CONNECTIONS AND CURVATURE NOTES

EUGENE LERMAN
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1. CONNECTIONS ON VECTOR BUNDLES

1.1. Connections. If X is a vector field on an open subset U of R™, then X is determined by m-tuple

(a1, ...an) of functions:
0
X=Ya-—
z’i: ! axZ

Therefore we know how to take directional derivatives of X at a point ¢ € U in the direction of a vector
v € T,U = R™ — we simply differentiate the coefficients:

(DyX)q = Z(Dvai)qaimlq

1
where D,a; is the directional derivative of the function a; in the direction v. Consequently we know when
a vector field does not change along a curve ~:

Dy X = 0.

Covariant derivatives generalize the directional derivatives allowing us to differentiate vector fields on arbi-
trary manifolds and, more generally, sections of arbitrary vector bundles.

Definition 1.1 (Covariant derivative of sections of a vector bundle). Let 7w : E — M be a vector bundle. A
covariant derivative (also knows as a connection) is an R-bilinear map

V:I(TM)xT'(E) - T(E), (X,s)— Vxs
such that

(1) Vyxs= fVxs
(2) Vx(fs) = X(f) s+ fVxs.
for all f € C®(M), all X e I'(TM), and all s € I'(E).

Example 1.2. Let U C R™ be an open set and E = TU — U the tangent bundle. Define a connection D

on TU — U by
3} 3}
Dx(> ‘”aTci) — ZX(“”@TCZ-'

I leave it to the reader to check that this is indeed a connection.
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Remark 1.3. Lie derivative (X,Y) — LxY is not a connection on the tangent bundle (why not?).

Example 1.4. Let 7 : E — M be a trivial bundle of rank k. Then there exist global sections {s1,..., sk}
of E such that {s;(x)} is a basis for E, for all points € M ({s;} is a frame of E|y). So for any s € I'(E),
we have s =}, f;s;, for some C* functions f;. We define a bilinear map V : I'(T'M) x I'(E) — I'(E) by

VXS = VX(Z ijj) = ZX(fJ)SJ
J J
It is easy to check that V is indeed a connection on E:
Vixs=Vix(D_ fis) =D fX(f)s; = f Y fisi = [Vxs;
j J J

J

and

Vx(fs)= VX(foij) =Y X(ff;)s; = X(f)ijSj +fZX(fj)5j = X(f)s+ fVxs.

J

Lemma 1.5. Any convez linear combination of two connections on a vector bundle E — M is a connection.
More precisely, let V1, V2 be two connections on E and py, ps € C(M) be two functions with py + ps = 1.
Then

D(TM) xT(E) 3 (X,8) — Vxs := p Vs + p2Vis € T(E)

s a connection.

Proof. Exercise. Check that the two properties of the connection hold. O

As a corollary we get:
Proposition 1.6. Any vector bundle 7 : E — M has connection.

Proof. Choose a cover {U,} on M such that E|y, is trivial. Let V® be a connection on E|y_, as in
Example 1.4. Let {pg} be a partition of unity subordinate to {U,}. Then supp pg C U, for some o = ().
Define a map V : I'(TM) x I'(E) — T'(E) by

Vxs =Y pp(Viyslu.):
B

This is indeed a connection, since a convex linear combination of any finite number of connections is a
connection — see Lemma 1.5 above. O

Proposition 1.7. Let V be a connection on a vector bundle m : E — M. Then V is local: for any open set
U and any vector fields X and Y, and for any sections s and s’ of E such that X|y = Y|y and s|ly = ¢'|u,
we have

(Vxs)lu = (Vys')|u.

Proof. Since V is bilinear, it is enough to show two things:

(a) if X|y =0, then (Vxs)|ly =0 for any s € I'(E); and

(b) if s|y =0, then (Vxs)|y =0 for any X € I'(T'M).

Fix a point xg € U. Then there is a smooth function p : U — [0, 1] with suppp C U and p|y = 1 for some
open neighborhood V' of zg. If X|y = 0 then pX = 0, and hence for any section s of E,

0= (Vpxs)(zo) = plxo)(Vxs)(wo) = (Vxs)(2o).

Since xy € U is arbitrary, (a) follows. If s|y = 0 then ps =0 on M. This in turn implies that
0= (Vxps)(zo) = (X(p)s + pVxs)(x0) = 0+ p(z0)(Vxs)(xo) = (Vxs)(xo)-



Remark 1.8. It follows that if V is a connection on a vector bundle £ — M then V induces a connection
VU . T(TU) x I'(Ey) — L(E|vy)

on the restriction E|y for any open set U C M. Namely, for any xg € U let p : U — [0,1] be a bump
function as in the proof above. Then for any X € T'(TU) and any s € I'(E|y) we have pX € I'(TM) and
ps € I'(E) (with pX and ps extended to all of M by 0). We define:

(V7 x5)(w0) = (Vpxps)(xo)-

By Proposition 1.7, the right hand side does not depend on the choice of the function p. We leave it to the
reader to check that VY is a connection.

Definition 1.9 (Christoffel symbols). Let E — M be a vector bundle with a connection V. Let (z1,...,2,) :
U — R™ be a coordinate chart on M small enough so that E|y is trivial. Let {s,} be a frame of E|y: for
each z € U we require that {s,(z)} is a basis of the fiber E,. Then any local section s € I'(F|y) can be
written as a linear combination of s,’s. In particular, for each index i and (8

9 55 = Zfzﬂsa

for some functions Pfa € C*°(U). These functions are the Christoffel symbols of the connection V relative
to the coordinates (x1,...,2,) and the frame {s,}.

It follows easily that the Christoffel symbols determine the connection VY on the coordinate chart U. It
is customary not to distinguish between V and its restriction VY.

Proposition 1.10. Let V be a connection on on a vector bundle m : E — M. For any X € I'(TM), any
s € T'(E) and any point q the value of the connection (Vxs)(q) at a point ¢ € M depends only on the vector
X, (and not on the value of X near q).

Proof. It’s enough to show that if X, = 0 then (Vxs)(¢) = 0. Since connections are local we can argue in
coordinates. Choose a coordinate chart (x1,...,2,) : U — R™ on M with ¢ € U such that E|y is trivial.
Pick a local frame {s;} of E|y. Then, if X = EXia%p s = fjs;, and T'}; denote the associated Christoffel
symbols,

VXSZVZXi{%(ZfJ’sj) = X'V o ijsj
ZXiiSj‘FZXiijLSj
S B+ St

If X, =0 then X%(q) =0 for all i. Hence (Vxs)(q) =0 and we are done. O

As a corollary of the proof computation above we get an expression for the connection in terms of the
Christoffel symbols.

