order to investigate the curvature defect, we start with the de-
tect of covariant differentiations:

Definition 3.53 (Second fundamental form). The second fundamental
form B € C*(M,Sym?(N)) is a symmetric bilinear form with values
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in the normal bundle: for X,Y € T,M,
II(X,Y) =B(X,Y) := (VxY)N.

Here Y is any vector field on M extending Y, and N is the normal
projection to Nj,. The trace of B is called the mean curvature (vector):

H=H=u(B)eN.
Explanations: B is tensorial in X. It is symmetric since
B(X,Y)—B(Y,X) = (VxY - VyX)N = [X,Y]N =0,
hence B is also tensorial in Y. The trace of B can be computed by
Hip) = ) Blese) = Y. §B(2:,9)),
i=1 ij=1
where ey, ..., ey is any O.N.B. of T,M and 9; = 9/ dx' are coordinate

vector fields in any coordinate system.
The relation between R and R is described by

Proposition 3.54 (Gauss equation). Forany X,Y,Z,W € T,M,

(RIX,Y)W,Z) = (R(X, Y)W, Z)

(3.9)
+(B(X,Z),B(Y,W)) — (B(X, W), B(Y, Z)).

PROOF. Denote the extensions of a vector by the same symbol.
Direct computation gives
(RIX, Y)W, Z) = (VxVyYW, Z) = (VyVxW,Z) —(Vix y|W, Z)
= (VxVyW,Z) = (VYVxW,Z) — (Vix\W, Z)
= X(VyW,Z) — (VyW,VxZ) = Y(VxW, Z) + (VxW,VyZ)
—(VixyW, Z)
- <v[X,Y] W, Z>

Notice that TM = TM @& N is used in most steps. O
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Example 3.55. Let M™ — R™*1 be a hypersurface with prescribed
unit normal vector field N. Choose a local coordinate (x!,...,x™).
Denote 9; = X; = % and
N
hi]‘N = B(ai, 8]) - (Vaia]‘)N == (alX]) == Xﬁ]

Then the Gauss equation reads as

Rijke = Rijke + highje — highj.
E.g,for M =S} — R™*! with normal vector N = X/r,
hij =X - N = (X; - N)j = (X; - Nj) = —=1X; - X = —1gij.
Hence Rije = 5 (Sik8je — SitSjk)-

Since an immersion is locally an imbedding, and all of the above
discussions are local, hence they works for immersions with small
modifications.

Given an immersion 7 : M" & (N"7, ) with the induced metric
on (M, g), we consider the variation of M in N:

F:(—€,e) x M — N,

which is C® with Fy =1, F; = F(s,®) : M — N. F; is still an immer-
sion for s small. Let 7 := F; % be the variation vector field.
For simplicity, we assume that M is oriented. Nevertheless we
allow M to have non-empty boundary 0 M with outer normal v.
Recall the n-dimensional area functional:

A(s):/MS dAS:/M@dxlA---Adx"

where g; = F/g and g(s) = det(g; ;;). Taking derivative in s:

A’(s):/M%@dxl/\.../\dx”.

Let G ;; be the cofactor of g ;;. To save notations, we omit the sub-
script s in the presentation when no confusion will arise. Then

§'(s) = 81,Gij = 81:8"g.
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Hence
8h8ls
M 2\/8

(3.10) Al(s) = dx?! A dx" = /gl]gijdAs.

Theorem 3.56 (First variation formula). For a variation of an immersed
submanifold M % N with variation field 1 and outer normal field v,

A'(0) = /aM<;7T,v> do — /M<;7, H) dA.

PROOE. To calculate A’(0), we will determine the integrand ten-
sor in (3.10) at each point. Let p € M. Pick the Riemann normal
coordinate (x!,...,x") of (M,g = go) at p. Then

b _ —
gz]( ) a <al'a > s—0 = <v’78i’ a]> + <ai’ V’787>

Since (V,9;)(p) = X ri].(p)ak|p = 0 by Lemma 3.16, we have
(Van,9)) = 0i(1,9;) — (1, V5,9))
= 9;(1,9;) — (11, V,9; + B(9;,9;))
9i(17,9j) — (11, B(93, 9j))-

The other term (9;, V;9;) is obtained by symmetry, and after con-
tracting with ¢'/ they are equal. Hence

A0) = [ g1(@i(n.9)) — (1,B(2,,9))) dA

—/ divyT dA — / 17,
") do - /M<n,ﬁ> A,

where the last equality follows from the Stokes theorem. [

It is clear that the critical point condition A’(0) = 0 for all # which
vanishes on dM is equivalent to = 0. Following the tradition,
these “critical immersed submanifolds” are called “minimal”:

Definition 3.57. M is a (immersed) minimal submanifold in N if H= 0.
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Remark 3.58. One would ask if a minimal submanifold is indeed “lo-
cally minimal” in the usual sense. One would also ask about the
existence problem. E.g., given a piecewise smooth curve T in R3, is
there an area minimizing surface S with dS = I'? We will discuss
these questions in later chapters.

