ELEMENTARY RIEMANNIAN GEOMETRY

VISHWAMBHAR PATI

ABSTRACT. In these lectures, we cover some basic material on Riemannian Geometry.

1. ADVANCED CALCULUS

1.1. Derivatives. In single variable calculus, one says that a real-valued function f : (¢,d) — R is differentiable

at a € (c,d) if the limit
L fath) -~ f()
h—0 h
exists. If it does, one calls this limit L the derivative of f at a, and denotes it by L = %(a) or f'(a).

In order to generalise this to a real-valued function of several variables, i.e. a function (or map) f: U — R,
where U C R” is an open set, one cannot blindly carry over the above one-variable definition, because one
would have to divide the scalar f(a + h) — f(a) by the vector h € R™. But one may recast the one-variable
definition above in the following form:

lim
h—0

fla+h) - f(a)
h

which is the same as saying;:

i 1@ B) = fla) — LA _

i 0
(= [|A]]

This last fomulation easily generalises to functions of several variables. One merely has to note that the
scalar L must now be replaced by some map that can be applied to the vector h € R”™ to yield a scalar. Also,
since multiplication by a scalar is a linear map from R to R, it is reasonable to require L : R — R to be a
linear map. This motivates the following:

Definition 1.1.1 (Differentiability). Let U C R™ be an open set, and f : U — R™ be a map. One says that
f is differentiable at a € U if there exists a linear map L : R® — R™ satisfying:
L lfath) — (@)~ LA
Ihl—0 (17l
The linear map L is called the derivative of f at a and denoted by L = Df(a). If f is differentiable at all
points a € U, we say f is differentiable on U.

0

Remark 1.1.2. Another reformulation of the definition above is: there exists a linear map L such that for h
small enough,:
fla+h)= f(a)+ L.h+ g(h)
where g(h) = o(||h|]), viz.
g(h)
im ot =
Iall=o [I2]

This formulation says that there is a linear approximation L to the map f, in the sense that the discrepancy
between f(a+ h) — f(a) and L.h is of “order strictly higher than 1”7 in |||, for small h.
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Exercise 1.1.3.

(i): (Derivative is well-defined) Show that if a linear map L exists, in accordance with the Definition 1.1.1
above, then it is unique.

(ii): Show that f is differentiable at a implies that f is continuous at a.

(iii): (The Chain Rule) If f : U — R™ and g : V — R! where U C R™ is open, V' C R™ is open and contains
f(U), f is differentiable at a € U, and g is differentiable at f(a) € V, then the composite go f : U — R!
is differentiable at a, and has the derivative Dg(f(a)) o Df(a). (Hint: Use the Remark 3.3.12).

(iv): Show that f: U — R™ is differentiable at a € U iff each of the component functions f; (1 <1i < m)
of f is differentiable at a, and that

Df1 (a)
Df2 (a)

Dfm(a)

(v): If L : R™ — R™ is a linear map, then its derivative is L at all points of R™ (the best linear approximation
of a linear map is itself). More generally, for an affine map f : R™ — R™, (that is, f(z) = Lz + b, where
L:R™ — R™ is a linear map, and b € R™ is some fixed vector) the derivative Df(a) = L for all a € R™.

(vi): Show that if f : U — R™ and g : U — R™ are differentiable at a € U, U C R™ an open set, then so is
af + By for fixed a, 3 € R. When m = 1, then show that the map fg (defined by fg(x) = f(x)g(x)) is
also differentiable at a. If f(x) # 0 for all z € U, show that = + (f(z))~! is also differentiable at a. Thus
any polynomial function on R" is differentiable at all points in R™, and a rational function (i.e. f = P/Q,
where P, @ are two polynomial functions) is differentiable at all points of the open set R \ Z(Q), where
Z(Q) is the closed zero-set @~1(0) of Q.

(vii): One can identify the vector space M(n,R) of n x n real matrices with the euclidean space R . Let
GL(n,R) C M(n,R) be the open set of all real nonsingular matrices. Show that the bijective map of
GL(n,R) to itself defined by A — A1 is differentiable at all points in GL(n,R). (Use Cramer’s formula
for the inverse of a matrix).

1.2. Directional and partial derivatives.

Definition 1.2.1 (Directional and partial derivatives). Let U C R™, and f : U — R™ be differentiable at a
point a € U. Let v € R™ be some vector. The directional derivative of f along v is the quantity:

o J(0+ 10) = 1 (@)
t—0 t

This quantity exists, and is easily shown to be D f(a)v (Exercise).

Let {e;}_; be the standard basis of R™. The directional derivatives along these directions e; are called the
partial derivatives of f. If we write f = (f1,.., fm) in terms of its components, and denote:

Ofi
813]'

(a) := Dfia)(e;)

then with respect to the standard bases of R™ and R™ respectively, the linear map D f(a) can be represented
as the matrix:
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D fi(a)
Df;(a) g%(a) gT{;(a) ngi(a)
Df(a) . _ . . .
: On(a) %m(a) .. %=(a)
Dfm(a)

The m x n matrix on the right is called the Jacobian matriz of f. Note that a matrix representation for D f(a)
can be done with respect to any bases of R™ and R™ respectively, but the Jacobian matrix is the representation
of Df(a) with respect to the standard bases.

Remark 1.2.2 (Caution). Note that for a function f as above, differentiable or not, it is possible to define
the partial derivative:
0 te;) —
/(@) o= 1 T0F b0 = S@)

%j t—0 t

if it exists. Further, it is possible for all the partial derivatives BBTfj (a) of a function f (indeed, even all directional

derivatives) to exist at a point a without the function f being differentiable at a. (See Exercise 1.3.3 below).

1.3. Higher derivatives, smooth functions and maps. We note that the space of linear maps from R"
to R™ is itself a linear vector space, of dimension mn. If we denote this vector space by homg(R™, R™), then
by choice of bases {e;} and {f;} of R” and R™ respectively, we can identify this vector space with the vector
space of m X n real matrices, which is isomorphic to R™".

Definition 1.3.1 (C"-maps). Let U C R™ be open, and f : U — R™ be a map. If f is differentiable on U
and the map:

Df:U — homg(R",R™)
a — Df(a)
is continuous, then we say f is C'. More generally, we inductively define f to be C” if the map Df above is

Cm=1. If a function is C” for all r > 1, then we say f is C* or smooth. By convention, a C° map means a
continuous map.

Exercise 1.3.2. Show that f is C" implies that all its mixed partial derivatives D*f; := % fi exist
1 2 O%n
and are continuous for all 1 < i < m and all multi-indices a := (i1, .., i) with |a| := 37;4; < r. Conversely,

show that if all these mixed partials exist and are continuous everywhere, then f is C".

Exercise 1.3.3. Consider the function

f:R* - R
@ = o s @ £ 00)
0,0) + 0

Show that the function above is not differentiable at (0,0), even though both partial derivatives exist at the
origin. In fact, show that the restriction of f to every line passing through the origin is smooth, and hence all
directional derivatives of f exist at (0, 0).
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1.4. Diffeomorphisms.

Definition 1.4.1 (Diffeomorphism). Let 1 <7 < o0o. A C" map f: U — V, where U and V are open subsets
of some euclidean spaces, is called a C"-diffeomorphism if there exists a C” map g : V — U which satisfies
gof=Idy, fog=Idy. A C*-diffeomorphism is called a smooth diffeomorphism. For r = 0, the definition
also makes sense, though it is more customary to call a C°-diffeomorphism a homeomorphism.

Remark 1.4.2. The Jacobian of a C"-diffeomorphism f : U — V is pointwise invertible, as a linear map,
for r > 1. For, by the chain rule of Exercise 1.1.3 (iii), it follows that the linear maps D f(a) and Dg(f(a))
are inverses of each other for each @ € U. Thus U and V have to be subsets of euclidean spaces of the same
dimension if they are C"-diffeomorphic, for » > 1. (For r = 0, the result is still true and is much harder to
prove. It is called the Brouwer Domain Invariance Theorem, and requires the use of homology theory. See e.g.
E. H. Spanier’s book Algebraic Topology for a proof).

Exercise 1.4.3. Let f be a C"-map which is a C'- diffeomorphism, for r > 1. Then f is a C"-diffeomorphism
(Use (vii) of the Exercise 1.1.3). Show by an example that this conclusion is false if C! above is replaced by
CO. That is, give an example of a C''-map which is a homeomorphism but not a C'-diffeomorphism.

Definition 1.4.4 (Local diffeomorphism). Let f : U — R™ be a C" map, where U is an open set in R". We
say that f is a C"-local diffeomorphism at a € U if there is a neighbourhood W' of a such that fiy : W — f(W)
is a C"- diffeomorphism. Note that a map which is a C"-local diffeomorphism at every point of U will also
have invertible Jacobian at every point of U, for r > 1.

Example 1.4.5 (A local diffeomorphism which is not a diffeomorphism). Consider the map:
f:R? — R?
(z,y) ~— (e"cosy,e”sin y)

This is nothing but the map z — e* from C to C, written out in long-hand. It is clearly not a diffeomorphism
because the points (0,2n7), n € Z all map to (1,0). However, it is not difficult to show that f restricted to
any open strip R x (b,b + 27) is a diffeomorphism. f maps this open strip diffeomorphically to the half-slit
plane, i.e. R? minus the half-ray {(cos b, Asin b) : A > 0}.

Example 1.4.6 (Polar Coordinates). There is also the (related) smooth map which is a local diffeomorphism:

f:(0,00) xR — R?
(r,0) +— (rcos 6,rsin 0)

Over any open strip (0,00) X (o, + 2m), it is a diffeomorphism on to a half slit plane. Note that the smooth
diffeomorphism ¢ — e taking R to (0, 00) converts this example to the previous one.

Exercise 1.4.7. Prove that a smooth bijection f : U — V of open subsets of R" is a smooth diffeomorphism
iff it is a C'-local diffeomorphism at each point of U.
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1.5. The Inverse Function Theorem. As we noted above, if a map f: U — R" is a local diffeomorphism
at the point a € U, then its derivative Df(a) at a is an invertible linear map. There is a fundamental result
which states that the converse is also true. That is:

Theorem 1.5.1 (Inverse Function Theorem). Let U be an open set in R™, and f : U — R™ be a C" map with
r > 1. If the derivative D f(a) is invertible for a € U, then f is a C"-local diffeomorphism at a.

In order to prove this theorem, we need a lemma:

Lemma 1.5.2 (Banach’s Contraction Mapping Principle). Let B be a complete metric space with a metric d.
Let T : B — B be a contraction mapping. That is, there is a constant 0 < C' < 1 such that:

d(Tz,Ty) < Cd(z,y) forall z,y € B
Then there is a unique fixed point b € B for T, viz. T'(b) = b.

Proof of the Lemma: Just take an arbitrary point a € B, and consider the sequence z,, := T"(a). Note
that by the hypothesis on T" we have

d($n+2,l‘n+1) S Cd($n+1,l‘n) S ...CnJrld("IJl,IEo)

which easily implies that {z,} is a Cauchy sequence, since C' < 1. Because B is complete, {x,,} converges to
some limit b € B. Also, T being a contraction map, is continuous, so:

Tb =T(limz,) =limTz, =lima,11 =b
n n n
proving that b is a fixed point. Its uniqueness is clear from the contraction property of 7. O

Proof of the Inverse Function Theorem:

Before we get into the proof, we make a simple remark. If f is an affine map, viz., a map of the form:
fz)=A4z+b
where A : R™ — R" is linear, and b € R"™ is some fixed vector, then we would have the formula:
F(w) = £(z) = Aw — Az = Df(z)(w — 2)

so that if A = Df(z) were invertible, and we wanted the inverse image w of some y = f(w), we would have
the solution as:

w=z~-Df(2)"(f(2) —y) (%)

Now let us get back to a general map f as in the hypothesis. We can simplify the setting somewhat. By
translating in the domain and image, and composing with the linear map Df(a)~!, we can assume, without
loss of generality that a =0, f(a) =0, and Df(a) = I, the identity map of R™. Let B = B(0,d) be the closed
ball of radius § around the origin so that B C U. We will suitably choose § in the sequel.

For y € R”, define the map:
T,:B — R"
z = 2= (f(z) —y)
This map T, is motivated by the solution in (%), in the sense that it would yield the inverse image of y in
case the map f were affine. Note that a fixed point z for this map T, would determine z as the inverse image

of y. We proceed to analyse T}, so as to be able to apply the Banach contraction mapping principle of Lemma
1.5.2 above.

Now, since f is C" with r > 1, the map z — [[I — Df(z)||,, (the operator norm! of (I — Df(z))) is a
continuous function of z. Thus by choosing § suitably small, one can guarantee that:

1
I = Df(2)ll,, < 3 for z€ B (1)

I The operator norm of a linear transformation A : R® — R™ is defined as lAll,p = sup{||Az| : ||lz[| = 1}
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FIGURE 1. Inverse Function Theorem

We also choose ¢ small enough so that Df(z) is invertible all over B = B(0,4). This is possible since
Df(0) = I is invertible and z — det D f(z) is a continuous function.

Now, we would like to make T}, a contraction map. Note that for z,w € U, z —w € Uy = (J,ey (U — w)
where U — w is the (—w) translate of U. Clearly Uj is open.
Define the map:

g:UxU; — R”
(w,h) = g(w,h):= flw+h) = flw) - Df(w)h
Since f is Ct, Df is continuous, and hence g is continuous (jointly in the variables w and h) The definition

of differentiability of f also implies that the function ¢, defined on U x Uy by ¢(w, h) := H ) for h # 0 and
¢(w,0) =0, is continuous. In particular, the subset Uy C U x U; defined by:

Uy = {(w,h) €U X Ui+ 6w, b < ;}

is an open set. Since (0,0) € Us, and since Us is open, we can choose 0 small enough so that B(0,4/2)xB(0,6) C
Us. If z,w € B’ = B(0,8/2), then z — w € B = B(0,4), so that we have, for § as above:

1 -
llg(w,z —w)|| < §||z—w\| for all z,w € B' = B(0,§/2) (2)
where we have put the equality sign to cover the situation z = w.

Hence, for 0 as above,

1Ty (2) = Ty (w)]]

Iz —w = (f(z) = f(w))]]
I(I = Df(w))(z = w) = g(w, z = w)]|
|

<
< = Df(w)llgp Iz = wll + llg(w, 2 = w)||
< Ll + L - vl
1 I
< 1||z—w|| for all z,w € B' = B(0,§/2) (3)

by using the equations (1) and (2).

Note that setting w = 0 in the above inequality and letting z € B’, implies that

5

1Ty (2) = Ty (Ol = I Tyz =yl < ||Z|| <3
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Thus if we let y € B(0,9/4), we have ||Ty(z)| < /44 06/8 < 6/2. Thus for this choice of §, and y € B(0,0/4),
the map T, maps B’ = B(0,d/2) to itself, and is a contraction map on B’.