Corollary 1.10.1. Let V be a connection on on a vector bundle 7 : E — M and (z1,...,z,) : U - R™ a
coordinate chart on M with E|y being trivial. Let {s;} be a fmme of Ely. Then

(1) Ve w5 ) = DX Gt +
J

‘We note one more corollary that will be useful when we try to define connections induced on submanifolds.

Corollary 1.10.2. Let V be a connection on on a vector bundle m : E — M. For any X € T(TM), any
s € T(E) and any point q the value of the connection (Vxs)(q) at a point ¢ € M depends only on the values
of s along the integral curve of X through g



Proof. By the previous corollary, for X = 5", Xia%i and s =}, f;s;

(Vxs) (@) = (Xfu)(q) sk(a) + > X' () fi(@)TF(q)sk(q)-

ik,j
And (X f%)(¢) depends only on the values of fj along the integral curve of X. |
The proof that connections are local has an important generalization to maps of sections of vector bundles.

Definition 1.11. Let £ — M and F — M be two vector bundles. We say that a map T : T'(E) — I'(F) is
tensorial if T is R-linear and for any f € C*(M)
T(fs) = fT(s)

for all sections s € T'(E).
Lemma 1.12. Let E — M and F — M be two vector bundles. If T : T'(E) — I'(F) is tensorial then there
is a vector bundle map ¢ : E — F so that

[T(s)](x) = ¢(s(x))
for all s e T(E) and © € M. And conversely, any vector bundle map ¢ : E — F defines a tensorial map on
sections Ty : T'(E) — I(F) by Ty(s) = pos.

Proof. The proof is in two steps. We first argue that 7" is local: if s € I'(F) vanishes on an open set U C M
then T'(s) vanishes on U as well. Pick a point € U and a smooth function p € C°°(M) with suppp C U
and p = 1 on a neighborhood V of z (V C U, of course). Then ps is identically zero everywhere. Hence

0= T(ps)(x) = p(z) T(s)(x) = T(s)(x).
Since x € U is arbitrary T'(s)|y = 0.

Since T is local and F, F are locally trivial, we may assume that E and F are, in fact, trivial. That is
E =M x RF and F = M x R!. Moreover the sections of E and F are simply k- and [-tuples of functions.
We want to define a vector bundle map ¢ : E — F. Then ¢ : M x R¥ — M x R! has to be of the form

p(z,v) = (z, A(z)v)

where A : M — Hom(R¥, R) is smooth, with the property that
fi(z)
fi(@)

for all x € M. But this is easy: define the jth column of A(z) to be the I-tuple of functions T'(e;), where
e; is the section of E that assigns to every point the jth basis vector (0,...,0,1,0,...,0) (1 in jth slot).
Or, if you prefer, e; is the k-tuple of functions with jth function being identically 1 and all the others being
Z€ro. (]

Remark 1.13. Lemma 1.12 above generalizes further: let Eq, Es,... E}, and F be vector bundles over a
manifold M and

a k-linear map which is tensorial in each slot:
T(f181,- -5 fusk) = f1--- fxT(s1,-..,8k)
for all s; € T'(E;) and f; € C°°(M). Then for every & € M there is a unique k-linear map
Ty : (B1)s X -+ X (Bg)y — Fy
with
To(s1(x),...,s6(x)) = [T(s1,...,56)](x).
Globally this means that there is a vector bundle map

0 F® - -QFE, - F
4



so that
T(s1,...,88)(x) = d(s1(2) ® ... ® sp(x))
for all x € M and all sections s; € I'(E;).
Remark 1.14. We add one more layer of abstraction to the remark above: there is a bijection between
vector bundle maps ¢ : E — F and sections of the bundle Hom(E, F') ~ E* ® F. Namely, if ¢ : E — F

is a vector bundle map, then ¢|g, : E, — F, is an element of Hom(E,, F,,) = Hom(E, F'), for each point
x € M. Thus x — ¢|g, is a section of the bundle Hom(FE, F) — M.

We summarize the preceding discussion as a proposition.

Proposition 1.15. Let Fy, FEs,...E; and F be vector bundles over a manifold M. There is a bijection
between k-linear tensorial maps
and the sections of the bundle B @ - @ B} @ F' — M.

Here are a few instances where the above point of view is useful.

Lemma 1.16. Let V! and V? be two connections on a vector bundle E — M. Their difference V' — V?
“s” a section of the bundle T*M ® E* ® E ~ Hom(TM ® E,E). Conversely, given a connection ¥V on
E — M and a section A of the bundle Hom(TM ® E, E) then the map VA : T(TM) x I'(E) — T'(E) given
by

(V4s)(z) := Vxs(z) + A (X, ® s())

is again a connection on E. Here, of course, © € M 1is a point, X a vector field on M and s is a section of
E. Thus a choice of a connection on E — M defines a bijection

{space of all connections on E — M} - T(T"M®E*®FE) =T'(Hom(TMQ®E, F)) =T'(I""M®Hom(E, E)).

Proof. In one direction it’s enough to prove that V' — V2 is tensorial in both slots. It’s obviously tensorial
in the vector field slot. The tensoriality in the second slot is an easy computation.
We also leave it to the reader to check that V4 as defined above is a connection. |

Definition 1.17. A connection on a manifold M is a connection on its tangent bundle TM — M.
Definition 1.18. The torsion TV of a connection V on a manifold M is a bilinear map

TV :T(TM) x T(TM) — T(TM), TV(X,Y):=VxY —-VyX —[X,Y].
If TV = 0, the connection V is called torsion-free.

Lemma 1.19. The torsion of a connection is tensorial, hence corresponds to a section of the bundle T* M ®
T"M ®TM.

Proof. This is yet another computation left to the reader. O

Definition 1.20. The curvature R of a connection V on a vector bundle ¥ — M is a tri-linear map
(TM) x T(TM) x T'(E) — T'(E) defined by

R(X, Y)S = Vx(VyS) — Vy(VXS) — V[X7y]8.
Lemma 1.21. Curvature is tensorial hence correspond to a section of T*M @ T*M @ Hom(E,E) — M.
Moreover, since R(X,Y)s = —R(Y, X)s, it actually corresponds to a section of A*>(T*M) ® Hom(E, E).