We proceed to study the second variations. Differentiating (3.10)
again we get

1 0
A//( ) = 2 M as(gz]glj\/—) dx’! Ao Adx"

— ij 1] ij / 1 "
/ 28 g \/_+281]( )\/—+2g1]g (\/3—7) )dx AN Adx".

J/

~~ ~~

(1) (2) )
At p € M, s = 0, we pick the Riemann normal coordinate so that
gii(p) = dij, (V5,9;)(p) = 0. Then

(1) = 1(V3,0:,01) = (V4 V93, 9;) + (V9;, V)

= (VyVa1,9i) + [Vanl®

= (R(17,9;)1,9:) + (Va,Vyip, 0:) + Va2 + |V,

= —R(1,9;,1,0) + 3i(V,y1,9) — (Vy11, Vo,9;)

+ Va1 + 1o, ™ 2.

For (2), recall that (G™!) = —G~'G’'G~!. Hence

n

; 1
=— qu (8"818") = —5 (8
L]
= —-Z ((V3:,0;) + (3;, V,9)°
For (3), we have seen that /g’ = 5 Iygl i ¢'/, hence

1 ? 2

=1 (Zgz{jglj) = <Z<Vnai,3i>> :
ij

By putting together (1), (2) and (3) we get



8. VARIATIONS OF HIGHER DIMENSIONAL SUBMANIFOLDS 113

Theorem 3.59 (Second variation formula). Under the Riemann normal
coordinates,

A”(o):/ (Vyn,v) - / (Vv'?rﬁ Z (9i,1)11,9 )
+/ Zvan, +ZHV VAR

/Z ((V,9:,9)) + (3, V,9,))

i,j=1

+/ va,,a)

The expression is comphcate. Nevertheless, in many specific ap-
plications it can be simplified considerably.

Fori : M — N (minimal), F normal variation (y L TM), let
n = fu with u being an unit normal vector field. In this case,

(Vy0:,0;) = (Va11,9j) = 911, 9)) — (11, V,0;)
= —(1,B(9;,9))),
and the calculation for (9, VUB ) is the same. So
/ Y ((,0:,9)) + (3 V,9)) ——2/ Y 1f12(, B(31,9,))2.
ij=1 ij=1

Combining with the term Y-(V; 1, 9j)2, we get
2 2
— B, .
/ 7B

Also,
YAVy90) = Y AVan,00) = —f LAV i) = —f(H ).

1 i

For }; vajn |2, if M is a hypersurface we may write 7 = fe, 1
(v = ey41), and then

Vol = Vo, (fens1) = (9if Jenta1 + f Vo enia.
Since (Vj.en41,n41) = 10i(ent1,ens1) =0, fVaeni1 € TM. So

Vot = (3if)ens1, )3 1954117 = Iaf1P = [ V£
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We have thus a corollary:

Corollary 3.60. For d M-fixed normal variations of a minimal immersion
M9+ N,

A"(0) = [ (19712 = (Rie(7, ) + [1BI2) £2)
where 1 = i1

As an application, we prove a theorem due to Schoen and Yau
which was used in their 1979 proof of the “positive mass theorem”
in general relativity.

Definition 3.61. A minimal immersion M & N is stable if A”(0) > 0

for all variations which fixed oM.

Theorem 3.62 (Schoen—Yau). Let M is a compact oriented 3-dimensional
manifold with non-negative scalar curvature and s(p) > 0 for some p €
M. Then there is no stable minimal immersed surface M % N which is
compact orientable, OM = @, and g(M) > 1.