So there exists a point b € B’ such that b =T, (b) = b— (f(b) —y). That is f(b) = y. Since this fixed point
is unique in B’, b is the unique inverse image of y in B’. We let V = B(0,6/4) and W = f~1(V) N B(0,§/2).
By the foregoing, f : W — V is a bijection. We need to show that the inverse map f~!:V — W is smooth.
Letyandy' =y+keV,and z = fY(y),w= f~1(y') = 2+ h € W. The equation:

f(2) = f(w) =z —w—(Ty(2) = T (w))
implies that
Iz = wll = |Ty(2) = Ty (w)|| < [If(2) = f(w)ll < llz —wl + [Ty () — Ty (w)]|

which, in view of (3) above, implies that for z,w € B’

3 5
gz —wll < 1f(2) = fw)ll < | Iz —w] (4)

for z,w € B’. From (4) it follows that we can assume that h is very small if k is very small. (Note, as an aside,
that the injectivity of f over B’, as also the continuity of f~! over V, also follow from (4)). The differentiability
of f at z implies that:

f(z+h) = f(z2) = k= Df(2)h + g(h)
with g(h) = o(h). This equation can be rewritten, upon applying (D f(z))~! all over, as:

Df(z)" My +k—y) =Df(x)" (k) = h—gk) = f " (y+ k) — f ' (y) — g(k)
where g(k) := —Df(z)"tg(h). This implies

FHy+k) = f7H(y) = Df(2) " (k) + (k)

It is clear that g(k) is o(||k||) in the light of the the inequality (4) above, and the fact that Df(z)~! exists
and has operator norm bounded above for all z € B’. This implies that f~! is differentiable at y € V, with
derivative Df(z)~! where z = f~!(y). The continuity of D(f~!) follows from the continuity of Df, the
continuity of f~! and Cramer’s formula. Thus f is a C'-diffeomorphism. From the Exercise 1.4.3 it is a local
C"-diffeomorphism, and the theorem is proved. O

Remark 1.5.3.

(i): Note that the inverse function theorem concludes the local behaviour of a function (i.e. all over a
neighbourhood of a point a) from information at a point about its derivative D f(a).

(ii): As the Examples 1.4.5 and 1.4.6 show, it is possible for a map f to be a local diffeomorphism at each
point, without being a global diffeomorphism. On the other hand, the reader can easily check that a map
f : R — R which is a C"-local diffeomorphism at each point (for » > 1) is a global C"-diffeomorphism.

Exercise 1.5.4. For each r > 1, give an example of a C"-diffeomorphism which is not a C"*!-diffeomorphism.

Exercise 1.5.5. Show that the function f : R — R defined by f(z) = %+x2 sin % has non-vanishing derivative
Df(0) = % at © = 0. However, f is not a diffeomorphism in any neighbourhood of 2z = 0. (In fact, f is not
even injective in any neighbourhood of 0!). Hence the hypothesis of f being at least C! in the inverse function

theorem cannot be relaxed. (Hint: Examine sign changes of Df)
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f04> _ coordinate

projection

FIGURE 2. The Implicit Function Theorem (Submersive form)

1.6. The Implicit Function Theorems. There are two more important theorems that deduce the local
behaviour of a map from information about its derivative at a point. Both follow from the inverse function
theorem. First some definitions. As always, U is an open subset of R™.

Definition 1.6.1 (Submersion). Let r > 1. A C"-map f : U — R™ is called a C"-submersion at a € U if its
derivative D f(a) is surjective. This means that n > m, and the Jacobian matrix of f at a is of rank m.

Definition 1.6.2 (Immersion). Let » > 1. A C"-map f : U — R™ is called a C"-immersion at a € U if its
derivative D f(a) is injective. This means that n < m, and the Jacobian matrix of f at a is of rank n.

Example 1.6.3. An obvious example of a submersion is a linear map A : R™ — R™ which is surjective. By
a change of basis in the domain R™, one can view this as the projection map onto the first m coordinates.
Similarly, for n < m, the inclusion of a linear m-dimensional subspace V' C R"™ into R™ is an immersion. Again,
by a change of basis in the range R™, this map can be viewed as the map keeping the first n coordinates as
they are, and inserting zeros in the last m — n coordinates. Note that the change of basis is always happening
in the larger dimensional space.

The two implicit function theorems in the sequel say that, locally, a submersion (resp. immersion) is
equivalent to the two prototype models of submersions (resp. immersions) of the above example. More
precisely:

Theorem 1.6.4 (Implicit Function Theorem, submersive form). Let U C R™ be an open set, and f : U — R™
be a C"-map with r > 1. Assume that f is a submersion at a, and f(a) = b € R™, say. Then there exists a
C"-local diffeomorphism ¢ : W — ¢(W), with W a neighbourhood of (b1, .., by, 0,..,0) = (b,0) in R™, (W) a
neighbourhood of a contained in U, and ¢(b,0) = a, satisfying:

foo(zy,...,xn) = (1, 0y m) for (z1,.,2,) €W
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Proof: By rearranging the coordinates in the domain R™ (noting that this can be absorbed into ¢ without
changing the statement), one can assume that the m x m-submatrix:

is of rank m. That is, it is invertible. Now, consider the map:

1<ij<m

F:uv — R"
(1, 2n) = (fi(@1, e @n), ooy (@15 oy Tn)s Tt 1 — Qg1 ooy Ty — G,)

Clearly, ¢ := F(a) = (b,0), and the Jacobian of F' at a is:

DF(a) = < ‘g Inim )

where I,,_,, is the identity matrix of size n — m. Since A is invertible, DF(a) is also invertible. Thus, by the
Inverse Function Theorem 1.5.1, there is a neighbourhood ¢(W) of a and a C"-diffeomorphism ¢ : W — ¢(W)
where W is a neighbourhood of ¢, ¢(¢) = ¢(b,0) = a, and such that the composite:

Fog(xr, .y, @p) = (X1, ey xp) for (x1,..,2,) €W
By reading the first m entries of the left hand side, we obtain:
f0¢(x1,...,$n) = (xlw"?xm) for (xlvnaxn) ew

This proves our assertion. O

It isn’t very transparent why the above theorem is called the Implicit Function Theorem. The following
corollary will clarify this.

Corollary 1.6.5. Let U and f be as in the statement of the Theorem 1.6.4 above. Let a € U, and b = f(a)
as above. Assume that the m x m submatrix of D f(a) given by:

ofi
@)

{83:]' 1<i,5<m
is nonsingular, as above. Then, there exists a neighbourhood V' of (ay+1,..,a,) and a C"™-map ¢ : V. — R™
such that:

(1): Y(ams1s-an) = (a1, .., am).

(ii): f(W(Tmt1y -, Tn), Tmt1y - @n) = b for all (xpq1,..,2,) € V.

(iii): In a small enough neighbourhood N of a, f~1(b) N N consists precisely of points of the kind

(D(Tma1y s Tn), Tmtts - Tn) (viz. the level set f~1(b) is the graph of 1 in the neighbourhood N of a).

To summarise, under the jacobian hypothesis above, the implicit equation f(x1,..,2,) = b can be solved
locally for the first m variables z; as C" functions of the last n — m free variables in the ezplicit form z; =

wi(xm-‘rlv T IM))

Proof: From the equation
Fog(ay,.co,p) = (X1, ey xp) for (x1,..,2,) €W

in the proof of the Theorem 1.6.4 above it follows, upon reading the last n — m coordinates and the definition
of F', that:
¢j(x1,.xn) —aj=z; for m+1<j<n

By plugging in the particular values b; for the first m variables and x; — a; for the last n — m variables, we
get:

& (b1, by Tl — Qg 1, Tn —Ap) =25 for m+1<j<n

so that from the conclusion of the theorem above we have:
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FlD1(byTms1 — @mt1y s T — Qn)y O (b, Tt 1 — g1y T — @)y T 1y oy Tpy) = b
for (b, Tym41 — Qg1 ooy Tn — an) € W. If we let V' be the neighbourhood of (a1, .., an) € R™™™ which is the
inverse image of W under the map
0 : (Tmats s @Tn) > (b1, oy by Tl — Qa1 -y Ty, — Gy
and define:
Y(@mt1s s Tn) = (91(0(Tmt1, - Tn))s s P (O(Timt1s o Tn))
the conclusions (i) and (ii) follow. The last conclusion (iii) is left as an exercise. a

Example 1.6.6. Let f : R? — R be the map defined by f(x,y) = 22 + y? — 1. Then the Jacobian of f at
(1,0) is the matrix:
Df(1,0) = (2,0)

which is clearly surjective. In fact %(17 0) # 0 is invertible. By the conclusion of the previous corollary, one
should be able to find a solution to the implicit equation f(z,y) = 0 with x getting expressed as a function of
y, and y in some neighbourhood of 0. Indeed, if we let V = (—1,1), and 2 = 1(y) = (1 — y2)2, we have that
¥(0) = 1, and the corollary above is verified. Note that the neighbourhood V' cannot be enlarged any further
for the conclusion to hold.

Exercise 1.6.7. Show that the implicit equation
ey —sinh?y = 0
has a solution y = f(«) in a neighbourhood of 0, for some C* function f satisfying f(0) = 0.

Theorem 1.6.8 (Implicit function theorem, immersive form). Let n < m and let U C R™ be open, and f :
U — R™ be a C" (with » > 1) map which is an immersion at @ € U, with f(a) = b. Then, there exists a
neighbourhood W of b in R™, and a diffeomorphism ¢ : W — ¢(W) such that ¢(b) = (a,0), and the composite:

po f(x1,..,zn) = (z1,...,Tpn,0,..,0) for all (z1,.,2,) €V

where V is a neighbourhood of a contained in f~1(W).

Proof: As in the proof of the Theorem 1.6.4 above, one can absorb a permutation of coordinates in the range
space R™ into the diffeomorphism ¢. Thus we may permute the components (f1, ..., fm) of f so that the square
n X n submatrix:

o)

is nonsingular. Now we construct the auxiliary map:
F:UxR™™ — R™
(X1, Tm) = f(@1, ) + (0,0, 0, Xpg 1y oy Tyn)

The jacobian matrix of F' is then given by:

1<ij<n

oL 0. 0
DF=| &% 1. o0
* 0... 1

ofi
al’j

where the n X n square matrix [ ] forms the top left (n x n) block in the (m x m) matrix DF above. Clearly

this is non-singular at a.

By the Inverse Function Theorem 1.5.1, F' is a C"-local diffeomorphism in a neighbourhood of (a,0) €
U x R™~". Hence there exists a neighbourhood W of F(a,0) = f(a) = b and a diffeomorphism ¢ : W — ¢(W)
such that ¢ o F' is identity on ¢(W). From this it follows that:

poF(x1,..,xm) = (T1,....,xm) for (z1,.,z,) € (W)
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and noting that F(z1,..,2p,0,...,0) = f(z1,..,2zy), it follows that :
po f(x1,.,zn) = (21,..,2Zpn,0,...,0)

for all (z1, .., @) such that (x1, .., 2,,0,..,0) € ¢(W). Let V be a neighbourhood of a such that V' x {(0,..,0)} C
¢(W). Clearly the above relation holds for (z1,..,2,) € V. Also f(V) = F(V x {(0,..,0)}) C Fp(W) =W, so
that V C f~1(W). The proposition is proved. O

1.7. Real analytic functions and mappings.

Definition 1.7.1. Let U C R™ be an open set, and let f : U — R be a smooth (C°) map. We say that f is
real analytic in a neighbourhood of a € U if there exists a R > 0 such that the infinite series:

1 919", .9tn ; ;
Yo i 0 ) (z1 = a1)" . (zn — an)™
i1, i) \ Ozt 0220zl
120, in >0 50y 1 9 n
converges absolutely to f(x1,..,z,) for ||z —al]| < R. The series above is then called the Taylor series of f
at a. A function which is real analytic at every point of U is called a real analytic or C¥-function. A map
f: U — R™ is called a real analytic mapping or C*-mapping if each component function is a real analytic
function.

Example 1.7.2. Consider the function f : R — R defined by f(z) = e~/ Tt is easy to verify that this is a
C function, and that all the derivatives of f at x = 0 vanish. Thus f has identically vanishing Taylor series
at 0. Since f is not identically zero in any neighbourhood of 0, it cannot be analytic at 0.

There are the obvious analogues of the inverse and implicit function theorems in the real analytic setting.
We omit, since we won’t be using them. Details can be found in §1.3 of Raghavan Narasimhan’s book Analysis
on Real and Complex Manifolds.
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F1GURE 3. Coordinate changes on a differentiable manifold
2. DIFFERENTIABLE MANIFOLDS

From now on, we shall be dealing exclusively with C'*° or C* functions and maps unless otherwise stated.

2.1. Manifolds. We assume that the reader is familiar with several variable calculus, and the definition of a
differentiable manifold. We briefly recall a few concepts to fix notation and terminology.

Definition 2.1.1. A smooth or C*° differentiable manifold X of dimension n is a paracompact, second count-
able, Hausdorff topological space with an open covering {U;};en such that there exist homeomorphisms
¢; U; — (bl(UZ) satisfying:

(i): ¢:(U;) are open subsets of R™ for all 4 € N.

(ii): For each i,j € N, the coordinate change map:

j00; " i(UiNU;) — ¢;(U; N U;)
is smooth (=C), as a map between open subsets of R™.
The pair (¢;,U;) is called a coordinate chart, and the collection {(¢;, U;) }ien is called an atlas. Similarly, if all

the coordinate changes ¢; o ¢, ! are real analytic, we call it a real analytic or C* manifold. Clearly every real
analytic manifold is a smooth manifold.

Remark 2.1.2. Because a manifold is locally homeomorphic to Euclidean space, it is locally metrizable.
Because of paracompactness, and the Smirnov Metrization Theorem (see Munkres’ Topology), it follows that a
manifold is metrizable. The second countability then becomes equivalent to having a countable dense subset.

Definition 2.1.3 (Smooth and real analytic structure). We say that two smooth (resp. real analytic) atlases
on a smooth (resp. real analytic) manifold X given by ® := {(¢;,U;)} and U := {(¢,,V;)} are compatible if
for each pair ¢, j such that U; NV # ¢, we have:

bjo bt g (Ui NV;) — 3 (U; N V)
is a smooth (resp. real analytic) map of open subsets of R™. One checks easily that compatibility of atlases on

a smooth (resp. real analytic) manifold X is an equivalence relation, and an equivalence class of atlases on X
is called a smooth structure (resp. real analytic structure) on X.
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For all purposes, one can replace a given atlas with a more convenient compatible atlas without changing
anything. For example, given any smooth or real analytic atlas ® := {(¢;,U;)} of a manifold X and a
refinement V : {V;} of U, we can define a new compatible atlas ¥ := {(¢;, V;)} by setting v, : V; — ¢;(V;) to
be the restriction of ¢;(;), where Uj(;y is some pre-chosen element of ¢ := {U;} containing V;. Again, by the
coordinate-change conditions of ®, this is well-defined independent of the choice of Uj;y.

We list some basic examples of differentiable manifolds.