Proof. Once again this is a computation. We check tensoriality in one slot and leave the rest to the reader.
For all vector fields X,Y, sections s and functions f,

R(X,Y)(fs) = Vx(Vy(fs)) = Vy(Vx(fs)) — Vixy(fs)
= Vx(Y(f)s+ fVys) = Vy(X(f)s = fVxs) = ([X,Y]f)s — fVixys
= XY(f)s+Y(f)Vxs+ X(f)Vys+ fVx(Vys) =Y (X(f))s
—X(f)VyS — Y(f)VXS — fVX(VyS) — ([X, Y]f)s — fV[X’y]S
= fR(X,Y)s



1.2. Parallel Transport. In general there is no consistent way of identifying vectors in tangent spaces at
different points of a manifold. More generally there is no consistent way of identifying vectors in fibers of
a vector bundle above different points of a manifold. However we will see that given a connection V on a
vector bundle 7 : E — M, for any curve v : [a,b] — M there is a family of vector space isomorphisms

Pttlz (7) = Pttl? : E"/(tl) - E’Y(t2)7

depending smoothly on t1,t3 € [a,b]. These isomorphisms P,fl"’ are called parallel transport along . The
connection can then be recovered from parallel transport. We now proceed with the construction.

Definition 1.22. Let 7 : E — M be a vector bundle and v : [a,b] — M a curve. A section o of E — M
along ~y is a smooth map s : [a,b] — E so that 7(o(t)) = v(¢) for all t € [a,b]. We denote the space of
sections of F along the map v by I'(v*E).

Example 1.23. If s: M — E is a section of E, then s o+ is a section along ~.
Example 1.24. The derivative % := d%(%h) is a section of the tangent bundle TM — M along ~.

Remark 1.25. If E = TM then a section along a curve « is also known as a vector field along . It’s not
true that every section o along 7 is of the form 0 = so~ for some s € I'(E): if the curve «y crosses itself than
4 cannot be of the form X o~y for any vector field X on M.

Remark 1.26. Here’s another way to consider sections along a curve . Suppose f : N — M is a smooth
map of manifolds and that 7 : E — M is a vector bundle. Define the pullback of the bundle E along f to be
the set
f"E={(n,e) € N x E| f(n) =n(e)}.

together with the projection 7’ : f*E — N, f*E 3 (n,e) — n. A transversality argument shows that f*FE
is a submanifold of N x E, so «’ is smooth. It’s not hard to see that f*E is a vector bundle of the same
rank as E. The point of this construction is that a section of a bundle E — M along a curve 7 : (a,b) — M
is simply a section of the pullback bundle v*E — |a, b].

Strictly speaking the construction above doesn’t apply to maps from closed intervals, since a closed interval is not a manifold.
However, a smooth map from a closed interval [a, b] is, by definition, a smooth curve from a slightly larger open interval (a’,b’) D [a, b]
and pulling back E to a bundle over (a’,b’) does make sense.

Definition 1.27. Let 7 : E — M be a vector bundle and « : [a,b] — M a smooth curve. A covariant
derivative % along 7 is an R-linear map

\% . . \Y
Y DG (E) = TG E)), o Yo
such that for all function f € C*°([a,b]) and all sections o € I'(y*(E))
\Y _df \%

Proposition 1.28. Given a connection ¥V on a vector bundle m : E — M and a curve 7y : [a,b] — M, there
is a unique covariant derivative 3; : T'(y*(E)) — I'(y*(E)) along ~ such that

\Y%
(1.3) 280N ) = (Vi) (v(1)).
for all sections s of the bundle E.

v
dt

of E along 7 the value (Y0)(t) at a point ¢ depends only on the values of o near t. Therefore, in order to
prove uniqueness it is no loss of generality to assume that the image y([a, b]) of ~y is contained in an open set
U in M with E|y trivial. Pick a frame {s;} of E|y. Then for any ¢ € I'(y*E) there are smooth functions
fj € C>=(la,b]) so that

Proof. (Uniqueness) Arguing as in Proposition 1.7, it is not hard to show that is local: for a section o

o(t) =Y fi(t)s;(v(1)
for all ¢ € [a,b]. Then, using (1.2) and (1.3), we get

(14) Yoty =~ (X fi(s50m) 0= X Bit) 5,00 + 3 £(T508)(10).
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Since the right hand side of (1.4) depends only on V is unique.

) E

(Existence) Cover ~([a,b]) with sets U; such that E|y, is trivial. It’s enough to construct Y, on each

L'(y*Ely-1(v,)) for by uniqueness the operators on each F(’y E|y-1(v,y) will patch together to a map X
I'(v*E) — ( *E). Pick a frame {sk } on E|y, and define ¥ on v*(E|y,) by (1.4). O

Definition 1.29. We will refer to the covariant derivative % along v as in the Proposition 1.28 above as
being induced by the connection V.

Definition 1.30. Let E — M be a vector bundle with a connection V, v : [a,b] — M a curve. A section
o € I'(w*E) is parallel if

\Y

=0,

at’
where % is the covariant derivative along v induced by V.

To define parallel transport along a curve v : [a,b] — M, we want, for every vector v € E, (4, a section
0¥ € I'(v*(E)) such that 0¥ (a) = v and ;0¥ = 0. We also want the map v — ¢V to be linear. The existence
of such sections and linearity in v is the result of the next two lemmas. The first one is the standard result
for linear time dependent ODE’s.

Lemma 1.31. Suppose that B = (Bjx(t)) : [c,d] — R** is a smooth curve in the space of k x k real matrices.

Then there is a smooth curve R : [c,d] — L(7 R, k) such that f(t) :== R(t)f° is a solution of the ODE
(t) fi(t)
(15) —sm| ¢ |
fé(t) fu(t)

with initial conditions f(c) = fO.

Lemma 1.32. Let E — M be a vector bundle with a connection V and v : [a, b] — M be smooth curve. For
any vector v € E.(,) there is a section o° € T'(y*(E)) such that o (a) = v and Y0 = 0. Moreover, the map

E’y(a) - F(’Y*E% v o

is a linear isomorphism.

Proof. As before, it is no loss of generality to assume the image of v is contained in a coordinate chart
(z1,...,2pm) : U — R™ with E|y being trivial. Let {s;} be a frame of E|y and T, the corresponding
Christoffel symbols. Suppose o is a section of E along ~ which is parallel and satisfies o(a) = v. Then there
are smooth functions f; € C*°([a,b]) so that 0 = f; (s; 0oy). We argue that the f;’s satisfy a linear ODE

as in Lemma 1.31 for some curve B. By (1.4), since Y0 =0,

S A0 550(0) = = X £ (V) ((0).

We also have 4 = Zi(%'yi)%, where ~; := x; o y. Therefore

VA/SJ‘ZZ%(V 2 O’Y_Z%F k) :Z(Zﬁi<ri‘€j07)) (Skof)/)
k i

.5,k

We conclude that o =3 f; (s; 0 y) is parallel if and only if
df E(
(1.6) Z Fi@A(t) T (v (2)).

That is, f = (f1,..., fx) satisfies the ODE (1.5) w1th
0= O Th60)

By Lemma 1.31 the system of linear equations (1.6) has a solution defined for all time ¢ € [a, b] which depends
linearly on the initial conditions. Therefore the desired parallel transport exists. O
7



Parallel transport leads to one definition of geodesics.