PROOF. If M is stable, i.e. A”(0) > 0, then for all f € C®(M):
Ric(7,7) + ||B||? 2</ V£l
[ (e, )+ 1BI2) A < [ 19F
Let f = 1 and apply the follwoing lemma:
Lemma 3.63. Let M2 & M- be a minimal immersion. Then
— 1 1
Ric(7, W) = 55— K- i||By|2
where K is the Gauss curvature of M.
With this lemma, we then have

[ (Gs+31BI7) - [ k<0

By the Gauss—Bonnet theorem, we have

] K= 2mx(M) = 4(1 - g(M)) <0

if g(M) > 1. This contradicts to the assumption on s. O
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PROOF OF LEMMA. Pick Riemann normal coordinate at p. Then
R = 378" Rije = 2(Ri212 + Riz1s + Rozs)
= 2(Ric(e3, e3) + Ri212).
By Gauss’ equation Rjxy = Eijkg + hixhjp — highjx, we get
K = Riz12 = Rizi2 + Iihop — higho.

Since M is minimal, we have

B= M1h”, tr(B) = h1qy + hyy = 0.
ho1 ha
Hence ||B||> = hi; + hi, + h3; + h3, = 2h%; + 2hi, and hihy —
hiohy = —(h3, + h2,) = 3| B||*. The formula follows. O
9. Problems

1. Determine all the geodesics on the sphere 5".
2. ([Car92] Ch.2 #8) Consider the upper half-plane

R} = {(x,y) e R*|y > 0}

with the metric givenby g11 = g2 = ﬁ, g12 = 0 (metric of Lobatchevski’s

non-euclidean geometry).

(a) Show that the Christoffel symbols of the Riemannian connection are:
Fh = 1"%2 = 1"%2 =0, F%l = %r 1"%2 = F%z = _%-

(b) Let vy = (0,1) be a tangent vector at point (0,1) of R3 (vp is a unit
vector on the y-axis with origin at (0,1)). Let v(t) be the parallel
transport of vy along the curve x = t, y = 1. Show that v(t) makes
an angle t with the direction of the y-axis, measured in the clockwise
sense.

3. ([Car92] Ch.3 #5) Let M be a Riemannian manifold and X € X' (M) (the
set of all vector field of class C* on M). Letp € Mand let U C M
be a neighborhood of p. Let ¢ : (—¢,¢) x U — M be a differentiable
mapping such that for any g € U the curve t — ¢(t,q) is a trajectory
of X passing through g att = 0 (U and ¢ are given by the fundamental
theorem for ordinary differential equations). X is called a Killing field (or
an infinitesimal isometry) if, for each ty € (—e¢, ), the mapping ¢(fo, ) :
U C M — M is an isometry. Prove that
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(@) A vector field v on R” may be seen as a map v : R" — R"; we say
that the field is linear if v is a linear map. A linear field on R", defined
by a matrix A, is a Killing field if and only if A is anti-symmetric.

(b) Let X be aKilling field on M, p € M, and let U be a normal neighbor-
hood of p on M. Assume that p is a unique point of U that satisfies
X(p) = 0. Then, in U, X is tangent to the geodesic spheres centered
at p.

(c) Let X be a differentiable vector field on M and let f : M — N be
an isometry. Let Y be a vector field on N defined by Y(f(p)) =
dfy(X(p)), p € M. Then Y is a Killing field if and only if X is also a
Killing vector field.

(d) XisKilling & (VyX,Z) 4+ (VzX,Y) =0forall Y,Z € X(M) (the
equation above is called the Killing equation).

(e) Let X be a Killing field on M with X(gq) # 0, g € M. Then there
exists a system of coordinates (x1, ..., x,) in a neighborhood of g, so
that the coefficients g;; of the metric in this system coordinates do
not depend on x;,.

4. ([Car92] Ch.4 #4) Let M be a Riemannian manifold with the following
property: given any two points p,q € M, the parallel transport from p to
g does not depend on the curve that joins p to 4. Prove that the curvature
of M is identically zero, that s, forall X,Y,Z € X(M),R(X,Y)Z = 0.

5. Define covariant derivatives on differential forms.

6. ([Car92] Ch.4 #8)(Schur’s theorem) Let M" be a connected Riemannian
manifold with n > 3. Suppose that M is isotropic, that is, for each p € M,
the sectional curvature K(p, o) does not depend on o C T, M. Prove that
M has constant sectional curvature, that is, K(p, o) also does not depend
on p.

7. ([Car92] Ch.4 #10) (Einstein manifolds) A Riemannian manifold M" is
called an Einstein manifold if, for all X,Y € X(M), Ric(X,Y) = A(X,Y),
where A : M — R is a real valued funciton. Prove that:

(a) If M" connected and Einstein , with n > 3, then A is constant on M.
(b) If M3 is a connected Einstein manifold then M3 has constant sec-
tional curvature.