Example 2.1.4 (Open Subsets of Euclidean Space). Clearly, by taking just one chart U = R", and ¢ = Idgn,
R™ becomes a real analytic manifold of dimension n. Similarly, for any open subset U C R", letting i : U — R"
be the inclusion map, {(¢,U)} is a real analytic atlas for U, making it a real analytic manifold of dimension n.
Similarly, any open subset of a smooth (resp. real analytic) manifold of dimension n is again a smooth (resp.
real analytic) manifold of dimension n in a natural way, with induced smooth (resp. real analytic) structure.

Example 2.1.5 (Manifolds defined by equations). Let U C R™ be an open subset, and let f : U — R™ be a
smooth (resp. real analytic) map, where m < n. Let b € R™ be a regular value for f, i.e. that the Jacobian
matrix D f(p) := [gi;] is of rank m at each point p € f~1(a). By convention, b is a regular value if f~1(b) = ¢.

Then the inverse image X = f~!(b), if nonempty, is a smooth (resp. real analytic) manifold of dimension
n —m. (That is, the m equations f; = b;, i =1,..,m determine a manifold of dimension n — m, provided the
Jacobian criterion above is satisfied). This is a consequence of the implicit function theorem as follows.

Let X = f~1(b), and let a = (ay, ..,a,) be any point on X. Let b = (b1, ..,b,,). As noted in that Theorem
1.6.5, there is a neighbourhood U of a and a smooth (resp. real analytic) diffeomorphism ¢ : V' — U of a
neighbourhood V of ¢ := (b,0) = (by, .., by, 0, ..,0) such that ¢(c) = a and

f(o(x1, .y zn)) = (1, .., Tm)

for (x1,..,x,) € V. From this it follows that the neighbourhood of a given by U N X is precisely the set
@[V N ({b} x R"~™)]. Letting W be the neighbourhood of 0 € R~ defined by {b} x W =V N ({b} x R*™™),
the map ¢ : W — U N X defined as ¥(y) := ¢(b,y) gives a chart around a in X. Since a is an arbitrary point
of X, this makes X a C* (resp. C*) manifold of dimension n — m. That the coordinate changes are smooth
on X follow from the fact that they are restrictions of composites of smooth (resp. real analytic) maps of open
subsets of R™.

Example 2.1.6 (Spheres). The sphere
S™ C Rn+1 = {(.I‘(J, ..,J)n) c Rn+l : Z?:Oxzz = 1}

is a real analytic manifold of dimension n, by applying the Example 2.1.5 defined above to the real analytic
function f(xo,..,z,) = LI ,x? and showing that 1 is a regular value of f.

Example 2.1.7 (Some Linear Groups). The set of n x n matrices, denoted M (n,R) is just Euclidean space
of dimension n?, and thus a real analytic manifold by 2.1.4 above.

(i): (The General Linear Groups) The set GL(n,R) of non-singular n X n matrices is an open subset of
M (n,R) (being the inverse image of the open subset R\ {0} of R under the continuous map det) and thus
a real analytic manifold of dimension n? by 2.1.4 above. It is a group under matrix multiplication, and is
called the real general linear group. Similarly the complex general linear group, consisting of non-singular
n x n matrices with complex entries, is a real analytic manifold of dimension 2n2.

(ii): (The Special Linear Groups) The real special linear group SL(n,R), and the complex special linear group
SL(n,C) are real analytic manifolds of dimension n? — 1 and 2n? — 2 respectively, by applying Example
2.1.5 above to the real analytic determinant map det : M (n,R) — R and det : M (n,C) — C respectively.
(Use Cramer’s rule to expand the determinant in terms of any row, to compute the derivative of det with
respect to any entry a;; and check that 1 is a regular value of det.)
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(iii): (The Orthogonal and Special Orthogonal Groups) The real orthogonal group is defined as the subset:
O(n,R):={Aec M(n,R): AA* =T}

It is easily verified that this is precisely the group of linear transformations of R™ which leave the standard
Euclidean inner product in R™ invariant, i.e. A € O(n,R) iff (Az, Ay) = (z,y) for all z, y € R™. The
fact that this is a real analytic manifold of dimension $n(n — 1) is seen as follows. Let S(n,R) denote
the linear subspace of M (n,R) consisting of symmetric n X n real matrices, which is Euclidean space

Rzn(n+1), Compute the derivative of the real analytic map:
¢: M(n,R) — S(n,R)
A = AA

at the point A € M(n,R) to be Dp(A)X = AX' + X A" (by using the linear path A + sX starting at A).

Thus, if A € O(n,R), we have D¢(A)(3Y A) =Y for any symmetric matrix Y € S(n,R), and hence that

D¢(A) is surjective at each point of O(n,R) = ¢~1(I), and hence that I € S(n,R) is a regular value of
1

¢. Thus by 2.1.5 above, O(n, R) is a real analytic manifold of dimension ;n(n — 1).

This group O(n,R) has two path-connected components, and which component an orthogonal matrix
A lies in is determined by whether the determinant det A = 41 or —1. (This is not entirely trivial, and
relies on the fact that every orthogonal matrix of determinant +1 can be brought, after an orthogonal
change of basis, into block diagonal form with % (resp. ”771) 2 x 2 blocks if n is even (resp. odd, in which
case the last diagonal entry is 1). Each 2 x 2 block is of the form:

cos § sin @

—sin 0 cos 6
where 6 € R, viz. a planar rotation. Using this fact, it is an easy exercise to show that every orthogonal
matrix of determinant +1 can be joined by a smooth path to the identity matrix I.)

The connected component of O(n,R) which contains all orthogonal matrices of determinant +1 is
a normal subgroup of O(n,R) called the special orthogonal group and denoted SO(n,R). It is a real
analytic manifold of dimension $n(n — 1). For notational convenience, we will always denote O(n,R)
(resp. SO(n,R)) as O(n) (resp. SO(n)). We have the obvious inclusions:

SO(n) C O(n) C GL(n,R)
SO(n) c SL(n,R) C GL(n,R)

(iv): (The Unitary and Special Unitary Groups) For a complex matrix A € M(n,C), define the adjoint of
Ato be A* = A'. Define the unitary group:

Un)={Ae M(n,C): AA* =1}

It is easily seen that this is precisely the group of (complex) linear transformations of C"™ which leave
the hermitian inner product (z,y) := X7 ,T;y; on C" invariant. By considering the map A — AA* of
M (n,C) into the linear subspace H(n,C) C M(n,C) of n x n complex hermitian matrices, noting that
H(n,C) is the Euclidean space R”2, and applying considerations similar to the ones in (ii) above, one
checks that U(n) is a real analytic manifold of dimension n?.

The group U(n) is path connected for all n (again because a unitary change of basis brings a given
unitary matrix into diagonal form, with each diagonal entry in U(1), i.e. the circle group of complex
numbers of modulus 1). The kernel of the group homomorphism det : U(n) — U(1) is a normal subgroup
SU(n), called the special unitary group. It is a real analytic manifold of dimension n? — 1, as is seen
from 2.1.5 again. Clearly U(n), SU(n) are subgroups of SO(2n) respectively, after making the obvious
identification of C* with R?", and noting that the determinant of an n x n complex matrix considered as
a 2n X 2n real matrix is the absolute square of its complex determinant. In fact we have the inclusions:

SU(n) C U(n) C GL(n,C)
SU(n) ¢ SL(n,C) C GL(n,C)
SU(n) Cc U(n) C SO(2n)
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FIGURE 4. Open Moebius strip

Example 2.1.8 (Products). Let M and N be smooth (resp. real analytic) manifolds of dimensions m and n
respectively. Then M x N is a smooth (resp. real analytic) manifold of dimension m + n. For if {(¢;, U;) bien
and {(¢;,V;)} en are atlases for M and N respectively, then

{(9i x5, Ui x Vi) }i jen

is an atlas for M x N.

Example 2.1.9 (n-Torus). The n-fold product of circles S* x St... x St is an analytic manifold of dimension
n, called the n-torus. The 2-torus looks like a bicycle tube and is pictured in Fig.3.

Example 2.1.10 (The Open Moebius strip). Let ¢ be the map:
p:Rx(-1,1) — R3
S S\ . .S
(s,t) ((2 + t cos 5) cos s, (2 + t cos 5) sin s, tsin 5)
The image X of ¢ in R3 is called the open Moebius strip. It is pictured in Fig. 4. It is a smooth manifold of
dimension 2, because R x (—1,1) is a smooth manifold, and ¢ is a local homeomorphism. The reader should

verify that the two charts ¢((0,27) x (—1,1)) and ¢((—m, ) x (=1,1)) constitute an analytic atlas for X by
computing the coordinate change.

A manifold of dimension 1 is called a curve and a manifold of dimension 2, a surface.

Exercise 2.1.11. (i): Prove that the subset of R3 given by revolving the circle of radius 1 centred at (2,0)
in R? about the z-axis is the 2-torus S! x S'. Show that the defining equation of this surface is:

(2 4+ 2+ 22 +3)2 —16(2? + %) =0

(ii): Using the map:
(0,27) x (0,27) — S'x S?
(s,t) —  ((24 cos s)cos t, (24 cos s)sin ¢,sin s))

(and similar ones defined on (—m,7) x (0,27) and so on), construct an analytic atlas on the torus
T? = St x St



16 VISHWAMBHAR PATI

2.2. Projective Spaces and Grassmannians. We need to briefly recall some facts about the quotient
topology. For more details, the reader is urged to consult any book on general topology, such as Munkres’
Topology.

Let X be a topological space, and ~ be an equivalence relation on X. Thus, one has a natural set of
equivalence classes, which is denoted by Y = X/ ~, and the obvious quotient map p : X — Y which maps
each element x € X to its equivalence class [z] = p(x). There is a unique natural topology on the set Y which
satisfies the following two properties:

(i): The map p: X — Y is continuous.
(ii): If f: X — Z is any continuous map which preserves the equivalence relation, (i.e. x ~y = f(z)=
f(y)), there exists a unique continuous map ¢ : Y — Z which makes the diagram

X
p

A

Q\, i&h

Y
commute.

It is easy enough to define this topology, which is called the quotient topology. Just declare a set U C Y
to be open iff its inverse image p~1(U) is open in X. The fact that this topology satisfies both the properties
listed above is an easy exercise. We remark in passing that any surjection p from a topological space X to a
set Y defines an equivalence relation on X (i.e. x ~ y iff p(x) = p(y)), and under this equivalence relation, the
set Y is just the set X/ ~. Thus we can again topologize the range set Y with the quotient topology. So when
we say p : X — Y is “quotient map”, it just means that p is surjective and continuous, Y has the quotient
topology with respect to the equivalence relation defined by p.

Exercise 2.2.1. Show that a continuous surjection which is an open map is a quotient map. Similarly a
continuous surjection which is a closed map is also a quotient map. Verify that the map:
p:[0,00) — S?

t = e?ﬂit

is a quotient map which is neither a closed map nor an open map.

Exercise 2.2.2. Show that a continuous surjection which is a local homeomorphism at each point is a quotient
map. Hence the map t — e>™ or R to S! is a quotient map. Similarly, in the open Moebius strip in Example
2.1.10, the map ¢ is a quotient map.

Example 2.2.3 (Real projective space). Let X = 5™, the n-dimensional sphere. Let ~ be the equivalence
relation defined by = ~ y iff x = +y. That is, each point is equivalent to itself, and to its antipodal point. The
resulting quotient space is called real projective space of dimension n, and denoted RP(n). Note that this is
just the space of all lines in R™"*' passing through the origin, because each such line is determined by a unit
vector on it, and the unit vector in turn is determined only upto a sign.

The quotient map p : S™ — RP(n) is an open map, and if we restrict p to any open hemisphere, say of the
kind:
Ut = {(zo,..,xy) € S": x; >0} or U :={(x0,..,7,) €S™: x; <0}
with ¢ = 0,1, ..n, then it is a homeomorphism onto its image V; = p(Uii). These open sets then give an atlas
on RP(n). The point p(zo,..,z,) is denoted as [zg : .... : x,]. This notation means that for z; € R with
S ox? =1, the points: [z : ... : z,] and [~z : ... : —x,] are the same point in RP(n). The z; are called the
homogeneous coordinates of the point, and are indeterminate upto a common sign change of all of them.

To see that the atlas defined above is real analytic, note that open hemispheres Uii are homeomorphic to
the open n-disc D™ C R”™ via the map:

(201 s 00) = (20, ey Fis )
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where the hat denotes omission. Note that for a point [z¢ : .... : #,] € p(U;") = p(U;") = V;, the homogeneous

1
coordinate x; is non-zero. Thus a homeomorphism ¢; from V; to D™, would be well defined once we scale all

the homogeneous coordinates so as to make x; > 0. That is:
¢i: Vi — D"
[Xo: oot my] = (sgn(z;))(zo, .., Tiy -y Tn)

On V; NV}, both homogeneous coordinates x; and x; are non-zero, and the coordinate change is given by:
00516, (VinVy) = ¢i(VinV)
(Yo, - Yj—1:Yj41, - Yn) > (580Yi) (Yo, s Yis -y (1 — Zyzz)%7 ~Yn)
which is clearly an analytic map since sgny; is analytic on ¢,;(V; N'V;) = D™\ {y; = 0}.

Exercise 2.2.4 (Another description of RP(n)). Let X = R"*!\ {0}, and define an equivalence relation on
X by z ~ y iff z = Ay for some real number A # 0. Show that the quotient space X/ ~ is RP(n). Again, the
equivalence class of (zg, .., z,) € X is the point in RP(n) denoted by [zg : .. : 2], with the understanding that
these homogeneous coordinates z; of that point are indeterminate upto a common non-zero scalar multiplier.

Exercise 2.2.5. Show that RP(1) is homeomorphic to S'. (Hint: consider the map z — 2% of the circle to
itself).

Example 2.2.6 (Grassmannians). The grassmannian is a generalisation of projective space. We take the set
of all k-dimensional R-vector subspaces of R", i.e. the k-planes in R™ that pass through the origin. This set
is called the grassmannian Gi(R™). We make it a real analytic manifold as follows. Equip R™ with the usual
euclidean inner product (, ), and for a fixed k-subspace E € G (R"), let us denote:

Up ={F € Gy(R"): FNE*+={0}}
We claim that there is a bijection of Ug onto the vector space homg(E, EL). By the definition of Ug, F € Ug

iff the kernel E+ of the orthogonal projection g : R — E intersects F trivially, so F € Ug iff mgp: F— FE
(the restriction of 7g to F') is an isomorphism. Define:

¢ :Ug — homg(FE, E*)
F TFELIFO(TFE|F)71 :E%EL
Its inverse is given by
Yp homg(E,EY) — Ug

T — {(z+Tz)c E®QE*=R": 2 € E} =graphof T
It is easily checked that ¢r and g are inverses of each other, and since E € Ug for each E, the sets Ug
constitute a covering of Gi(R™). We can put a topology on each Ug by pulling back the natural topology on
the k(n — k)-dimensional vector space homg(E, E+). That is, V C Ug is declared to be open in Ug iff ¢p(V)
is open in homg(FE, EJ-). We need to check that the topologies thus induced on Ug N Up from Ug and Upg

match. This will follow from the fact (proved below) that the coordinate changes are analytic diffeomorphisms,
and in particular, homeomorphisms.