Definition 1.33. Let V be a connection on the tangent bundle TM — M of a manifold M. A curve
v : [a,b] — M is a geodesic if its velocity field 4(t) is parallel:
\Y

1. — A = .
(1.7) =0

Remark 1.34. It will be useful to know what (1.7) means in coordinates. Let (21,...,2my): U — R™ be a
coordinate chart on our manifold. Define v; = x; 0, 4; = %fyi and y; = %"yi. Then v = Z%%. Hence
the functions fj in (1.6) are 4xs. Therefore, in this case, (1.6) reads

(1.8) ==Y AT ()-

We conclude that a curve =y is a geodesic for a connection V if and only if (1.8) holds in every coordinate
chart.

Exercise 1.1. Consider the manifold R". We have seen that DxY = 3~ X (Y*)2- is a connection. Suppose

that v : R — R" is a curve. Let % denote the covariant derivative along -y induced by the connection D on

R™. Show that
D,
a T e

Conclude that the geodesics in R™ with respect to D are straight lines.

2. RIEMANNIAN GEOMETRY

2.1. Levi-Civita connection. We now specialize the discussion of connections and parallel transport to
the case of manifolds with a choice of an inner product on each tangent space.

Definition 2.1 (Riemannian metric). A Riemannian metric g on a manifold M assigns smoothly to each
point © € M a positive definite inner product g, on T, M.

A Riemannian manifold is a manifold M together with a choice of a Riemannian metric g. In other
words, it’s a pair (M, g).

Remark 2.2. An inner product h on a vector space V is a bilinear map h : V x V — R. Hence it is an
element of the tensor product V* ® V*. Therefore a Riemannian metric on a manifold M is nothing but
a smooth section of the bundle (T*M)®? := T*M @ T*M — M. (Not all sections of T*M®% — M are
Riemannian metrics. For instance, the zero section is not. But all symmetric and positive definite sections
of T*M®? — M are Riemannian metrics.)

Theorem 2.3. Any second countable manifold M has a Riemannian metric.

Proof. Let {¢; = (;UY), . ,x%)) : U; — R™} be a countable collection of coordinate charts that cover M.

One each chart U; define a metric ¢ = ; dxg»i) ® dx;i) Let {p;} be a partition of unity subordinate to this
cover. Define a section g of T"M @ T*M — M by

9= _rig".

Then ¢ is a Riemannian metric. O

Fiber metrics. The notion of a Riemannian metric generalizes to arbitrary vector bundles.

Definition 2.4. A fiber metric on the vector bundle £ — M assigns smoothly to each point © € M a positive definite
symmetric bilinear form g, : Fz X Ez — R. In particular a fiber product is a section of E* ® E* — M.

Proposition 2.5. FEvery vector bundle E — M over a paracompact manifold M has a fiber metric.
Proof. If {sq : U — E} is a local frame, then
92(D_ aasa(x), Y bpsp(@) = Y aabslas

is a fiber metric on E|y. Patch these local fiber metrics together using a partition of unity. O
8



The next theorem is the fundamental theorem of Riemannian geometry. It says that for every Riemannian
manifold (M, g) there is a connection V (which depends on the metric g) with two important properties.
Such connection is called the Levi-Civita connection.

Theorem 2.6 (existence and uniqueness of the Levi-Civita connection). On every Riemannian manifold
(M, g) there is a unique connection V : T(TM) x T(TM) — T'(T M) which is
(1) Torsion-free : VxY —Vy X = [X,Y] for all X, Y € T(T' M)
(2) metric (i.e. compatible with g) : X(9(Y,2Z)) = ¢(VxY,Z)+ g(Y,VxZ) for all X,Y,Z € T(TM).
Proof. (Uniqueness) The proof is a trick. Suppose that V exists. Then for any X,Y,Z € I'(T'M),
Xg(Y,2) =9(VxY,Z) +g(Y,VxZ)
Y 9(Z,X)=9(VyZ,X) +9(Z,Vy X)
since the connection is compatible with the metric. Adding up the three equations and using the fact that
the connection is torsion free, we get

XgY.Z2)+Y g(Z,X) = Zg(X,Y) =g(VxY,Z) + g(Vy X, Z) + g(Y,VxZ = VzX) + g(X,VyZ - VzY)
Thus, we have
Since Z is arbitrary and g is nondegenerate, the formula above uniquely determines VxY. This proves
uniqueness of a Levi-Civita connection.

It remains to prove existence. The proof is very simple, if one is willing to skip all the details. Define
an R-trilinear map

D(TM) xT(TM) x T(TM) — C*(M)

by sending a triple of vector fields (X,Y, Z) to 1/2 of the right hand side of (2.1). Since g is nondegenerate
this defines an R-bilinear map

T(TM) x T(TM) — T(TM), (X,Y)— “V"yY.

It remains to verify that “V” so defined is a connection, and that it is metric and torsion-free. These minor
details are traditionally left to the reader. We will provide a different and more detailed proof below after a
brief detour. O

Equation (2.1) has the following interesting consequence:

Lemma 2.7. The Christoffel symbols of the Levi-Civita connection depend only on the metric and its first
partials.

Proof. Given a coordinate chart (z1,...,2y,) : U — R™ on M, the Christoffel symbols T'}; of the Levi-Civita
connection V are defined by

Vo,0; = Y T0k,
k
where 0; = %. Plugging X = 0;, Y = 0; and Z = 0y, into (2.1) we get
29(Vo,05,0k) = 0i(9(9;,0k)) + 9;(9(05,0:)) — Ok(9(9s,0;))
since [3,,@] = [8j, 8k] = [37,6k] =0. WI‘ltlIlg 9ij = g(@z, 8]) etc., we obtain

(2.2) 2> Tl = 0igix + 9;9ji — Okgij-
l
Since g is a metric, the matrix (g;;) is nondegenerate. Let (¢"*) denote its inverse, so that

Z 9" Gsk = Ork.
S
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Multiplying both sides of (2.2) by ¢** and summing over k we get
> oaTy; = % > 9% (igjk + 0395 — Ongii)
1 k
and simplifying
(2.3) Ty = % > ™ (Digjn + 0595 — Okgis) -
k

This proves that the Christoffel symbols depend only on the metric and its first order partials. (]

Proof of Theorem 2.6 continued. It remains to (re)prove the existence of the Levi-Civita connection. By
uniqueness, it is enough to construct a Levi-Civita connection V in each coordinate chart. For then by
uniqueness, these coordinate chart connections patch together into a Levi-Civita connection on the whole
manifold M. We have shown that if the Levi-Civita connection exists then its Christoffel symbols have to
be given by (2.3). Therefore on a chart (21,...,2y) : U — R™ we define a connection V by

Vx.0,Y;0; = Xi(8:Y;)0; + X;Y;T};0k

with Christoffel symbols I‘fj given by (2.3). In the equation above we finally resorted to the Einstein
summation convention: we sum on repeated indices and omit the symbol > . We now check that V is a
Levi-Civita connection.