8. Show that the sectional curvature is the Gauss curvature.

9. ([Car92] Ch.4 #6) Let M be a Riemannian manifold. M is a locally sym-
metric space if VR = 0, where R is the curvature tensor of M.
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(a) Let M be a locally symmetric space and let ¢ : [0,{) — M be a
geodesic of M. Let X,Y,Z be parallel vector fields along . Prove
that R(X,Y)Z is a parallel field along -y.

(b) Prove that if M is locally symmetric, connected, and has dimension
two, then M has constant sectional curvature.

(c) Prove that if M has constant (sectional) curvature, then M is a locally
symmetric space.

10. ([Car92] Ch.5 #5) (Jacobi fields and conjugate points on locally symmet-
ric spaces) Let vy : [0,00) — M be a geodesic in a locally symmetric space
M and let v = 7/(0) be its velocity at p = (0). Define a linear transfor-
mation Ky, : T,M — T, M by

Ky(x) = R(v,x)v, x € T, M.

(a) Prove that Kj is self-adjoint.
(b) Choose an orthonormal basis {ey,...,e,} of T, M that diagonalizes
K, that is,
Ky<€l') :Aiei, i = 1,...,1’1.

Extend the ¢; to fields along < by parallel transport. Show that, for
all ¢,
Koy (ei(t)) = Asei(t).
where A; does not depend on ¢.
(c) Let J(t) = Y;xi(t)ei(t) be a Jacobi field along . Show that the
Jacobi equation is equivalent to the system
Ci;?—F/\ixi :O, i= 1,...,1’1.
(d) Show that the conjugate points of p along vy are given by y(7tk/+/A;),
where k is a positive integer and A; is a positive eigenvalue of K.
11. ([Car92] Ch.7 #1) If M, N are Riemannian manifolds such that the inclu-
sioni: M < N is an isometric immersion, show by an example that the
strict inequality of metrics dj; > dy can occur.
12. ([Car92] Ch.7 #4) Consider the universal covering

m:M— R*\ {(0,0)}

of the Euclidean plane minus the origin. Introduce the covering met-
ric on M. (Note: For M a covering space of M, it is possible to give
the covering space a Riemannian structure such that the covering map
7 : M — M is a local isometry.) Show that M is not complete and
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13.

14.

15.

16.

not extendible, and that the Hopf-Rinow theorem is not true for M (this
shows that the definition of non-extendibility, though natural, is not a
satisfactory one).

([Car92] Ch.7 #5) A divergent curve in a Riemannian manifold M is a
differentiable mapping « : [0,c0) — M such that for any compact set
K C M there exists ty € (0,00) with a(t) ¢ K for all t > t( (that is, a “es-
capes” every compact set in M). Define the length of a divergent curve
by

t
lim /O o' ()] dt.

Prove that M is complete if and only if the length of any divergent curve

is unbounded.

([Car92] Ch.7 #6) A geodesic v : [0,00) — M in a Riemannian manifold

M is called a ray starting from (0) if it minimizes the distance between

7(0) and 7(s), for any s € (0,00). Assume that M is complete, non-

compact, and let p € M. Show that M contains a ray starting form p.

([Car92] Ch.7 #12) A Riemannian manifold is said to be homogeneous if

given p,q € M there exists an isometry of M which takes p into q. Prove

that any homogeneous manifold is complete.

([Car92] Ch.8 #1) Consider, on a neighborhood in IR?, n > 2 the metric

8ij = 3
where F # 0 is a function of (x1,...,x,) € R". Denote by F; = ax ,

F = ax ax , etc.
(a) Show that a necessary and sufficient condition for the metric to have
constant curvature K is

Fj=0, i#]j
F(P]‘]‘ + Fii) =K+ Z?:l(Fi)z.

(b) Use (a) to prove that the metric g;; has constant curvature K if and

only if
F = Gi(x1) + Ga(x2) + - - + Gp(xn),
where
Gi(x;) = ax? + bix; + ¢
and

n

Y (4cia — b?) = K.

i=1



9. PROBLEMS 119

17.

18.

19.

20.

21.

(c) Puta = K/4,b; =0, ¢; = 1/n and obtain the formula of Riemann

RO ek

for a metric g;; of constant curvature K. If K < 0, the metric g;; is

defined in a ball of radius of \/_ZK .
(d) If K > 0, the metric is defined on all of R”. Show that such a metric
on R" is not complete.
([Car92] Ch.6 #1) Let M; and M; be Riemannian manifolds, and consider
the product M; x M,, with the product metric. Let V! be the Riemann-
ian connection of M; and let V2 be the Riemannian connection of M,.