This will induce the topology on G (R™) coherent with the topologies just obtained on the various Ug’s.
That is, V € G(R™) is declared to be open iff V N Ug is open in Ug for each E € Gi(R™). From the analysis
below, it will follow that for each E, F, the image ¢x(Ug N Ur) is open in homg(E, EL). In particular, this
forces all the Ufs to be open, and {(¢g,Ug) : E € G, (R™)} then defines a real analytic atlas.

So we proceed to examine the coordinate changes. Let E be the space spanned by the orthonormal basis
{e;}¥_,. Complete this to {e;}I ,, an orthonormal basis of R". Let F be another fixed k-subspace in Ug, and
let {f;}¥_, be an orthonormal basis for . For T € homg(E, E+), note that a basis for the k-subspace ¢g(T)
is given by {e; +Te;}¥_;. Such a subspace 1z (T) will belong to U iff the orthogonal projection 7 from it to
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F' is an isomorphism. That is, the projections onto F' of the basis vectors (e; + Te;) of ¥g(T), span F. That
is, the k x k matrix of inner products:

[(T)is] := [(ei + Tei, f5)]
is nonsingular. The determinant of this matrix is a polynomial in the entries of T € homg(E, E*), so setting

it # 0 gives an open subset of ¢z (Ug). This shows that ¢x(Ug N Ur) is open in ¢x(Ug) = homg(E, E+), so
that Ug N Up is open in Ug, with respect to the topology just defined on Ug.

For convenience, complete the orthonormal basis {f;}¥_, of F' to an orthonormal basis {f;}? , of R™. If
some k-dimensional subspace P is in Ug N Up, then it is ¢ (7)) for some T € homg(E, E+) and also 1#(S)
for some S € homg(F, FJ-). We need to show that S = ¢r o ¢'(T) is a real-analytic function of 7. Since
{ei+Te;}k ; and {f; + Sf] 1 both constitute bases for P, we must have a non-singular k x k matrix [A(T);]
satisfying:

(f; +5£) Z)\ )jilei +Te;) for j=1,..,k (%)

Taking inner products of both sides with f,,,, for 1 < m < k, and noting that (Sf;, fm) = 0 form, j € {1,2, .., k}
(since S € homg(F, F1), and f; € F), we get:

k
Sjm = Y MT)ji (e + Tei, fm)

i=1
As noted earlier, for T € ¢(Ug N Up), the matrix [a(T)im] := [(e; + T€;, fm)] is nonsingular, so our matrix
ANT)i;] = [(a(T)71);]. We substitute this in () above, and take the inner product of both sides with
fitr, 7 =1,.,n—k. This yields the matrix entries of S (with respect to the bases {f;}5_, of F and {foar}rzk
of Ft) as:

k
Z “Hjiles FTei, fopry for 1<i<k; 1<r<n-—k

Since «(T');; is linear in the entries of T', its inverse is real analytic in T wherever o(T') is invertible (i.e. all
over ¢p(Ug NUp)). This shows that S = ¢p o QSEl(T) is real analytic in T on ¢g(Ug NUFR).

Consequently, G (R™) is a real analytic manifold of dimension k(n — k).

Exercise 2.2.7. Show that the map O(n,R) — G (R") which takes an orthogonal matrix A to the R-span of
its first k& columns is a continuous surjection, and hence that Gy (R™) is compact.

Exercise 2.2.8. Show that the complex projective space:
CP(n) := {L € C**' : L a 1-dimensional C — subspace of C""*}
is a real analytic manifold of dimension 2n. Similarly, show that the complex grassmannian:
Gg(C") ={P € C": P ak-dimensional C — subspace of C"}

is a real analytic manifold of dimension 2k(n — k). It is a straightforward carrying over to C of the discussion
above. Indeed, one can define a complez manifold of (complex dimension n) analogously to a smooth man-
ifold, by requiring the charts to be homeomorphic to open subsets of C™, and the coordinate changes to be
holomorphic. The manifolds above turn out to be complex manifolds of (complex) dimension n and k(n — k)
respectively. Since a holomorphic map of one open subset of C™ to another such open set is a real analytic map
by regarding C" as R?" and separating real and imaginary parts in the domain and range, a complex manifold
of complex dimension n is a real analytic manifold of dimension 2n.
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We shall later see that grassmannians are examples of so called “homogeneous spaces’ associated with the
orthogonal group O(n,R) and its closed subgroup O(k,R) x O(n — k,R), and so natural real analytic atlases
will result on them. There is yet a third way of doing it, by embedding G (R") as a real analytic submanifold
of some high-dimensional projective space.

Exercise 2.2.9. Express the open Moebius strip of Example 2.1.10 as a quotient space of S* x (=1, —1) by a
group action of Zs.

Exercise 2.2.10. Construct an analytic atlas of S C R™*! by using stereographic projection from the north
and south poles. Stereographic projection from the north pole e,+1 = (0,...,1), for example, is defined as
follows: Take any point x € S™ which is not the north pole. Connect this point to to the north pole by
a straight line, and set ¢(x) to be the unique point where this line meets the hyperplane (enH)l = R".
Analogously for the south pole. Construct another analytic atlas on it by using spherical polar coordinates
and trigonometric functions. Verify that they give S™ the same real analytic structure.

Exercise 2.2.11.
(i): Define two distinct C*° structures on R. (Hint: Use the map z +— z3).

(ii): Do there exist two distinct analytic structures on R whose underlying C'*° structures are the same?
(Hint: Find a C*°-diffeomorphism of R to itself which is not C*).

We remark however, in the above exercise, the new C* (resp. C¥) structure is C* (resp. C%) diffeomorphic
to the standard one, using precisely the maps used above.
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3. SMOOTH MAPPINGS AND TANGENT SPACES
3.1. Smooth functions and mappings.

Definition 3.1.1 (Smooth and Analytic Mappings). A continuous map f : M — N between two smooth
manifolds is said to be smooth if for each chart (1, V) of N and each chart (¢, U) of M such that UNf~1(V) # ¢,
the composite map:

U N FV) S Un V) BV S uw)
is a smooth map of open sets of euclidean spaces. That this is well defined follows from the fact that the
coordinate changes of M and N are smooth. When N = R, we call f a smooth function. A smooth map
between manifolds which has a smooth inverse is called a smooth diffeomorphism. A smooth diffeomorphism
of a neighbourhood of a point p in a manifold is called a local diffeomorphism at p. Clearly, there is a real
analytic version of all of these notions.

It is easy to see that composites of smooth maps are again smooth by the Chain Rule. The local charts of
a smooth manifold are local diffeomorphisms, by definition. Likewise, for the real analytic setting.

Example 3.1.2. Let X = f~!(a) be the manifold of dimension n — m defined by taking the inverse image of
a regular value ¢ € R™ under a smooth map f : U — R™, where U is an open subset of R", as described in
the Example 2.1.5. Then the restriction to X of any smooth mapping g : U — N, N any smooth manifold, is
again smooth. This is because, by the implicit function theorem, for a p € X, there is a local diffeomorphism
¢ of a neighbourhood V' around p which makes the following diagram commute:

XNV < V
¢ | 1o
HXNV) S (V) (5)

where the map j is the inclusion as the first n — m coordinates, which is clearly smooth. This shows that the
inclusion map i : X — U is a smooth map, and so gjx = g o is smooth. Similarly for the real analytic case.

In fact the above Example 3.1.2 can be generalised to what are called submanifolds. Since many manifolds
we meet in future will be submanifolds of R™ (or submanifolds of open subsets of R™), it would be handy to
conclude smoothness of various maps defined on such submanifolds by realising it as a restriction of a smooth
map defined on R™ (or of an open subset of R™). We first define a submanifold.

Definition 3.1.3 (Submanifold). Let M be a smooth manifold of dimension n, and N C M be a subset. We
say that N is a k-dimensional submanifold or k-submanifold of M if there exists an atlas {(¢;, U;) biea for M
(compatible with its given C*° structure) and a subset I' C A such that:

(1) N C UjerU;.

(ii): ¢;(N NU;) = (R* x {0}) N ¢;(U;) for each i € T.
There is clearly an analogous definition for the analytic (=C*) situation.

The following exercise is an immediate consequence of the definition above:

Exercise 3.1.4.
(i): A k-submanifold N of a smooth manifold M is itself a smooth manifold of dimension k. Further, an
equivalent atlas on M which satisfies (i) and (ii) of the definition above gives rise to equivalent atlases on

N. Hence, even though a submanifold is defined with respect to one particular atlas, its smooth structure
is well-defined.

(ii): A k-submanifold N of a smooth manifold M is locally closed in M. Give an example to show that N
need not be a closed subset of M in general.
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(iii): The inclusion map i : N < M is a smooth map. In particular, if f: M — Y is any smooth map to a
smooth manifold Y, then so is fjxy : N =Y.

(iv): If X = f=%(a) is the inverse image of a regular value of a smooth map f : U — R™ (U C R™ an open
set, i.e. the situation of Example 3.1.2 above), then X is a smooth submanifold of U of dimension n —m.
This follows from the submersive form of the Implicit Function Theorem 1.6.4, as discussed in Example
2.1.5.

(v): Let N be an n-dimensional submanifold of an n-dimensional manifold M. Show that N is an open
subset of M.

Remark 3.1.5. We should remark here that some authors define a submanifold to be the image of an injective
immersion (recall that an immersion is a smooth map whose derivative at each point of its domain is injective).
That definition is less restrictive than our definition. For example, the line of irrational slope on the torus
defined by:
N = {(e", e :t c R} c S' x S!

where a € R\ Q, is the image of an injective immersion ¢ — (e, e?®*) of R into the torus, but not a submanifold
as per our definition above. It is not locally closed inside the torus, and hence violates (ii) of Exercise 3.1.4
above.

Exercise 3.1.6.

(i): Show that the open Moebius strip described earlier in Example 2.1.10 is a submanifold of R3. This is
an example of a submanifold which is not a closed subset.

(ii): Is the spiral
X = {(e'cos t,e'sin t) € R*: t € R}

a submanifold of R2?

(iii): Show that RP(2) can be realised as a smooth submanifold of R* by using the map:
f:RP(2) — R*
[xo:21:20] — (22— 22 2021, ToT2, 2122)
(Here (zg,21,72) € S? is a unit vector). Is it possible with R?* replaced by R3? (Ans: No, but the reason
is non-trivial. Or rather, non-triviality of its “"normal bundle” (to be defined later). Also the above

submanifold RP(2) of R* cannot be realised as the inverse image of a regular value of a smooth map
R* — R? for a similar reason.

(iv): Show that the graph of the function f : R — R defined by f(z) =| « | is a smooth 1-dimensional
manifold, but not a smooth submanifold of R2.

An important example of a real analytic map is:

Example 3.1.7 (The exponential map). Let F denote R or C, and M (n,F) denote the vector space of n x n
matrices with entries in F, and GL(n,F) the general linear group over F. We define the ezponential map:

exp: M(n,F) — M(n,F)

A — exp A:= Z "
i=0
That this is a real analytic map on all of M(n,F) is easy to check, from the absolute convergence of the series
on the right over all of M(n,F). For an n x n matrix A € M(n,F), define ||A|| = max; ; |A;;|. Then it is easy

to see that:
[AB|| < n||A[l | B
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from which it follows that ||AkH < nF1||A|*, so that:

ko 44

A
>

=0

< Sk

where Sy is the k-th partial sum of the series e™l4ll. Since M (n,F) is complete with respect to this norm | ||
(which is equivalent to the usual Euclidean norm), it follows that the series converges absolutely over all of
M (n,F). In particular, exp is a real analytic map.

Exercise 3.1.8 (One parameter subgroups). Show that:

(i):
. (exp(tA+tB)exp(—tA)exp(—tB)—1I1) 1
lim =
t—0 t2 2
where [A, B] = AB — BA is the commutator of B and A.

A, B

(ii): det(exp A) = e'T4. This shows that exp : M(n,F) — GL(n,F). (Hint: It is enough to prove this for
F = C, for which case it is convenient to use the density of diagonalisable matrices in M (n,C).)

(iii): The exponential map is a group homomorphism from the additive group RA to a subgroup of GL(n,F).
This subgroup, often denoted exp tA is called the one parameter subgroup generated by A.

(iv):
i &P (tX)Aexp(—tX)— A XA
t—0 t

Exercise 3.1.9. Let A € M(n,R), and set N = {exp(tA) : t € R} be the one parameter group generated by
A. Is N C GL(n,R) a submanifold in general ? (Hint: Consider the torus SO(2) x SO(2) as a subgroup of
GL(4,R), and use the example of Remark 3.1.5.)

Exercise 3.1.10. Show that the map exp : M(n,R) — GL(n,R) is a local diffeomorphism. Explicitly write
down a smooth local inverse to it. There is clearly an analogous result for the complex situation.

Exercise 3.1.11 (Surjectivity of the exponential map for F = C). Show that :
(a): If B is a diagonalisable (=semisimple) element of GL(n,C), then B = exp A for some A € M (n,C).

(b): If N is a nilpotent matrix in M(n,C) (viz. N* = 0 for some k), then (I + N) = exp A for some
A € M(n,C). (Hint: Use the same logarithmic series you used in Exercise 3.1.10 above).

(c): Use (a) and (b) above together with the Jordan Decomposition of a matrix A € GL(n,C) as A= S+ N
where S is semisimple, N is nilpotent and [S, N] = 0 to show that exp : M (n,C) — GL(n,C) is surjective.

Remark 3.1.12. Note that the exponential map exp : M(n,R) — GL(n,R) is not surjective. Since det(exp A) =
etrA, it is clear that matrices in GL(n,R) with negative determinant cannot be in the image of exp. It is then
natural to ask whether exp : M(n,R) — GL,(n,R) is surjective, where

GLy(n,R):={A € GL(n,R) : det A > 0}

The answer is still no, for n > 2, for somewhat more subtle reasons, as outlined in the next exercise.

Exercise 3.1.13 (Non-surjectivity of exp : M (2,R) — GL(2,R)). Prove the following:
(i): Let C € GL4(2,R) with C = exp B for some B € M(2,R). Then C = A? for some A € GL,(2,R).

(ii): For A € M(2,R), we have tr(A?) +2det A > 0. (Hint: Cayley-Hamilton Theorem).
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(iii): If det C =1 and C = A? for some A, then tr C > —2. Hence find a diagonal matrix C' of determinant
1 which is not a square, and hence outside the image of exp.

3.2. Patching and smooth partitions of unity. On a smooth manifold (though not on a real analytic
manifold) there is a method of patching up locally defined smooth functions into globally defined ones. For
this one needs “smooth partitions of unity”. We first need a little lemma, whose proof will be deferred till after
the construction of partitions of unity below.

Lemma 3.2.1 (Bump Functions). Let U C R™ be an open set, and let W C U be a non-empty open set such
that W C U. Then there exists a smooth function y : R® — R such that:

(i): p(z) >0 for all x € R™.

(ii): supp p C U. In particular p = 0 outside U.

(iil): p(z) >0 on W.