Since Ffj = F?i (c.f. (2.3)),
Vo,0; — Vo, 0; = I};00 — %0, = 0.
Thus, for two vector fields X = X;0; and Y = Y;0;, we have
VxY = VyX = Vx5, (Y;p;) — Vy,p, (X:0;)
= Xi(0:Y;)0; + XiY;Vp,0; — Y;(0;X:)0; — Y; XV, 0;
= Xi(0:Y;)0; — Y;(9;X:)0;

= [X,0;,Y;0;].
Thus, V is torsion-free. Compatibility with g is a somewhat longer computation. First, note that
9(Vo,0;,0k) + 9(0;,Vo,00) = g(T't01,0k) + 9(0;, T3 0m)
= Tlgw+TRgim
= 0iGjks
where the last equality follows from (2.3). Thus, we have for vector fields X = X;0;,Y = Y0, and Z = Z;0k,
(X;0;)9(Yi0;, Z10x) = X;0;(YiZkgir)

= X;(0;Yi)Zgin + X;Yi(0;Z1)gire + XiY; Zi(0;9ik)
= 9(X;(0;Y)0i, Z,0k) + 9(Yi0;, X;(0; Zy ) O)
Jer}/iZk(g(VaJ 0i, O) + g(0;, Vaj Ok))
= 9((X;0;)Yi0;, Z1.0x) + 9(YiV x,0,0i, ZiOk)
+9(Yi0;, (X;05) Zx0) + 9(Yi0i, ZixV x;6,0k)
= 9(Vx,o,(Yi0:), Zvok) + 9(Yi0:, Vx,0,(Z10k)).
That is, the connection V is compatible with the metric g. Therefore the connection with Christoffel symbols

defined by (2.3) is a Levi-Civita connection. This finishes the proof of existence and uniqueness of the Levi-
Civita connection. O

Example 2.8. Consider the manifold R™. We have seen that DxY =" X(Y,)% is a connection. An easy
computation shows D is the Levi-Civita connection on R™ with respect to the standard inner product on

R™.

We end this section with a brief discussion of the geometric meaning of a connection being metric.
10



Definition 2.9. Let £ — M be a vector bundle with a fiber metric g. A connection V on E is metric if
X(g(s,8') = 9(Vxs,s') +g(s,Vxs)
for all vector fields X and sections s, s’ € T'(E).
Definition 2.10. Let V7, V5 be two vector spaces with inner products g1, go respectively. A linear map
A Vi — Vs is an isometry if
92(Av, Aw) = g1 (v, w)
for all v,w € V.

Lemma 2.11. If a connection V is metric then the associated parallel transport is an isometry.

Proof. We will only prove the lemma for embedded curves and leave the general case as an exercise. If
v : [a,b] — M is an embedded curve, then locally any section o : [a,b] — FE is of the form s o~. Let
v,w € E,4) be two vectors and ¢¥,0" : [a,b] — E two parallel sections with ¢¥(a) = a and 0% (a) = w.
We want to prove that the function ¢ — g, (0" (t), 0" (t)) is constant. For this it’s enough to prove that its
derivative is zero for all ¢. This condition is local in ¢, so we may assume, by above remark, that c¥ = s¥ o~y
and 0% = s o for some (local) sections sV, s* of E. Then

9y (0° (1), 0" (1)) = [g(s”, s")(v(1)).

Hence
41 (00,07 (1)) =¥a(s", 5))

= g(v"ysvv sw) + g(sv’ vﬁsw)
=9(0,5") +g(s",0) = 0.
O

2.2. Connections induced on submanifolds. Let (M, g) be a Riemannian manifold and N — M an
embedded submanifold (think of a surface in R?). We’ll see that the embedding induces a Levi-Civita
connection on N in two ways that turn out to be equivalent. It will also turn out that for surfaces in R3 the
curvature of the induced connection is intimately related to Gauss curvature.

Suppose f: N — M is a map of manifolds. Then we can use f to pull back a metric g on M to a positive
semi-definite symmetric bilinear form on NV:

(f*9)z(v,w) = gf(m)(dfwva df zw)

forallz € N, v,w € T, N. Moreover, if df,, is injective then (f*g), is non-degenerate. Thereforeif f : N — M
is an immersion then ¢V := f*g is a metric on N. The metric ¢V defines a Levi-Civita connection V¥ on

N.

Suppose now that f: N < M is an embedding. Then there is another way to induce a connection on N
from a connection M. First of all, for all point € N the tangent space T, M splits as an orthogonal direct
sum with respect to g,:

T.M =T,N @ (T,N)*.
Hence there is an orthogonal projection
I, : T,M — T,N.
Globally v := U, (T,N)* is a vector bundle, the normal bundle of the embedding of N into M. Hence
globally the first equation says that the restriction TM |y is a direct sum of two bundles:
TM|y=TN®v
and the second equation says that we have a bundle map

Here is how one can see that IT, depends smoothly on z: Choose coordinates ¢ = (z1,...,Zn,...,Tm) : U — R™ on M near a point
z € N that are adapted to N. That is, (N NU) = ¢(U) N{zpny1 = 0,..., T, = 0}. Apply Gram-Schmidt to the basis vectors
{%, S %, ce afm } to obtain an orthonormal frame {e;(z), ..., en(z),...,em(x)} on TU. Remember that every tangent space

11



T, M has an inner product g, that depends smoothly on x. The Gram-Schmidt is smooth in the inner product. Define the projection
II by

() = 3 g0 (v, e:(@))es ()
=1

Definition 2.12. Let N C M be an embedded submanifold. A vector field X € I'(T'M) is an extension of
a vector field X € I'(T'N) if

Xy = Xa:
for all z € N. We will also say that X is tangent to N.

Lemma 2.13. Let N C M be an embedded submanifold and X € T(TN) a vector field. Then for any x € N
there is a neighborhood U C M and an extension X € T'(TM|y) of X|nnv-

Proof. Let (x1,...,%n,...,&n) : U — R™ be coordinates on M adapted to N. Then X =Y | Xi%7 with
X; being smooth functions on UNN. Extend X; to all of U by making them constant in x,,y1,...,Z.,. This
extends X to all of U. O

Lemma 2.14. Let N C M be an embedded subr@anjfold, X, Y € I(TN) be two vector fields and X.Y e
D(TM) their extensions. Then their Lie bracket [X,Y] is tangent to N, hence is an extension of [X,Y].