(a) Show that the Riemannian connection V of M; x M, is given by
Vyl+y2(X1 + Xz) = V%Xl + V%ZXZ, for X1,Y7 € X(Ml), Xs, Y, €
X(My).

(b) For every p € M, the set (M2), = {(p,q) € My x Mz;q € My} is
a submanifold of M; x M, naturally diffeomorphic to M. Prove
that (M), is a totally geodesic submanifold of M; x Mp.

(0) Let o(x,y) C T4 (M1 x Mz) be a plane such that x € T,M; and
y € T;M,. Show that K(c) = 0.

([Car92] Ch.6 #2) Show that x : R? — R* given by

x(0,¢) = é(cos 6,sin 6, cos ¢,sin¢), (0, ¢) € R2

is an immersion of IR? into the unit sphere $3(1) C R*, whose image
x(IR?) is a torus T? with sectional curvature zero in the induced metric.
([Car92] Ch.6 #4) Let Ny C M;, No C M, be totally geodesic submani-
folds of the Riemannian manifolds M; and M, respectively. Prove that
N; x Ny is a totally geodesic submanifold of the product M; x M, with
the product metric.
([Car92] Ch.6 #5) Prove that the sectional curvature of the Riemannian
manifold $% x §? with the product metric, where S? is the unit sphere in
R3, is non-negative. Find a totally geodesic, flat torus, T2, embedded in
S? x G2,
([Car92] Ch.6 #8) (The Clifford torus) Consider the immersion x : R?> —
R* given in the above exercise 18.

(a) Show that the vectors

e1 = (—sin6,co0s6,0,0),e; = (0,0, — sin ¢, cos @)
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form an orthonormal basis of the tangent space, and that the vectors

m (cosf,sin b, cos ¢, sin ¢),

_ b
V2

1
1y = —=(—cos 6, —sin 6, cos ¢, sin ¢)

V2
form an orthonormal basis of the normal space.
(b) Use the fact that

(Su(ei),e)) = —(Veng, e) = (Veej,ni),

where V is the covariant derivative (that is, the usual derivative)
of R% and i, j,k = 1,2, to establish that the matrices of S,;, and S,
with respect to the basis {ej, e, } are

-1 0 1 0
(c) From the above exercise 18, x is an immersion of the torus T? into

S3(1) (the Clifford torus). Show that x is a minimal immersion.
M"! - R be a differentiable function. Define

the Hessian, Hessf of f at p € M as the linear operator
Hessf : T,M — T,M, (Hessf)Y = Vy gradf,Y € T,M,

where V is the Riemannian connection of M. Let a be a regular value of
fandlet M" ¢ M""" be the hypersuperface in M defined by M = {p €
M | f(p) = a}. Prove that:

(a) The Laplacian Af is given by

Af = trace(Hessf).
(b) If X, Y € X(M), then
((Hessf)Y, X) = (Y, (Hessf)X).

Conclude that Hessf is self-adjoint, hence determines a symmetric
bilinear formon T,M, p € M, givenby (Hessf)(X,Y) = ((Hessf)X,Y),
X,Y € T,M.

(c) The mean curvature H of M C M is given by

. [ gradf )
nH = —div .
<|gradf |
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(d) Observe that every embedded hypersurface M" C M s locally
the inverse image of a regular value. Conclude from (c) that the
mean curvature H of such a hypersuperface is given by

H = —ldivH,
n

where N is an appropriate local extension of the unit normal vector
field on M" ¢ M.

23. ([Car92] Ch.8 #8) (Riemannian submersions) A differentiable mapping
f: M = M is called a submersion if f is surjective, and forall p € M,
dfp : ToM — T¢(p)M has rank n. In this case, for all p € M, the fiber
f~Y(p) = E, is a submanifold of M and a tangent vector of M, tangent
to some F,, p € M, is called a vertical vector of the submersion. If, in
addition, M and M have Riemannian metrics, the submersion f is said
to be Riemannian if, for all p € M, df, : T,M — Tf(,)M preserves lengths
of vectors orthogonal to F,. Show that:

(a) If M; x M, is the Riemannian product, then the natural projections
7T s M1 X My — M;, i = 1,2 are Riemannian submersions.
(b) Let the tangent bundle TM be given the Riemannian metric as:

Do Dw

<V/ W>(p,v) = <d7T(V),d7T(W)>p + <E(O)/ g(O»P

for (p,v) € TM, V,W tangent vectors at (p,v) in TM where V =
«'(0), W = B'(0) for curves a, B chosen such that a(t) = (p(t),v(t)),
B(E) = (4(s), w(s)), p(0) = 4(0) = 0, 0(0) = w(0) = o (ck. [Car92]
Ch.3 #2). Show that the projection 7 : TM — M is a Riemannian
submersion.