Recall that for a function f, we define the support of f as

supp f:={y € M : f(y) # 0}

Proposition 3.2.2 (Partitions of Unity). Let M be any smooth manifold, and & = {U;};ca be any open
covering of M. Then there exists a family of smooth functions {\; };ca on M satisfying:

(i): Ai(z) >0 for all z € M.

(ii): For each € M, there exists a neighbourhood W of  such that all but finitely many A; vanish on W.
(iii): For each i € A, the support of \; is contained in U;.

(iv): For each x € M, Y, ., Ai(x) =1 (The sum is finite in view of (ii)).

Such a collection of functions {)\;}iea is called a partition of unity subordinate to the open covering U =
{Ui}iea- These are constructed below.

Proof: First notice that if the open covering V = {V;}jcr is a refinement of the given open covering of
U = {U;}ica, (this means that for each j € T" there exists an ¢ € A such that V; C U;), then a partition of
unity {u;} subordinate to V will yield a partition of unity {\;} subordinate to . To see this, first define a
map of indexing sets 6 : I' — A by fizing a 6(j) € A so that V; C Ug(;, for j € I'. Then define

Nii= Y H
JE€01()
By definition, the empty sum is taken to be zero. The sum is always a finite one at each x € M, since

by hypothesis (ii), p;(z) is non-zero for at most finitely many j. The assertion (i) is clear for X\; by the
corresponding assertion for fi;.

Now note that each p; will occur as a summand in ezactly one \;, viz. for the unique i satisfying ¢ = 6(j).
Then 37 Ai(2) = i 2jen—1() Hi(@) = 2 er py(z) = 1 for each x € M, verifying (iv) above for the
collection {\;}.

Set A; :={x: \;(z) > 0}. By definition of \;, z € A; implies p1;(z) > 0 for some j € §~'(i). Thus
4= |J B
Jjeo=1(1)
where B; := {z : uj(x) # 0}. Since B; C Vj for all j, and (ii) applies to x1;, we have that B; is a locally finite
collection. Thus if x € M, then there is a neighbourhood W of  such that WNB; = ¢ for j ¢ I, where F C I’

is a finite set. Hence F} := §(F) is a finite subset of A, and for i & Fy, 671(i) N F = ¢. Hence W N A; = ¢ for
1 € Fy. Thus A; is also a locally finite collection. This proves (ii) for the collection A;.
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Finally, to see (iii) for the collection A;, we note that the closure of an arbitrary locally finite collection of
sets is the union of their closures, and hence

supp A\; = A; = U EZ U Supp f;
JEO—1(3) JjEO~1(3)
The right hand side above is contained in {J;cp-1(;) V; which is contained in U;. This shows (iii) for the
collection {A;}, and it follows that this collection is a partition of unity subordinate to U.

So we may, without loss of generality, refine the given covering U into another one such that all the U;
are coordinate charts, i.e. diffeomorphic to open subsets of R™ via some diffeomorphisms ¢; (e.g. just take
the common refinement {U; N W;}, where W; are coordinate charts). Further refinement will preserve this
property.

Next, by the paracompactness of M, we may, without loss of generality, further refine this covering U to be
locally finite (i.e., each point € M has a neighbourhood W which meets only finitely many U; non-trivially.)
Going to a subcovering will preserve this property. Since subcoverings are refinements, earlier properties will
be preserved.

Finally, we may pass to a subcovering which is countable. That is, we may assume that A is a countable set,
because M is 2nd countable, and every open covering of M has a countable subcovering. Also by going to a
subcovering, we may assume that that ¢/ is an irredundant covering: U; ¢ U;.;U; for each i € A (Inductively
discard all U;’s which don’t satisfy this).

So, without loss of generality, we may assume that U satisfies:
(a): A is countable, say A = N

(b): U = {U,}ien is a locally finite covering of M.
(c): For each i € N, U; is diffeomorphic to an open set in R™ via smooth diffeomorphism ¢;.
(d): U; ¢ Uj£;U; for each i € N.

By the condition (d) above it follows that the non-empty closed set
C1 = (U1 U5)°

is contained in U;, and not contained in any other U; for j # 1. By the fact that our space M is a metric
space, and hence normal, there exists an open set W7 C U; such that:

01CW1CW1CU1

Again W is contained only in U; and not contained in any Uj for j # 1 (by the corresponding fact for C1).
Further, W7 U (U;£1U;) = M. Suppose we have inductively defined open sets W; for 1 < i < m such that:

(W1): ¢ #W; CW; CU; for 1 <i <m.

(W2): (U;llwl) U (U]Qim+1Uj> =M

We inductively construct W,,;1 as follows. Consider the closed set
Crny1 = [(UZLWi) U (U;ﬁmHUJ‘)]C

This set is non-empty because it contains the nonempty set (Ujzm+1U;)°. Also it is contained in Up,41, and
no other U;. Thus there must be, by normality, an open subset W,,,;1 such that:

Cimt1 C Wing1 C Wong1 CUpia
Tt is left to the reader to verify that the inductive properties (W1), (W2) and (W3) are satisfied by Wy, 11.

Now we claim that W = {W;}22, is an open covering of M. This is because {U;} being a locally finite
covering, for each x € M, there exists an m € N such that z ¢ U52,,+1Uj, so that (W2) implies that
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x € UL, W;. Also (W1) and (W3) imply that each W; is non-empty and contained in a unique U;, namely U.
This implies that W is also a locally finite open covering of M. Indeed, W is what is called a shrinking of U.

By the Lemma 3.2.1 above, there exists a C* function f; on ¢;(U;) whose support is contained in ¢;(U;),
and which is everywhere > 0 and strictly positive on ¢;(W;). Define the function:

wi M — R
z = pi(gi(x)) ifzel;

Clearly, by the support condition on fi;, this function p; is C* on all of M. Also p;(x) > 0 for x € W; and
supp p; C U;. By the fact that the set V; := u;l((O7 00)) contains W;, and that W; is contained in a unique
U;, it follows that each V; is contained in a unique U;. Further, supp fi; C ¢;(U;) implies V,; = supp w; C U,
verifying the condition (iii) of the proposition. Note that {V;}$2, is also an open covering of M, since W is.
From the local finiteness of I/, and that each Vj is contained in a unique Uj, it follows that each point x € M
has a neighbourhood W such that all but finitely many u; are = 0 on W. Finally, since each x € M is in some
W;, some p;(z) > 0.

Thus we may define, for each x € M:

pi(x)
Ai(z) =
' 250:1 1 ()
These functions are easily verified to be the required partition of unity subordinate to U a.

Proof of Lemma 3.2.1: We first note that we may assume that the open set U is a bounded subset of R™.
This is because there is a smooth diffeo ¢ : R™ — B(0,1), and this diffeomorphism will carry our open set U
into the bounded open subset ¢(U) of B(0,1). The open set ¢(W) will have closure ¢(W) contained in ¢(U),
and the required bump function on U will be obtained by composing the corresponding bump function on ¢(U)
with the diffeo ¢.

So we assume U is a bounded set, and hence has compact closure in R™. Thus W is a compact subset of U.
Let 0 < 2¢; := d(W,U®) (d being euclidean distance), and V' C U be the subset:

V={2xeU: d=U° >e}

which clearly satisfies:
WcWcvcVcU

Similarly, let

Uy ={zeU: da,U) > %1}

sothat V.c U, cU; CU.
Now consider the continuous function:
f . Rn — R+
d(z,V*)
d(z, W) +d(x,Ve)

X

This function is identically = 1 on W, and vanishes identically outside V. To “smoothen out” this continuous
function we need to convolve it with approximate identities. We do this as follows.

Since f is continuous and of compact support (contained in U), it is uniformly continuous, so there exists a

€5 > 0 such that

swp |f(z =)~ f@) <) forlyl<er ()
ERSING
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Let € = min(%, e2). Consider the non-negative function:
¢ :R* — Ry

2
x — Acexp <2€2> for [jz|| <€
€ — |||

— 0 for |z >e

where A, is a normalising constant such that

¢ der =1
R’ﬂ,

This function is compactly supported in B(0,¢€), and as € — 0, ¢. becomes more concentrated around the
origin, and its peak value at the origin gets higher. Such a function is called an “approximate identity”, for
reasons to become clear soon. Now consider the function (convolution):

po) = (F 0@ = [ fa-podndy  wer”
Clearly p(x) > 0 for all © € R™. Thus assertion (i) of our lemma follows.
Note that if x € Uf, then for ||y|| < € we have the inequality:
da —y,U°) < d(x - y,2) + d(2,U°) = y| + d(@,U") S e+ T <@

so that  — y will lie outside V, so f(x —y) = 0. On the other hand, for ||y|| > €, ¢.(y) = 0. Thus we have
p(x) =0 for all x € Uf. Hence supp u C Uy C U, verifying (ii) of our lemma.

Now we make a sup-norm estimate on u. Using the fact that f oe(y)dy = 1, we have for z € R™:

() = f ()|

[ (=) = 1oy

IN

180 - 1@y
= [ U= - Sy <
B(0,¢)

by using (*). Thus
[ = flloe = sup |u(z) — f(2)] <
zERn

Since f =1 on W, p(x) > 3 for z € W. Thus (iii) of our lemma is satisfied. All we need to do is check that
1 is smooth. This is done by changing variables and rewriting:

p(x) = (fxge)(x) = | f(2)¢e(z — 2)dz

R"L
differentiating under the integral sign with respect to x. The smoothness and compact support of ¢, is used to
justify this (see Rudin’s Principles of Mathematical Analyis, Theorem 7.16). The details are left to the reader.
O

Remark 3.2.3.

(i): Unlike the smooth case, real analytic bump functions do not exist, because the zero-set of a real analytic
function on R™ cannot have a non-empty interior, unless it is the zero function. For a real-analytic
function of one variable, this is clear, because the zeroes of a non-zero real analytic function are isolated
points (why?). In general, we note that if f is a real-analytic function on R™ vanishing on an entire
neighbourhood of a point p, then by considering the restriction of the function to each hyperplane passing
through p, we see that each such restriction is = 0 (by induction), so f = 0.

(ii): Bump functions are also sometimes called “cut-off functions”.
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Corollary 3.2.4 (Bump Functions on Manifolds). Let M be a smooth manifold, and let W, U be open sets
such that W C U. Then there exists a smooth function p : M — [0, 1] such that supp u C U and p(z) = 1 for
allz e W.

Proof: Using 3.2.2, construct a smooth partition of unity {A1, A2} subordinate to the open cover {Uy,Us},
where Uy := U and Us := M \ W. Then p = A; is the required function. O

Corollary 3.2.5 (Extending smooth functions). Let M be a smooth manifold, and U C M an open set. Let
W be an open subset of M with W C U. Let f : U — R be a smooth function. Then there exists a smooth
function F': M — R with Fly = fiw.

Proof: First define G : M — R by Gy = f and G identically zero on U¢. Of course, G is not going to be
smooth in general. However, let V' C U be an open set satisfying W c V. Cc V C U. Let p: M — R be a
cut-off function as in the previous corollary, with y =1 on W and g = 0 on V. Then F := uG is easily verified
to be the required function. Clearly =1 on W implies Flyy = Gjw = fiw. On U, we have Fjy = pG = uf

which is smooth on U. On the open set (V)¢, we have F' = 0, so it is smooth there. Since M = U U (V)¢, F is
smooth on M. O

It is natural to ask whether a smooth function on a k-submanifold N of an n-manifold M will extend to a
smooth function on M. The example below shows that this is false.

Example 3.2.6. Let M = R? and N = (0, 00) x {0}, which is a 1-submanifold of M. The function f(z) = 1/x
is smooth on N, but does not extend to a smooth function on M, or even to R x {0} for that matter.

However, the following is true.

Proposition 3.2.7 (Extension of a smooth function on a closed submanifold). Let M be a smooth n-manifold
and N be a k-submanifold of M. Assume that N is closed in M. Then if f is a smooth function on NV, there
exists a smooth function F' on M such that F|y = f.

Proof: We need a fact that follows from the tubular neighbourhood theorem to be proved later. This states
that there is an open neighbourhood U of N in M and a smooth map 7 : U — N such that r|y = id|y. This
map 7 is called a retraction, and this fact says that N is a smooth neighbourhood retract in M. Indeed, this
property of N does not require it to be closed. Thus the function G := for : U — R is an extension of f to
the neighbourhood U. Now, since we assume N to be closed, the fact that M is a normal topological space
implies that there exists an open set W satisfying N ¢ W ¢ W C U. The Corollary 3.2.5 above implies the
existence of a smooth function F': M — R with Fjyy = G|w. Since N C W, we have Fijy = G|y = f. a

Exercise 3.2.8. Determine whether the following statement is true or false. Let M be a smooth n-manifold,
and N C M a closed smooth k- submanifold. If f: M — R is a continuous function such that f|y is smooth,
then there exists an open set U containing N such that fj;; is smooth. (Hint: Look at Exercise 1.3.3)
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3.3. Tangent space to a smooth manifold. Having defined the notion of smooth maps between manifolds,
one needs to make sense of the derivative of such a smooth map. One could, of course, use local charts, and
define the derivative of a map by composing with these local charts. But it isn’t clear that this procedure will
lead to something global. We recall that in the case of R", we looked at the behaviour of f along all directions
(i.e. all the directional derivatives). On a manifold M, we have to define a linear space at each point z € M
which is the totality of all the “directions” in M at that point x. This is called the tangent space at x, and we
need some technology to define it.

Definition 3.3.1 (Function Germs). Let M be a smooth manifold, and € M a point. We define the germ
of a smooth function at x to be the equivalence class of a pair (U, f) where U is a neighbourhood of x and
f is a smooth function f : U — R under the following equivalence relation: (U, f) ~ (V,g) if there exists a
neighbourhood W of x with W C U NV such that f(y) = g(y) for all y € W. The set of all germs at z, with
pointwise addition and multiplication defined in the obvious manner, is clearly an R-algebra, and is denoted
Oz, or simply O, when M is understood. The constant function a defines a unique germ called the constant
germ. Strictly speaking, we should write a germ as [(U, f)], but in future, we will often denote a germ just
by a letter like f, and suppress the domain of definition of its representative (U, f) and the box brackets, for
notational convenience.

Remark 3.3.2 (Smooth germs vs. analytic germs). There is a fundamental difference between smooth and
analytic germs. An analytic germ f, say at 0 € R™, is uniquely determined by all the Taylor coefficients of f
at 0. On the other hand, all the Taylor coefficients of the function f(x) = exp(—z~2) vanish at 0 € R, but it
does not represent the zero germ in Og g, for it is not identically 0 on any neighbourhood of 0. Indeed, the set
of all smooth germs is very much larger than the set of all real analytic germs.

From now on, we shall be dealing exclusively with the smooth situation. Many of the subsequent statements
and propositions are also valid in the real-analytic situation, but we shall leave these matters as an exercise for
the reader.

Exercise 3.3.3. Let M be a smooth n-manifold, and U C M an open set. As noted in Example 2.1.4, U
inherits an n-manifold structure from M. For x € U, show that the natural inclusion map Oy, < O, is an
isomorphism.