Proof. We give two proofs. The first is computational. In coordinates (1:1,; U S '1‘77"’) on M adapted
to N, X = 37", X, 5% with X,(x) = 0 for i > n for all z € N. Similarly Y = 77", ¥i 32 with Yi(z) = 0
for i > n for all z € N. Since /

coo o 0Y; 0 - 0X; 0

2] 4,3

for i > n the coefficient in front of % vanishes at the points of N.

Here is a geometric proof. If X is tangent to N, its flow ¢; preserves N (maps it into itself). Hence its
differential d¢; maps vectors tangent to N to vectors tangent to V. But Y is tangent to N. Hence for any
reN

(d(¢-1)Y)s € TuN
for all ¢. Differentiating with respect to ¢t we get
[X,Y], € T,N.
O

We now define a connection V on a manifold N induced by its embedding into a Riemannian manifold

(M, g) by

VxY(z) =1(VzY(z)),
where z € N is a point, X,Y € T'(TN) are two vector fields, X, Y their (local) extensions to M, IL, : T, M —
T, N is the orthogonal projection and V is the Levi-Civita connection on (M, g).

We need to make sure that V is well-defined, that is, that VxY (x) does not depend on the choice of the
local extensions X,Y. By Corollary 1.10.2 VXY/(Q;) depends only on X, = X, and the values of Y along
the integral curve of X through x. Therefore V Xf’(x) depends only on X, and the values of Y along the
integral curve of X through z. Hence V is well-defined. Moreover, VxY is clearly tensorial in the X slot.
To see that it is a connection, let f € C(N) be a function and f its (local) extension to M. Then, at the
points of N,

Vx(fY) =I(Vg(fY) =T((Xf)Y + fVgY)
= (XHI(Y) + fII(VzY) = (XY + fVUxY.

We conclude that the induced connection V is indeed a connection.
12



Remark 2.15. The projection II is really necessary in the definition of the induced connection. This is
because even if vector fields X and Y are tangent to a submanifold N there is no reason for their covariant
derivative V 3Y to be tangent to N. Here is an example:
Let W =2 = xga%l — xla%y two vector fields on M = R2. Let D denote the Levi-Civita connection on
R? for the standard metric dz ® dz + dy ® dy. Then
0 0 0 0
DwZ = (Way) — + (W(— — =T — To—.
W (W2) 0x1 +(W(=1) 0x4 xlaml 2 0xs
Let N = S'. Then W and Z are tangent to IV, hence are extensions of a vector field on N. But Dy Z is
orthogonal to S!.

Lemma 2.16. Let (M, g) be a Riemannian manifold and i : N — M an embedded submanifold. Then the
connection V induced on N by the Levi-Civita connection V on M 1is the Levi-Civita connection for the
pullback metric g~ := i*g.
Proof. Tt is enough to check that
(1) V is torsion-free and that
(2) V is metric.
For all X,Y € I(T'N) and their local extensions X,Y € I'(T'M)
VxY - VyX = (V¥ - V. X) = I([X, ¥]) = I([X. Y]) = [X,Y].
To show that V is metric we need to check that
Z(gV(X.Y)) = gV (V2 X,Y) + g™ (X, V2Y)
for any vector fields X,Y, Z on N. At any point of N,
Z(gV(X,Y)) = Z(g(X,Y))
= g(VzX\Y)+g(X,VzY)
= g(VzX + (VzX —V2X),Y)+9(X,VzY + (V;Y - VzY))
since VZY —VzY and VZX — VzX are perpendicular to N. O
2.3. The second fundamental form of an embedding. As before let N — M be an embedded sub-
manifold of a Riemannian manifold (M, g). We want to understand how much N curves in M. We define a
tensor, the second fundamental form II, : T,N x T, N — (T,N)* to measure the extrinsic geometry of N
in M. We first define
II :T(TN) x I'(TN) — I(TN*1)
by )
I(X,Y)=V3Y —VyxY,
where, as before, V is the Levi-Civita connection on M, V is the induced Levi-Civita connection on N,
X,Y € T'(TM) are local extensions of the vector fields X,Y € T'(TN).

Proposition 2.17. The map II defined above is symmetric and tensorial.

Proof. We first argue that I is symmetric.

Next we argue that I is tensorial in the first slot. Let f be a local extension of a function f on N. Then at
the points of N, .
I(fX,Y)=VigV = VixV = fVgY - fVxY = fII(X,Y).

13



It follows that for all points € N there is a symmetric bilinear map
I, :T,N x T,N — (T,N)*.
Remark 2.18. In classical terminology the first fundamental form of an embedding is the induced metric.

Next suppose that the embedded submanifold N is a hypersurface, that is, that dim M —dim N = 1. Then
the normal bundle TN+ has 1-dimensional fibers hence, locally, a frame on TN~ is defined by one nowhere
zero vector field. By rescaling, if necessary, we may assume that this vector n field has length 1 everywhere:

gz('”m”z) =1

for all points © € N. We furthermore make an extra assumption that unit vector field n normal to N is
defined on all of N. That is, N is orientable inside M. This is true for the sphere embedded in R3 but false
for the central circle of the Mébius band inside the band. If N C M has a globally defined unit normal n,
we can write

II,(v,w) = hy (v, w)ny

for a symmetric bilinear map h, : T, N x T, N — R. Unwinding the definitions we see that for any vector
fields X,Y on N

MX,Y) =g(VgY,n).
We will refer to h € I'(TN* @ TN*) also as the second fundamental form. The second fundamental form h

allows us to relate the curvature tensor R of the Levi-Civita connection on M, the Riemann curvature of
M, and the curvature R of the induced connection on N:

Theorem 2.19. Let N — M be an embedded orientable hypersurface of a Riemannian manifold (M,g). Let
h € T(T*N®2) be the second fundamental form of the embedding. Then for any vector fields X,Y, Z,W € TN

(2.4) g(R(X,Y)Z,W) =gV (R(X,Y)Z,W) — h(Y, Z)h(X, W) 4+ h(X, Z)h(Y, W),
where R is the Riemann curvature tensor of M and R is the induced Riemann curvature tensor of N.
We prove an easy lemma before tackling the computations involved in the proof of the theorem.
Lemma 2.20. Let (M,g), V, N, n and h be as above. Then
MX, W) =—-g(Vxn,W).
for any vector fields X, W € T'(T'N) (here we didn’t bother with putting tildes on the extensions).
Proof. The function g(n, W) is identically 0 on N. Hence
0=X(g(n,W)) =g(Vxn, W)+ g(n, VxW)

since V is a metric connection. (]
Proof of Theorem 2.19. Recall that

R(X,Y)Z =Vx(VyZ) = Vy(VxZ) - Vix vy Z.