24. ([Car92] Ch.8 #9) (Conneciton of a Riemannian submersion) Let f : M —
M be a Riemannian submersion. A vector X € TsM is horizontal if it
is orthogonal to the fiber. The tangent space T;M then admits a de-
composition T,M = (T;M)" @ (T;M)?, where (T,M)" and (T,M)? de-
note the subspaces of horizontal and vertical vectors, respectively. If
X € X(M), the horizontal lift X of X is the horizontal field defined by
afa(X(p)) = X(f(p)).

(a) Show that X is differentiable.
(b) Let V and V be the Riemannian connections of M and M respec-
tively. Show that

V¥ =VxY +-[X, Y], X, Y€ X(M),
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where Z? is the vertical component of Z.
(¢) [X,Y]?(p) depends only on X(p) and Y(p).

25. ([Car92] Ch.8 #10) (Curvature of a Riemannian submersion) Let f : M —
M be a Riemannian submersion. Let X,Y,Z,W € X(M), X,Y,Z, W be
their horizontal lifts, and let R and R be the curvature tensors of M and
M respectively. Prove that:

(a)
(R(X,Y)Z,W) =

4
(Y, Z]%, [X, WI°) —

=~ = o~

_|_

(b) K(0) = K(@) + 3 |[X, ?]”‘2 > K(7), where ¢ is the plane gener-
ated by the orthonormal vectors X,Y € X' (M) and 7 is the plane
generated by X, Y.

26. ([Car92] Ch.8 #11) (The complex projective space) Let

CHIN\{0} = {(20,--.,2) = Z #0| zj = xj + iy;,j = 0,...,n}

be the set of all non-zero (1 4 1)-tuples of complex numbers z;. Define
equivalence relation on C"*1\ {0}: (zo,...,z4) ~ W = (wy,...,wy) if
zj = Awj, A € C, A # 0. The equivalence class of Z will be denoted by
[Z] (the complex line passing through the origin and through Z). The
set of such classes is called, by analogy with the real case, the complex
projective space P" (C) of complex dimension 7.
(a) Show that IP"(C) has a differentiable structure of a manifold of real
dimension 27 and that IP!(C) is diffeomorphic to S2.
(b) Let (Z,W) = zywp + - - - + z,Wy, be the hermitian product on crti,
where the bar denotes complex conjugation. Identify C"*! ~ R?"+2
by putting z; = x; + iy; = (xj,y;). Show that

SZn—H — {N c Cn—i—l ~ R2n+2 | (N,N) — 1}

is the unit sphere in R?"+2,

(c) Show that the equivalence relation ~ induces on $?"*! the follow-
ing equivalence relation: Z ~ W if ¢®Z = W. Establish that there
exists a differentiable map (the Hopf fibering) f : $**1 — P"(C)
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such that

f7H([2)
={e?N eS| N € [Z]ns*" 1,0 <6 <27}
:[Z] N SZn-H'

(d) Show that f is a submersion.

27. ([Car92] Ch.8 #12) (Curvature of the complex projective space) Define a
Riemannian metric on C"*1\ {0} in the following way: If Z € C"*1\ {0}
and V,W € Tz(C"1\ {0}),

Real(V, W)
(V,W)z = —Z7

Observe that the metric (, ) restricted to $*'*! c C"*1\ {0} coincides

with the metric induced from R?"+2,

(a) Show that, for all 0 < 6 < 27, ¢ : §2"+1 — G§21+1 g an isometry,
and that, therefore, it is possible to define a Riemannian metric on
P"(C) in such a way that the submersion f is Riemannian.

(b) Show that, in this metric, the sectional curvature of P"(C) is given
by

K(c) =1+3cos? ¢,
where ¢ is generated by the orthonormal pair X, Y, cos ¢ = (X,iY),
and X, Y are the horizontal lifts of X and Y, respectively. In partic-
ular, 1 < K(0) < 4.
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