Exercise 3.3.4. For a smooth manifold M, there is the R-algebra of smooth functions on M, denoted C°°(M).
For a fixed x € M, there is also the natural homomorphism:
x:C®(M) — Owmgz
[ ]
taking the smooth function f to its germ [f] at x.
(i): Show that x is a surjective map. (Hint: Use the Corollary 3.2.5 above.)

(ii): Show by constructing an example that x is not surjective in the analogous real-analytic setting,.

Exercise 3.3.5. For M a smooth manifold, and x € M, there is a natural evaluation homomorphism of
R-algebras:

[P OMJ; — R
[l = f@)
where Oy, is the R-algebra of smooth germs at . Show that e, is surjective, and the kernel of this evaluation

map, viz. m, := kere, is a maximal ideal. Show that it is the unique maximal ideal, in Ops,. (A ring with a
unique maximal ideal, e.g. a ring like Oy 5, is called a local ring).
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Exercise 3.3.6 (Pullback of a germ). Let f: M — N be a smooth map of smooth manifolds. Show that the
map:
" :Onf@) — Oume
l9] — lgof]
is an R-algebra homomorphism satisfying f*(my)) C m,. (viz. it is a homomorphism of local rings). For

example, the pullback map i* for the inclusion map i : U C M of an open subset U of M is the inverse of the
map Op,; — O, defined in Exercise 3.3.3.

Remark 3.3.7. The following facts are obvious:
(i): For smooth maps f: M — N and g : N — Y of manifolds, (go f)* = f* o g*.

(ii): If (¢,U) is a smooth chart around a point € M, we can use this chart to make Oy, isomorphic as an
R-algebra to Ogn g(5). The pullback homomorphism on germs defined in Exercise 3.3.6 above (combined
with the Exercise 3.3.3):

o
Orr p(x) = Op(0).6(2) — Ova = Onra
is the isomorphism, with inverse (¢=)* : Orre = Orn p(a)-

Hence, we first need to analyse the local rings Ops, for M = R™.

Definition 3.3.8 (Directional derivative in R™). On the local ring Ogn ., we define the action of a vector
v € R™ by means of the directional derivative along v. More precisely, let (U, f) represent a germ in Ogn 4,
and define:

2u(f) = Df(x)v = lim

Then it is readily verified that 9, : Orn o — R is well-defined (i.e. independent of the germ representative
(U, f) chosen), R-linear, and that it acts on the product of germs via the Leibniz formula:

9y(fg9) = g(0)0,(f) + f(0)0.(g)

For example, we have the derivations given by coordinate partial derivatives. Let {e;}?_; be the standard
basis of R™. Define the derivations % ~on Ogn 4, called the coordinate partials by the formula:

|z
4 _ o flatte)—f@)  of
<8xi)|xf 1= 0e,(f) = }g% . = 871'1(13) for f € Ogn

This is going to be the motivation for the following definition of a tangent vector.

Definition 3.3.9 (Derivations and tangent spaces). An R-valued R-linear map (=linear functional) on an R-
algebra which obeys the Leibniz formula is called an R-derivation of that algebra. It is also clear that all such
R-derivations form an R-vector space. The R-vector space of all derivations of the R-algebra Oy, is called
the tangent space of M at x. It is denoted T, (M), and elements in it are called tangent vectors at x.

In view of the inclusion isomorphism defined in Exercise 3.3.3, the natural map T, (M) — T,(U), for an
open subset U C M and z € U, is therefore an isomorphism. Thus the tangent space to M at x is naturally
identified with the tangent space to U at x, for any open set U C M containing .

Exercise 3.3.10. Prove that a tangent vector X € T, (M) kills all constant germs in Oy .

Definition 3.3.11 (Derivatives of smooth maps on manifolds). Let f : M — N be a smooth map between
manifolds. Then there is a natural linear map called the derivative of f at x, denoted as

Df(x): To(M) = Ttz (N). It is defined as (D f(x)(X)) h = X (f*h) where h is any germ in Oy () and f*h
denotes the pullback germ h o f at x as defined in Definition 3.3.6. We have the following:
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(ii): [Chain Rule for smooth maps] D(f o g)(x) = Df(g(x))Dg(x)

For notational convenience, D f is sometimes denoted f.. That D f(x)(X) is a derivation easily follows from
the fact that X is a derivation and f* is an R-algebra homomorphism. The facts (i) and (ii) follow immediately
from the definitions and the fact (i) in Remark 3.3.7.

Remark 3.3.12. It seems from (ii) above that the Chain Rule is a consequence of abstract nonsense, and
doesn’t need a proof! The catch is that we have called something D f(z), without verifying that for the
familiar situation of smooth maps between open sets of Euclidean spaces, it gives us back the old definition of
derivative. This will be seen shortly in Lemma 3.3.15.

We aim to construct a natural identification between R™ and the tangent space T,(R™) at z, via the
directional derivative as defined above. We first need the “first order Taylor formula” for a smooth function f
on an open subset of R™.

Lemma 3.3.13 (Ist-order Taylor formula). Let f be a smooth function in a neighbourhood U of 0 in R™.
Then we have:

f(z) = f(0) + Zl'igi(x)

where = (21, .., x,) is any point in a small enough ball around 0 contained in U, and g; are smooth functions

on this ball, and satisfy g;(0) = 57’:(0).

Proof: Let f be smooth. Let ¢ > 0 be such that B(0,e) C U. For a fixed z € B(0,¢), consider the function

of one variable h(t) := f(tz). Then this function h is defined and smooth on some open interval containing
(—1,1), and by the one-variable fundamental theorem of calculus applied to it, we have:
' dh
f(@) = f(0) = h(1) = h(0) = ; g (Bt

1 n
/0 (Z gﬂi (t:v):cl> dt
Z z;9i()

where
1
of
i = t dt
o= [ )
Then g¢;(0) is easily seen to be %(0), and are clearly smooth because f is smooth. a

The next proposition, hopefully, explains why elements of T,,(R™) are called “derivations”. They are merely
directional derivatives, as we see below.

Proposition 3.3.14 (The tangent space to R™). For x € R™, we have the following facts about T, (R"™)

(i): The set of coordinate partials at x, viz.

().}

is a basis of T;(R™). In particular dimg(7,(R™) =n
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(ii): The map:
0:R* — T,(R")
v o= Oy
(where 0, denotes the derivation at x defined by the directional derivative along v as defined in 3.3.8

above) is a canonical (=basis independent) linear map of R™ to T,(R™). Under this identification, the
standard basis {e;}? ; maps to the basis of coordinate partials described in (i) above.

(iii): In particular 6 is a canonical (= basis independent) isomorphism. As a consequence, there is a canonical
identification of T, (R™) with T}, (R™) for all z,y € R".

Proof: We will take 2z = 0 for simplicity, leaving the general case to the reader (It merely involves generalising
the Taylor formula Lemma 3.3.13 to a point z € R"). Let X € To(R™), and f € Ogrno. Applying the
derivation X to the Taylor formula in the Lemma 3.3.13, using the Leibniz formula, the fact that derivations
kill all constant germs (Exercise 3.3.10), and that z;(0) = 0, we have

X(f)=X <f(0) + ingi> =) X(2:)gi(0) =) az-%(m =Y a (8‘1) , f
i=1 i=1 i=1 ’ ¢

i=1
where a; := X (z;). This shows that the coordinate partials span the tangent space Tp(R™). They are linearly
independent because on appplying them to the coordinate function germs z;, we have:

)
- T; = 61
((%cj ) J

To see (ii), we have that 0, is a derivation by 3.3.8. The R-linearity of the map 6 is clear since 9, f = D f(0)v.

Also by definition, 0., = (£)| . Thus (ii) follows. (iii) is immediate from (i) and (ii). 0
/10

which proves (i).

Now we come to the verification of the assertion made in Remark 3.3.12, that our abstract nonsense definition
of Df coincides with the usual one for open sets in R"™.

Lemma 3.3.15. Let f : U — R™ be a smooth map, where U C R™ is an open subset. Then D f(z) as defined
above in 3.3.11 coincides with the usual notion of derivative of f from advanced calculus.

Proof: Let v € R". Then for a germ h € Orm ¢(s), we have:
Df(z)(0y)h = 0y(f*h) =0y(ho f) (by Definitions 3.3.6 and 3.3.11)
= D(ho f)(v) (by Definition 3.3.8)
= (DhoDf)(v) = Dh(Df(v)) = Opg)(h) (by the Chain rule and Definition 3.3.11 again)

Here all the derivatives except the first one are the usual ones in Euclidean space. This shows that D f(x)
applied to the derivation 0, is the same as the derivation Ops(,) as defined in Definition 3.3.11. Since v in
R™ is being identified with 9, € T, (R™) by (ii) of the previous Proposition 3.3.14, we see that our notion of
derivative of f via derivations is the usual one. O

We make the following:

Definition 3.3.16 (Coordinate partials in a chart on a manifold). Define the coordinate partials with respect
to the chart (¢,U) as:

0 (te) — (fod!
(5, )| Fim @000 = (o) 07 p = i SOOI o p oy,

ox; ox; t—0 t

Here (¢~ 1), is as defined in Definition 3.3.11. It is customary to denote the components of ¢(z) as z; for all
x € U, and these x; are called coordinate functions around x, and are defined only on U.
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Proposition 3.3.17 (Basis for T;,(M)). The coordinate partials of Definition 3.3.16 give a basis the tangent
space T, (M).

Proof: Choose a coordinate chart (¢, U) around x. We can then identify (non-canonically) Ops. and Ogrn g(a)
as R-algebras, by using pullback ¢*, which is an R-algebra isomorphism by the Remark 3.3.7. Thus the map
Dé(z) = ¢, gives a linear isomorphism of T, (M) = T, (U) and Ty(¢(U)) = T,.(R"), with inverse (¢—1).. The
proposition is now immediate from the earlier Proposition 3.3.14. m|

The extent of “non-canonicality” of the basis of coordinate partials for T, (M) can be easily described via
the following exercise.

Exercise 3.3.18. Check that if (¢, V) is another chart around the point x, with corresponding coordinate

functions y;, and if we denote the coordinate partials with respect to ¥ by (%)
J

0 B " dy; (0
<3$i>|x -2 Iz (ayj)|a:

Jj=1

@ then there is the “Jacobian
x
formula” :

where g% is the (ji)-th entry in the Jacobian matrix D(¢) o ¢~1)(¢(z)).

Exercise 3.3.19. In the notation of Exercise 3.3.5, prove that the R-vector space T, (M) of R derivations of
O, is isomorphic to the vector space:

homg (m,/m2,R)

the isomorphism taking a derivation X to the linear functional f — X (f) for f € m,/m2. Quite naturally, the
vector space m,/m? is called the cotangent space to M at x, and denoted by T} (M).

Exercise 3.3.20 (Velocity vectors and tangent vectors). Let ¢ : (—e,e) — M be a smooth map (called a
smooth curve in M), with ¢(0) = x. The wvelocity of ¢ at 0 is the map defined by:

‘o= (50) =0

for f € Opr,,. Verify that:

(i): ¢/(0) is a derivation, and hence a tangent vector at z.

(ii): In a coordinate chart (¢, U) around z with Ime C U and ¢(z) = 0,

we have the formula ¢/(0) = .1, %(0),2-, where ¢; denotes the function (z; o c) on U.

(iii): Every tangent vector in T, (M) is the velocity vector ¢/(0) for some smooth curve ¢ as above.

Proposition 3.3.21 (Derivative in local coordinates). If we use local charts (¢, U) around x and (¢, V') around
f(x), then we have natural bases for T3,(M) and T, (IN) given by coordinate partials (Proposition 3.3.17).
With respect to these bases, we have:

Df(x) (31) . ]z:; gf (#(2)) (5;;]') ()

where f; denotes the j-th component of 1) o f o ¢~ .
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Proof: Let dim N = n. By Definition 3.3.16 (

rule,

3r1>‘ = (¢71)4(0e,), so that by Definition 3.3.11 and the chain

PIE) (5,) = DI = Drw) o Do 0.
— D )D)DF(x)o Do (0.) = DD o fo67)(@)

Since o fo ¢! = (f1,.., fn) is a map between open subsets of euclidean spaces, we know from advanced
calculus that

af; 0 afy
-0f
D(yofoo™ Z Or; 8yj ]Z i
where f; denotes the standard basis and y; the corresponding coordinates on R"™ respectively. Now applying
the linear map D(¢)~!) to both sides and using D(1)~1)(9y,) = (6‘; )\ i@y , we have the result. |

Example 3.3.22 (Tangent space to a manifold defined by equations). Let M be a manifold defined by the
inverse image of the regular value 0 under a smooth or analytic map f : R™ — R™ as in Example 2.1.5. Let
x € M be a point. We claim that the tangent space T, (M) is isomorphic to the vector space:

ker Df(x) : Ty (R™) = Ty () (R™)

(which is of dimension (n —m) by the assumption that 0 is a regular value). Note that by the implicit
function theorem cited in Example 2.1.5 above, we know that T, (M) is of dimension n — m. So if we can
prove that the kernel of D f(z) contains T, (M), we would have equality of the two, for dimensional reasons.
But, if X € T,(M), it follows from the definition that for each germ (U, h) at 0 in R™, the composite map
f*(h) = ho fis a germ in Ogn , which is constant (= h(0)) on the neighbourhood f~1(U) N M of x in M,
and hence represents the constant germ h(0) in Oyy,,. Thus any derivation in T, (M) will kill it, and hence
(Df(z)(X))h=X(ho f)=0for all X € T,(M). Thus T,(M) C ker D f(z), and we are done.

Exercise 3.3.23 (Tangent space to S™). Using Example 3.3.22 above, show that the tangent space to S™ at
x € S™ is given by the hyperplane (Rz)’ orthogonal to the vector x. Geometrically, this is exactly what the
tangent space should be.

Exercise 3.3.24 (Inverse and Implicit Function Theorems, Regular Values). Formulate versions of the inverse
and implicit function theorems for smooth maps between manifolds. If f : M — N is a smooth map, call b € N
a reqular value of f if the derivative D f(z) : T,,(M) — T,(N) is a surjection for all x € X := f~1(b). Generalise
Examples 2.1.5 and 3.3.22 to this more general situation.

As an application of Example 3.3.22 above, we can describe the so-called “Lie Algebras” of the classical
linear groups of Example 2.1.7.

Definition 3.3.25 (Lie group, Lie algebra). A smooth manifold G which is a group (with binary operation
or multiplication denoted by “.”) and for which the map:

a:GxG — G
(z,y) = =zy

is smooth is called a Lie Group. From the definition it follows that the inversion map = — z~! of G, as well
as the multiplication map (z,y) — z.y of G X G to G are both smooth.

-1

If G is a Lie group of dimension n, the tangent space at the identity element e, viz, T, (G) is called the Lie
algebra of G, and often denoted g (or even Lie(G).) It is a vector space of dimension n.
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Example 3.3.26 (General linear group). The general linear group GL(n,F), F = R or C is clearly a Lie
group, since matrix multiplication is a smooth map from M (n,F) x M(n,F) to M(n,F), because all entries of
AB are bilinear in the entries A;; and By;. The map A — A~! is a smooth map of the open subset GL(n,F)
to itself by Cramer’s formula for A=!.