Vx(VyZ)=Vx(VyZ+h(,Z)n)

=Vx(VyZ)+h(X,VyZ)n+ (XY, Z))n + WY, Z)V xn.
Hence
(2.5) 9(Vx(VyZ),W)=g(Vx(VyZ), W)+ h(Y,Z)g(Vxn, W) = g(Vx(VyZ),W) = h(Y, Z)L(X,W).

Similarly,

(2.6) 9(Vy(VxZ),W) =g(Vy(VxZ),W) = h(X, Z)W(Y, W),
while
Subtracting (2.6) and (2.7) from (2.5) we get (2.4). O
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Let us see what the theorem tells us about the curvature of oriented surfaces in R3. If N C R? is an
oriented embedded manifold, then the unit normal field n assigns to every point in N a unit vector in R3.
Hence we can think of n as a map to the unit sphere,

n:N — S2.

This is the Gauss map. Since T, N and T,,, S? are two planes perpendicular to the same vector n,, they are
the same two plane in R3. Therefore we may think of the differential dn, of the Gauss map as a map

dng : T,N — T, N.

Definition 2.21. The Gauss curvature  of an oriented surface N in R3 is the determinant of the differential
of the Gauss map:

k(z) = det dn,.
We compute a few examples of Gauss curvature by brute force.
Example 2.22. Consider
N = {(21,20,23) € R | 23 = 0},

a plane. The normal vector field n(x) is constant, and so the Gauss curvature x(z) is 0.
Example 2.23. Now let N be a round cylinder:
N = {(w1,29,23) € R | 23 + 23 = R?},
Here the unit normal n(x) is constant in the z; direction. Hence, dn,(e1) = 0, and so the Gauss curvature
is again zero.

Example 2.24. Let N be the standard round sphere of radius R:

N = {(z1,29,23) : ¥] + 25 + 23 = R*}.

Then the normal vector field n is given by n(z) = £z, hence

1

Therefore
k(z) = i

Note that the Gauss curvature is constant and positive. Also, the bigger the radius of the sphere the smaller
the Gauss curvature. This makes sense since the sphere gets flatter as its radius increases.

In general one computes the Gauss curvature from the first and second fundamental form.Once again we
denote the Levi-Civita connection on R? by D. Then for any vector v and vector field Y : R? — R3

D,Y =dY (v).
Hence for any two vector fields X,Y on a surface N,
(2.8) he (X, Ye) = =g ((Dxn)(2), Yy) = —gu(dng(Xs), Ya).

In particular the differential of the Gauss map is completely determined by the induced metric and the
second fundamental form. We will see shortly that the Gauss curvature depends only on the metric g and
its first and second partials. But first we extract Gauss curvature from the above equation.

Lemma 2.25. Let g be a positive definite inner product on a vector space V, h: V xV — R a symmetric
bilinear map and S : V. — V the linear map uniquely defined by

h(v,w) = g(Sv,w).
Let {e;} be a basis of V. Then
det(h(e;,e;)) = det(g(e;, e;)) det S.
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Proof. The matrix (sy;) of S with respect to the basis {e;} is defined by
Se; = Z SkiClk-
k

Therefore

h(eire;) = g(Sei e;) = 9> swien,e5) = skiglex, ;).
k k
Therefore the matrix (h(e;, e;)) is the product of matrices (s;) and (g(e;, ex)) = (g(ex, €;)). Thus

det(h(e;, e;)) = det(g(e;, ex)) det(sg;).
O

Together Lemma 2.25 above and (2.8) tell us how to compute the Gauss curvature: pick a basis {e1, 2}
of the tangent space T, N. Then

() = Setlhlene)))
det(g(es, e;))
In particular, if the basis {e, ea} is orthonormal with respect to the induced metric g,
k(x) = det(h(e;, €;)).
We are now ready to prove Gauss’ theorema egregium (“remarkable theorem”) from 1828!

Theorem 2.26. Let N — R? be an oriented embedded surface. Let R denote the Riemann curvature on N.
Then the Gauss curvature k is given by

K(z) = _g:]bV(Rm(elae2)eh€2)

where {e1, ez} is a basis of T, N orthonormal with respect to the induced metric g’ .
Hence the Gauss metric depends only on the induced metric and its first and second partials and not on
the embedding.

Proof. The Riemann curvature of the standard Levi-Civita connection D on R? is 0. Hence, by Theorem 2.19
g2 (Ra(e1,e2)er, e2) = hu(ez, €1)ha(e, €2) — ho(er, e1)ha(er, e1) = — det(ha(es, €5)) = —k(x).

The curvature of a connection depends on the Christoffel symbols and their first partials. The Christoffel
symbols of a Levi-Civita connection are functions of the metric and its first partials. O

Exercise 2.1. Let f(x,y) be a smooth function on R? and N its graph in R3:
N = {(z,y, f(z,9)) | (z,y) € R*}

Show that the Gauss curvature x is given by

1+ /2 fy2)2
_ 9%
where f, = 775- and so on.

3. GEODESICS AS CRITICAL POINTS OF THE ENERGY FUNCTIONAL

This section is a brief excursion into the calculus of variations. The basic setup is this. Let M be a
manifold. Consider the set of all maps P from a fixed interval [a,b] to M with fixed end points:

P = P([avb}v(ha(h) = {7 : [avb] — M [~(a) = q1,7(b) = (]2}7

where q1,¢q2 € M are two points. Every path v € P gives rise to a path ¥4 : [a,b] — T M. Therefore, a
smooth function L : TM — R on the tangent bundle of M (a “Lagrangian”) defines a map (“action”)

b
AP R, AQ) = / L3(8) dt.
For example, if g is a Riemannian metric on a manifold M then

1
L(z,v) = §g$(v,v) reMuveT,M
16



is a Lagrangian and the corresponding action

b
A = [ 50060310

is the “energy” of the path. The term “energy” comes from the fact that for a particle of mass m moving in
R? the quantity $m(vi 4 vi + v3) = $m|[v||? is the kinetic energy.

We want to make sense of a path «v € P being critical for a an action A : P — R. This is a bit delicate
since we have been careless with the topology on P and since P is infinite dimensional. The cheapest way to

do it is by analogy with a finite dimensional case: a point is critical for a function f if and only if for every

path o(s) through the point, we have d%‘ f(a(s)) = 0. Now, a path in the space P through v € P is a
s=0

family of curves v, with v,|s—o = 7", where s varies in some open interval (—e, ). We say that v, depends
smoothly on s if the map

(_67 6) X [CL, b] — M, (Svt) = VS(t)
is smooth.

Definition 3.1. Let P = P([a, b], q1, ¢2) be a space of paths in a manifold M and L : TM — R a Lagrangian.
A path 4° € P is L-critical if for any family ~, of paths through 7° we have

d

dsls=0

(AL(7s)) =0,

where Ay, is the associated action.
A connection between variational problems and Riemannian geometry is provided by the following theorem.

Theorem 3.2. Let (M, g) be a Riemannian manifold and L(z,v) = %gz(v,v) the associated Lagrangian. A
path ~y is L-critical if and only if v is a geodesic of the Levi-Civita connection.

We will first prove the theorem above locally, when the image of the path is contained in a coordinate
chart. We will then show that any L-critical path is a geodesic. We will not have time to prove the converse.
We start by examining what critical paths for an arbitrary Lagrangian look like locally.

Theorem 3.3. Let L: R™ x R™ — R, (x,v) — L(x,v) be a Lagrangian. A path °(t) = (4{(t),...,7%1))
[a,b] — R™ is L-critical if and only if it satisfies the Euler-Lagrange equations:

(3.1) u (gL (v(tmof))) - G0, =0, 1<ism,

Proof. Let v4(t) = v(s,t) = (71(s,t),...,%m(s,t)) be a variation of 4°. Then ~(0,t) = +°(¢) for all ¢, and
v(s,a) =~°(a), v(s,b) = v°(b) for all s. Hence

ht) = 2

= ~v(s,t) : [a,b] = R™

s=0

has to vanish at t = a and at t = b. It’s important that there are no other restrictions on h: given an
arbitrary curve h : [a,b] — R™ which vanishes at the endpoints,

v(s,t) == 7" (t) + sh(t)

1%}

is a variation of 7°. Note further that 4,(t) = &;

~(s,t) and consequently
t

9 '(t)—ﬁzry‘ —ﬂ‘ (=
Bsls=0 """ = 9sdt |04y  dil: s
17
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Since Y is L-critical,

b
0= 2 / Ly(t.5), 4(t, 5)) dt

%520 a
/ba
), Os

OL o 100 OL o .o 0%
/Z< 83 s:+81}i(’y’7)83

. oL 0N
=3 [ s 2o i

Integration by parts gives
b
oL 0 20Vj,. _87[’ 0 :0 ,b / oL .0 )
/a au, (7", 3" )hi dt = o, (3 ha| ’ 81}1( Y0 (1),4°(t)) ) ha(t) dt.

0-3 [ (Gron - 5 (G o) ) uca

Since h;(t) are arbitrary, the equation above forces (3.1): see Lemma 3.4 below.
Running the computations backwards we see that if v° satisfies the Euler-Lagrange equations then 7 is
L-critical. ]

Lemma 3.4. Iff € C*([a,b]) is a smooth function and if for any h € C*°([a,b]) with h(a) = h(b) =0 we
have f F@)h(t)dt =0, then f(t) =

Proof. Exercise. O

_ OLw(t, ), i(t,5)) dt

) dt
s=0

Therefore

Proposition 3.5. Let g be a metric on R™ and L(z,v) = 3g.(v,v) the associated Lagrangian. Then 7y is
L-critical if and only if it is a geodesic for the Levi-Civita connection defined by the metric g.

Proof. We have
v) = E gk () vy
Kl

Therefore, for each index i,

9 5711 agkl
81’1‘ 8
and oL
v, ;(9 101 + GriVk)

The Euler-Lagrange equations in this case then are

oGl . . d . .
B, = > (gidn + gride)
k.l k.l
Differentiating and gathering 7, terms on one side, we get:
. Ogri 3971 ogrr\ . .
3.2 e = ( — ok ) .
(32) Zszgzk s Z o, T Bzy 0w, )

Here we used the fact that v;5 = 7s;; this is where the 1 5 comes from. As before we denote the entries of the
inverse of the matrix (g,5) by ¢ so that Zg 9°?gg = da~. Therefore if we multiply both sides of (3.2) by

¢’% and sum on i we get

. 1 i (Ogri  0gi 3%1)
==Y g A § X
Vj 5 g (&m + G Yivk = Mk%

ik,
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where I'}; are the Christoffel symbols for the Levi-Civita connection (cf. (2.3)). We now see that this is the
geodesic equation. Thus, L-critical curves are geodesics and vice versa. (]

The result for Lagrangians on R™, Theorem 3.3, and the corresponding result for geodesics, Proposition 3.5,
generalize to the manifold setting. To be precise, recall that if (z1,...,2,) : U — R™ is a coordinate chart
on a manifold M, then it defines an associated coordinate chart (x1,...,Zm,v1,...,0p) : TU — R™ x R™
on the tangent bundle of M. Namely, if ¢ € U is a point and w € T,U = T, M is a vector, then there are
unique numbers v; = v1(w), ..., Uy = Uy (w) so that

d
w= Zvi(w)axi

2

since {ai‘ } is a basis of T, M. Of course, v;(w) = (dz;)q(w).
‘g

Proposition 3.6. Let M be a manifold and L : TM — R a Lagrangian. If a path 4° : [a,b] — M lies
entirely inside a coordinate chart (x1,...,2,): U — R™ (i.e., y([a,b]) CU), then

(M) Wm0, A () = (21 09°(F), -, 2 07° (), 01 047 (1), -, Um0 5°(8))

satisfies the Euler-Lagrange equations. Here, as above, (x1,...,Zm,V1,...,Um) : TU — R™ x R™ is the
coordinate chart on the tangent bundle TM associated with the chart (xq,...,x,) : U — R™ on the manifold
M.

Proof. The only possible concern is that the image of a variation 7, of our curve 7° lies outside the domain
U of our coordinate chart. But we only care about «ys for s small, and for small values of the parameter s
the variation v,(t) is close to 7°(¢), hence lies in U. O

From Propositions 3.5 and 3.6 we deduce:

Corollary 3.6.1. Let M be a manifold with a Lagrangian L. A path~° : [a,b] — M lying inside a coordinate
chart on M is a geodesic for a Riemannian metric g if and only if v° is critical for the energy Lagrangian

L(z,v) = 3g2(v,v).

What about L-critical paths whose images cannot be covered by a single coordinate chart? Suppose 7 :
[a,b] — M is L-critical and for some time ¢y the point v(¢o) lies in a coordinate chart (z1,...,zp) : U — R™.
Then ~([a’,b']) C U for some subinterval [a’, V'] C [a, b] containing t. Any variation of |, 4 is a variation
of 7. Hence 7|a 1) is also L-critical. Therefore it satisfies Euler-Lagrange equations in the chart U. In
particular, if v is critical for the energy Lagrangian, then «y is a geodesic in every coordinate chart, hence a
geodesic. This proves one global direction of Theorem 3.2, as promised.

The converse is true as well, but this requires a coordinate-free description of L-critical curves which we
don’t have time for.
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