As we observed after the Definition 3.3.9, the tangent space T,(U) of an open subset U of a manifold is
the same as T,,(M), and hence T.(GL(n,F)) = Tr(M(n,F)) for F =R or C. For this reason, M (n,F) is often
denoted gl(n,TF).

Example 3.3.27 (Orthogonal group). Let G = O(n) or G = SO(n). The fact that G = O(n) is a Lie group
follows from (iii) of Exercise 3.1.4, and the previous Example 3.3.26. Hence the open subset SO(n) of O(n) is
also a Lie group. (Note that SO(n) is O(n) N {A : det A > 0}, hence an open subset of O(n)).

Since SO(n) is open in O(n), the Lie algebras of both these groups are the same by the observation made
after Definition 3.3.9, and this Lie algebra is denoted so(n). By the Exercise 3.3.22 above, the tangent space
at the identity Lie(O(n)) = Tr(O(n)) is the kernel of the map D¢(e) : M (n,R) — S(n,R) where ¢(A4) = AA".
From that example, we recall that D@(A)X = AX' + X A!, so that Dp(I)(X) = X + X, and hence

ker Dé(e) = {X € gl(n,R) : X = —X"'}
the space of real skew-symmetric n X n matrices.

Exercise 3.3.28. Verify that all the classical linear groups SL(n,R), SL(n,C), U(n), SU(n) (introduced in
Example 2.1.7 earlier on) are all Lie groups. Prove their Lie algebras are given by:

Lie(SL(n,F)) = sl(n,F)={X egl(n,F): tr X =0} for F=R, C
Lie(U(n)) = un)={Xegl(n,C): X =-X"}
Lie(SU(n)) = su(n)={X e€gl(n,C): X =-X", trX =0}

where X* := fyt, the Hermitian adjoint of X.

Exercise 3.3.29. Compute the following derivatives:
(i): Df(I) where f : GL(n,R) — GL(n, R) is the map given by (a) f(A) = (A71)" and (b) f(A) = A",
where n € Z

(ii): df(s,t) where f is one of the charts on the torus 72 C R? described in Exercise 2.1.11.
f:(0,27) x (0,27) — S'xS!
(s,t) +— ((24 cos s)cos t,(2+ cos s)sin t,sin s))

Hence determine the coordinate partials on T2 as elements of Tf(sﬁt)(R?’) =R3.

Exercise 3.3.30. Consider the torus 7?2 C R? as described in the Exercise 2.1.11, and the smooth map
f:T? — R defined by f(z,y,z) = x. Which points of T? are critical points of f, and which points of R are
critical values of f? (An analogous example of a hyperboloid in R? is pictured below in Fig.5.)

Definition 3.3.31 (Immersions and submersions of manifolds). Let f : M — N be a smooth map. We recall
that f is called an immersion if Df(x) : T,(M) — Ty, (N) is injective for all z € M, and a submersion if
Df(x): To(M) = Tyz)(N) is surjective for all € M. As noted in Exercise 3.3.24, the inverse function theo-
rem, as well as the immersive and submersive forms of the implicit function theorem have obvious formulations
for smooth maps between manifolds.

Exercise 3.3.32. Let f: M — N be a smooth map, with dim M > dim N. Show that:
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f (1) = hyperbola

M={(xy,2)z =x* y?} |,

(xy,2) z

-1
f (0) =pair of intersecting lines

FI1GURE 5. Inverse images of regular and critical values

(i): The set of critical points of f is a closed subset of M. In particular, if M is compact, the set of critical
values of f is a closed subset of N.

(ii): Give an example to show that the last assertion of (i) above is false in general if M is non-compact.

(iii): If f is a submersion, then f is an open map. In particular, if we further assume that M is compact
and N is connected, then f is surjective.

Remark 3.3.33 (Topological properties of immersions). One would naturally like to formulate some analo-
gous topological properties of immersions. Before we do that let us remark that the contrast between open
and closed sets is the following:

A is an open subset of a space X iff for each point = € A, there is a neighbourhood U of x in A such that
U N Ais open in U. That is, the property of A being open is “local at each point of A”.

However, the property of A being closed is “local at each point of X ”. Indeed, as an exercise, prove that C
is closed in a topological space X iff for each open covering {U,} of X, CNU, is closed in U, for each a. If A
is a set such that each point x € A has a neighbourhood U in X such that U N A is closed in U, we recall that
A is merely locally closed in X. This is weaker that it being closed. For example, the set (0,1) x 0 is locally
closed in R?, but not closed.

In view of the local nature of immersions described in the Exercise 3.3.24, all one can assert about an
immersion is that it is locally a closed map. In fact, immersions can behave quite badly, as is clear from the
example of the skew line on the torus described in Remark 3.1.5):

There is a final result about regular values, namely

Theorem 3.3.34 (Sard’s Theorem). Let f: M — N be a smooth map between smooth manifolds. Then the
set of critical values of f is a nowhere dense subset of N. The set of regular values of f is a dense subset of N.

Proof: In fact, the theorem also states that the set of critical values of f, called the critical set of f, is a
subset of measure zero in N. (Measure zero is easy to define on a manifold, by using a countable locally finite
atlas, and using the notion of (Lebesgue) measure zero in R™. Alternatively, using a Riemannian metric, one
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can define a volume form and measure on a manifold, as we will see later). If dim M < dim N, the critical set
is precisely f(M) and it is not difficult to show, using the Lipschitz property of a smooth map, that f(M) is
a set of measure zero in N. The proof of Sard’s theorem for dim M > dim N is more involved, and may be
found in Hirsch’s book Differential Topology, p. 69. |

Definition 3.3.35 (Embeddings). An immersion f : M — N which is injective, and such that f : M — f(M)
is a homeomorphism, is called an embedding. (Here f(M) has the induced (=subspace) topology from N).

(Caution: As noted earlier in Remark 3.1.5, some authors define an embedding to be an injective immersion,
which is more general than the definition here. For example the immersion of the skew line on the torus of the
example of that remark above is a 1-1 immersion, but is not an embedding by our definition).

Exercise 3.3.36. Prove that N C M is a submanifold if and only if it is the image of an embedding (see
Definition 3.1.3).

The following is a deep result.

Theorem 3.3.37 (Whitney Embedding Theorem). A smooth manifold of dimension n can be smoothly em-
bedded in R?".

For a proof of the lighter result that a smooth compact manifold can be smoothly embedded in R2"+!, see
Hirsch’s book Differential Topology, p. 24.

We remark that this bound of 2n is sharp. For example, RP(2) does not embed in R3. (See (iii) of the
Exercise 3.1.6).
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4. VECTOR BUNDLES
4.1. Tangent and other bundles.

Definition 4.1.1 (Tangent bundle, vector fields). Let M be a smooth manifold. We consider the disjoint
union of all the tangent spaces to M, viz.:

T™ = ] T.(M)
reEM
We define the projection map 7 : TM — M to be n(T(M)) = z. Let (¢,U) be any chart of M. We note
that the following local triviality condition holds. The following diagram commutes:

~l(U) X UxRe

TN\ v pry
U

5 (z (ai)) _ w.ara)

{(%)ilm}i:1 being the basis of T, (M) given by the coordinate partials with respect to ¢ as defined above.

where

Note that @ is a bijection, and since U x R™ is homeomorphic to the open set ¢(U) x R® C R?", we topologise
7~ 1(U) by requiring ® to be a homeomorphism. We need to check that if (¢,U) and (¢, V) are two charts,
then the topology induced on the overlap 7#=*(UNV) from 7~ 1(U) by this prescription (using the chart (¢, U))
is the same as that induced from 7~!(V) by using the chart (¢, V).

This follows easily from the Jacobian coordinate change formula for the coordinate partials of the Exercise
3.3.18. Thus one can define the topology on T'M to be the coherent topology from the family {7=1(U)}, i.e.
W C TM is open iff WN7~1(U) is open in 7#=(U) for all charts (¢, U). By definition then, TM becomes a
manifold of dimension 2n. Verify that 7 : TM — M is a smooth map. T'M is called the tangent bundle of M,
and 7 is called the bundle projection.

Definition 4.1.2 (Sections, vector fields). A smooth map s : M — TM satisfying 7 o s = Id,s is called a
smooth section or vector field on M. If U C M is an open subset, and s : U — 7~ 1(U) is a smooth map which
satisfies m o s = Idy, then we say that s is a section over U or a vector field over U.

For example, if (¢, U) is a chart on M, the coordinate partials 8%5 give n linearly independent smooth vector
fields over U, called the coordinate fields on U, and every smooth vector field over U is of the form:

s(z) = i“i(w) (3?61') o

where a; are smooth functions on U.

Exercise 4.1.3. Show that the tangent bundle of S™ C R™*! is the space:
TS" = {(z,v) € S" xR": (v,z) =0}
Use the two stereographic charts on S™ to explicitly check local triviality of this bundle.

Exercise 4.1.4. Here is an interesting description of the tangent bundle of S™ as a complex affine algebraic
variety. Show that the set:

n
X = {(ZO, ,Zn) S Cn+1 : ZZ? = 1}
i=0
is diffeomorphic to T'S™ described in the last exercise. Denoting z; := Rez; and y; := Im z;, show that the
map (20, .-, zn) — (1 + Y, ¥7) " (20, .., ) gives the bundle projection 7 : T'S™ — S™.

One can do various constructions with the tangent bundle. For example, one can define:
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Example 4.1.5 (Cotangent bundle). The cotangent bundle T* M is the union:

[T 7 )
reM

where T M is the R-dual of T,,(M). As before, it can be given the structure of a manifold of dimension 2n.
In fact, if (¢, U) is a coordinate chart for M, then for each x € U, a basis for T} (M) is given by the coordinate

differentials {dx;|, }7—, defined by:
0
dzjiz | =— | =04

which is just the dual basis to the basis { (%) ‘ } of T,,(M) defined in the last subsection. The coordinate
J xT le
change from a chart (¢, U) (with coordinate functions x;) to another chart (¢, V) (with coordinate functions

y;) will lead to the change of basis given by:

dwjp = Zn: (axi (@) dyj|e

=N

where (g; (x)) denotes the ji-th entry of the Jacobian matrix of D(¢ o ¢~1)(¢)(z)). (Recall that if a ba-

sis change is given by e; = > . A;;f;, then the dual basis changes by the formula e} = Zi(A’l)ijf;‘ =
>(ATY5)

Notation 4.1.6. From now on we will suppress the subscript “z” from the basis elements dz;, of T,y (M) and

(%)‘ of T,,(M), and simply denote them as dz; and (%) respectively, for notational convenience.
i) |z J

Exercise 4.1.7. Write down the local formula for (D f(z))*dy; for a smooth map f : M — N, analogous to
the formula in Proposition 3.3.21.

Definition 4.1.8 (Derivative of a smooth map). As noted earlier in 3.3.11, a smooth map f : M — N be-
tween smooth manifolds leads in natural way to a map D f(z) : To(M) — Ty(,)(N). Putting these fibrewise
maps together leads to a map:

Df:TM — TN
which is called the derivative of f. That it is a smooth map, with respect to the manifold structures defined
above on TM and TN follows from the formula in Proposition 3.3.21. Further, it is linear on each fibre, and
is an example of what we shall later call a “bundle morphism”.

Before proceeding further, it is useful to abstract the structures of the tangent and cotangent bundles, and
introduce the notion of a “smooth vector bundle’ on a manifold M.

Definition 4.1.9 (Vector bundles). A smooth vector bundle of rank k on a smooth manifold M is a smooth
manifold E of dimension k + dim M and a smooth surjection 7 : E — M such that:

(i): Each fibre E, = 7—1(x) is an R-vector space of dimension k.

(ii): There exists an open covering {U;};ca of M, and smooth maps (called local trivialisations or bundle
charts):

;7 HU;) = U; x RF
making the diagram:
L U) 25 U x R
TN\  pry
Ui
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commute, for each 7.

(iii): For each z € U;, and each i, the restriction ®; g, is a vector space isomorphism to {z} x RF.

E is called the total space of the bundle, and M the base space. 7 is called the bundle projection. Sometimes
we will just call £ a vector bundle over M, and denote it simply by E, when the projection 7w and the base
space M are understood.

If there exists such an open covering with just a single element { M}, then the bundle is said to be a trivial
bundle. It is denoted by €*, if it is of rank k.

A vector bundle of rank 1 is called a line bundle, and a bundle of rank 2 is called a plane bundle.

FIGURE 6. A non-trivial line bundle on S*

Definition 4.1.10 (Sections of bundles, 1-forms). If 7 : E — M is a smooth vector bundle, a smooth map
s: M — FE, is called a smooth section of the bundle if 7 o s =1dy;. For U C M an open set, a section over U
is just a section of the restricted bundle: 7 : 7=}(U) — U.

A smooth section of the cotangent bundle s : M — T*M is called a smooth I-form on M. Similarly, we can
define smooth 1-forms on an open set U C M to be a section of the cotangent bundle over U. For example,
for a chart (¢, U), the basis element dz; defined above in 4.1.5 is a 1-form over U.

Exercise 4.1.11.

(i): Show that a smooth vector bundle £ — M of rank k is trivial iff there exist k& smooth sections s; of
this bundle which are everywhere linearly independent. That is, {s;(z)}%_, is a linearly independent set
in E, for each x € M.

(ii): Show that the tangent bundles of S and S® are trivial.

(iii): Show that the tangent bundle of any Lie group is trivial. (See Definition 3.3.25 for the definition of
Lie group.) Note that (ii) follows because S! and S? are Lie Groups. S® has a Lie group structure via the
algebra of quaternions (defined by Hamilton). S7 turns out to have non-commutative and non-associative
smooth multiplication with identity and inverses via the octonion algebra (Cayley numbers). It turns out
that S, S2 and S7 are the only spheres which have a trivial tangent bundle, by deep results in algebraic
topology due to Bott and Milnor.

(iv): Show that the tangent bundle of S?"*! admits a nowhere-vanishing smooth section, for all n. Show
that the tangent bundle of S4"*+3 has three everywhere linearly independent smooth sections.
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(v): If #: E— M is a smooth vector bundle, then 7 is an open map. Since it is a surjection, this implies
it is a quotient map.

Definition 4.1.12 (Bundle frame). Let 7 : E — M be a smooth vector bundle. A collection of smooth
sections s; : U — 7~ 1(U) is called a bundle frame over U if the collection {s;(z)} is a vector space basis for E,
for each x € U. Using (i) of the Exercise 4.1.11 above, it is clear that a local trivialisation over U is equivalent
to finding a bundle frame over U.

4.2. Constructions with vector bundles. There are obvious notions and constructions which carry over
from vector spaces to vector bundles. In a vector bundle, a vector space basis which works simultaneously for
all fibres cannot be chosen, unless the vector bundle is trivial (as seen in (i) of Exercise 4.1.11 above). However,
any basis independent notion or construction that exists for vector spaces will carry over to a vector bundle in
a fibre-wise fashion. We list a few below.

Notation 4.2.1. All bundles below will be assumed to be smooth vector bundles. Also, if m : E — M is a
vector bundle, we will often denote the restricted bundle 7=1(U) — U as Ey —U.

Definition 4.2.2 (Vector bundle morphisms and isomorphisms). A smooth morphism between two smooth
vector bundles m; : F — M and w5 : F — M over a manifold M is a smooth map of manifolds ¢ : E — F such
that:

(i): For each z € M, we have ¢(F,) C F,. This is equivalent to demanding that m o ¢ = 7, i.e. the

diagram
E % F
Uyt \ / 2
M
commutes.

(ii): For each x € M, the map ¢ : E, — F, is linear. It is sometimes convenient to write ¢ g, as ¢.

A vector bundle morphism ¢ : E — F which has an inverse that is a vector bundle morphism is called an
isomorphism of vector bundles. Tt is an exercise to check that this is equivalent to requiring the linear map
¢ : E; — F, to be a vector space isomorphism for each € M. (The fibrewise inverses ¢, 1. F,. — E, define
the map ¢~ ! : F — E. To prove the smoothness of ¢! is then a local problem, where local frames and the
Cramer formula for the inverse of a matrix come to the rescue).

A sub-bundle E — M of a bundle F' — M is a bundle with an inclusion £ < F which is a morphism of
bundles.

Proposition 4.2.3 (Quotient bundles). Given a smooth vector bundle F — M of rank n, and a sub-bundle
E — M of rank k, it is possible to define the rank (n — k) quotient bundle F/E — M, whose fibre at x is the
quotient space F, /E,. There is also a natural quotient morphism of bundles p : F' — F/E given fibrewise by
the natural vector space quotient maps p,. : F,, — F./E,.

Proof: We define F//E := [[, .y F/Ez, and 7 : F/E — M the obvious bundle projection. We will first con-
struct local trivialisations for this bundle over open sets U, covering M, which will produce natural topologies
on 71 (U,). By construction, the bundle coordinate changes on overlaps U, N Ug will be smooth, result-
ing in compatibility of topologies on 7~!(U,) N 7! (Up), and hence a coherent topology on F/E will result.
(Analogous to the definition of the topology on the tangent bundle in Definition 4.1.1).

The idea of finding a frame for F//E over a neighbourhood of any point 2 € M is to start out with a local
frame s of E on a trivialising neighbourhood of z, and extend this to a frame for F' all over some (possibly
smaller) neighbourhood of z. Then the new elements added will furnish a frame for F'/E all over this smaller
neighbourhood.
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So let # € M, and let {s;}¥_, be a local frame for E over an open neighbourhood U of z, coming from
some trivialisation ¥ : Fjy — U x Rk, By shrinking U if necessary, we can assume that Fy is also trivial,
via a trivialisation ® : Fj;y — U x R™. Consider the k linearly independent vectors {f; := ®(s;(z))}F_; of R".
We can extend this to a basis {f;}?; of R". Now note that for any other point y € U, ®(s;(y)) is a linearly
independent set of k vectors in R™, and using our basis vectors {f;}7_; of R™, we may write:

O(si(y) = > _Aji(y)f; for i=1,.k
j=1

where Aj; is a (n x k) matrix of functions defined and smooth over U. Note that at the point z, and for
1 <4,5 <k, the top (k x k) block of smooth functions A;;(z) = J;;, by the construction of f;. So, by the
smoothness of the (k x k) top block matrix [Ay;], <ij<k (and determinant map), there is a neighbourhood
W C U of x such that the determinant of this top (k x k) block is non-zero for all y € W. So the (n x n)

matrix:
[ All(y) . Alk(y) 0 0 i
Agl(y) .. Agk(y) 0 .0
By)=| Auly) . Awl) 0 .0
A[H_Ll(y) . Ak+17k(y) 1 ....0
An(y) - Au(y) 0 .1

(with lower right hand block being the identity matrix of size (n — k)) is non-singular for all y € W.

This means that for all y € W, the set {®(s1(y)),.., P(sk(¥)), fk+1, .- fn} is also a basis for R™. Set
si(y) = le(fj) for j = k+1,..,n, where ®, : F}, — R" is the restriction of ¢ to the fibre F,. Then, all
over the neighbourhood W, {s;}7_, is a smooth frame for Fjy, with {s;}}_, spanning E|y,. Clearly, the frame
{8j(y)}}_x1 spans a (smoothly varying) (n — k)-dimensional vector space complement to E, in each fibre I,
for all y € W. Hence it is a bundle frame which gives the trivialisation for the quotient bundle (F/E) over
W. One now needs to check that on overlaps the coordinate changes resulting from these trivialisations are
smooth, which we leave as an exercise. O

Definition 4.2.4 (Direct sums, Hom, tensor and exterior products). Given vector bundles E and F on M,
there is the direct sum E @ F (also called the Whitney sum) of E and F. Its fibre over x € M is E, & F).
Similarly, one defines the tensor product bundle E ® F. Another construction is the bundle homg(F, F') over
M, whose fibre at x € M is the vector space homg(E,, F,). The bundle E* denotes the bundle homg(E, ¢!),
and is called the dual bundle of E. Finally, given a vector bundle E, one can form the r-th exterior power
bundle A" E, whose fibre over x € M is the the r-th exterior power A"E, of E,.

The bundle charts for all of the constructed bundles above all come out naturally from those of the given
bundles. In fact, the simplest thing to do is to use Definition 4.1.12 and construct local frames of the various
bundles being defined, out of local frames of the given bundles (as we did in the case of the quotient bundle
above). For example, if we choose U to be a small enough open set such that E|;; and Fy are both trivialised
via frames {s;}¥_; and {t; }L1 respectively, then the bundle E'& F' has a frame consisting of the k+m elements

{(5i,0) iy UL(0,85)} 7.

Exercise 4.2.5.

(i): Giving a smooth morphism of smooth vector bundles F — F is equivalent to giving a smooth section
of the bundle homg (F, F).

(ii): As for vector spaces, the bundle homg(FE, F') is isomorphic to the vector bundle E* @ F.

(iii): Show that for any line bundle E, the bundle homg(F, F) is a trivial bundle. (Construct a nowhere
vanishing section).
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Example 4.2.6 (Tautological bundles over grassmannians). Let € be the trivial bundle of rank n over the
grassmannian G (R™). That is, the bundle:

p: (= Gp(R™) x R") — Gr(R")
where p is projection to the first factor. Now we consider the subset:
vk = {(Pv) €€ ve P}

and define p : v — G1L(R™) to be the restriction of p to E. Clearly the fibre p~!(P) is precisely the k-
dimensional subspace P of R™. That is, the fibre over the point P € G(R") is the vector space P C R™. One
needs to produce local trivialisations for this bundle. Again, using the notation of Example 2.2.6, for a fixed
E € Gi(R™), there is the map:

Op:p '(Ug) — UpxE
(Pv) = (P7gp(v))
which makes sense because p~1(Ug) is precisely the set:
{(P,v): mg|p : P — E is an isomorphism and v € P}
If one uses the smooth identification of ¢ : Ug — homg(E, E*1) via the chart ¢ of Example 2.2.6, with
Yp = ¢5' as described there, then ®,' (vp(T),w) = (Yr(T),w + Tw), which is certainly smooth and an

isomorphism on the fibres (i.e. from R*¥ = E to the subspace P = graphT = fibre p~!(P) of P € G(R").)
This shows that @ is smooth. Hence we have bundle trivialisations for 4* over the open sets Ug.

The tautological bundle . on the space G1(R™) = RP(n — 1) is often denoted ~*.

Exercise 4.2.7. Let v¥% denote the bundle on Gj(R") whose fibre at P € Gi(R") is P+. Show that

n

Tn © Tt =€

Exercise 4.2.8 (Moebius Bundle on S!). Show that 4, the tautological line bundle on RP(1) ~ S! is not a
trivial bundle. (In fact, verify that this bundle (illustrated in Fig.6) is homeomorphic to the Moebius strip, as
defined in Example 2.1.10.)

Proposition 4.2.9 (Tangent bundle of grassmannians and projective spaces). The following hold:

(i): The tangent bundle of the grassmannian T(G(R™)) is isomorphic to the bundle homg (vX, v%:1).

(ii): The following relation holds for the tangent bundle of RP(n):
TRP(n) @' ~ 4™ @~y @ .4 (n+1) copies

where y1* := hom(+!, €) is the dual bundle of v'. (This dual of the tautological line bundle on projective
space is called the canonical line bundle).

Proof: We adhere to the notation introduced in Example 2.2.6. In particular, recall the coordinate chart
diffeomorphism ¢g : Ug — hom(E, E+), and its inverse g := ¢El.

We note that there is the structure of a homogeneous space on Gp(R™). More precisely, fix a k-plane
P € Gi(R™), called the identity coset. Then for any other E € G (R"™), there exists a (non-unique) element A €
O(n) such that E = A.P where A.P := {Av : v € P}. Indeed, we may write Gx(R") = O(n)/O(k) x O(n — k)
as a space of left cosets, where O(k) x O(n — k) = O(P) x O(P+) denotes the subgroup of O(n) which fixes
the k-dimensional plane P, called the stabiliser or isotropy subgroup of P, and denoted Stab(P).

For B € O(n), let us denote the automorphism E — B.E of G, (R™) as L, called left-translation by B.

Now for any general E € G(R"), we define the isomorphism 6z : Tr(GL(R") — hom(E, E+) by setting
0 := D¢p(E), where ¢ : Ug — hom(E, E1) is a chart on Gi(R™) as defined in Example 2.2.6. Our aim is



ELEMENTARY RIEMANNIAN GEOMETRY 43

to show that all these fibrewise fg’s glue up to a bundle isomorphism 6 : T(G(R")) — hom(y*,v%1), thus
establishing (i).

Claim: Let A € O(n), and E = A.P, for E, P € G, (R™). Then the following diagram commutes:

Tp(Ge(R™) 2 hom(P, Pt)
I DLA(P) JAdA
Te(Ge(R™) 25 hom(E, EL)
Here AdA is the map defined by AdA(S) = AoSoA™! = Ao So Al. Note that since A € O(n), A also maps
P+ to Et isomorphically.
Proof of Claim: For let T € hom(P, P1). Then recall from Example 2.2.6 that
Yp(T) = ¢1_31(T) = graphT’ = spang(e; © Te;)
if {e;}¥_, is an orthonormal frame for P. Thus, for A € O(n), we have:
La(yp(T)) = Aspang(e; ®Te;) = spany(Ae;, & ATe;)
= spang(f; ® ATA'f;) = graph(AT A") = ¢ p(AdA(T))
where f; := Ae; is an orthonormal frame for A.P = E, and AdA(T) € hom(E, E+). Now this equation

Lpyovyp =1goAdA may be rewritten as ¢po L4 = AdAo ¢p, since ¢;31 = 1g etc. Noting that T — AdA(T)
is linear in T, it is its own derivative, we take the derivative of this last equality at P to get :

Dép(LaP)o Dop(P) = AdAo Dop(P)
which proves the claim, since LyP = A.P = E, and 0p = D¢p(P), g = Do (FE) by definition. O.

To resume the proof of (i), we define the vector bundle morphism 6 : T(G(R™)) — hom(y*, %) by setting
6 on the fibre of E to be 0 : Tr(Gr(R™) — hom(E, E+). We need to show that this is a smooth morphism.
By applying suitable left translations, and using the Claim above, it is enough to establish smoothness in the
neighbourhood Up of the identity coset P. We will need the following Lie-theoretic fact (viz. local triviality
of “principal bundles”:)

Fact: Let p : O(n) = Gi(R™) be the natural quotient map defined by p(A) = A.P. Then, there exists a
smooth section to p over Up, viz. a smooth map o : Up — p~!(Up) satisfying p o ¢ = Id. We can further
arrange o(P) = I, the identity in O(n).

Let 7 : T(G(R™)) — G1(R"™) and p : hom(v*, v%+) — G, (R™) denote the bundle projections. Because of
the Claim above, the following diagram commutes:

IdX@p

Up x Tp(GL(R™) ~=3" Up x hom(P, P*)
DL, (P) 1 Ado
atwp) = [ Te@®?) % [ bom(E,E*Y) =pL(Up)
FEeUp FEeUp

Here the first vertical arrow is the map (E,v) + DL,g)(P)v, and this last vector lies in Tg(Gr(R™),
since LypP = o(E).P = p(c(E)) = E by the Fact cited above. The right vertical arrow is the map
(E,T) — Ad(c(E))T, which lies in hom(E, E1). Since the top horizontal map and vertical maps are clearly
smooth diffeomorphisms, the bottom horizontal map is also smooth. This proves that 6 is smooth, and an
isomorphism of vector bundles since it is an isomorphism on each fibre. This shows (i)

To see part (ii), note that by (i) for k = 1, we have:

T(RP(n) ~ hom(s', ')
Noting from (iii) of Exercise 4.2.5 that hom(y!,7!) = ¢!, and taking the direct sum of this on both sides:
T(RP(n)) @€' =~ hom(y',v"") ®hom(y',7!) =~ hom(y', v @'
~ hom(y}, ") ~ @ hom(v?, €!)

which proves (ii) of the proposition. O
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4.3. Pullbacks, transition functions.

Definition 4.3.1 (Pullback). Let 7 : E — B be a smooth vector bundle of rank k, and let f : X — B be a
smooth map of manifolds. Consider the subset:

fE={(x,v) e X xE: f(z) =mn(v)}

Define the map p : f*E — X by p(z,v) = = (i.e. the restriction of the projection X x E — X). This bundle
is called the pullback of the bundle E — X by f. Its fibre over z € X is precisely Ep,) = 7 *(f(x)). If we let

fdenote the map (x,v) — v, then we have a commutative square:

e L E
Ip im
x L B

To show that it is locally trivial is an easy exercise (in fact if (®;,U;) is a bundle chart for E, then ®; o fwill
trivialise f*E over f~(U;)).

Exercise 4.3.2.

(i): Convince yourself that pullbacks commute with all the operations on vector bundles defined above (e.g.
tensor products, Whitney sums, homs, etc.).

(ii): If f: X — B is the constant map, then f*FE is a trivial bundle.

(iii): If there is a commutative square:

F % FE
ip im
x L B

where p : F' — X is another vector bundle, and g is a smooth map which is linear on each fibre F, then
there is a unique smooth vector bundle morphism 6 : F — f*E (of bundles on X) such that f o6 = g.
(This is called the universal property of pullbacks. Any bundle having this property with respect to f and
E will become isomorphic to f*E, by virtue of the “uniqueness” of the morphism 6 in the definition).

(iv): If f: M — N is a smooth map of smooth manifolds, then there is a unique vector bundle morphism:
TM — f*TN (as bundles on M) which is denoted by f.. If f is an immersion, this will realise TM as a
sub-bundle of f*T'N. If f is a submersion, it will realise f*T'N as a quotient of T'M.

(v): Let f:S™ — RP(n) be the natural quotient map (f(xq,..,zn) = [To : ... : p]). Compute the bundles
f*y! and f*TRP(n) on S™.

There is another description of vector bundles, which is of great value in doing computations with them.
This is by means of the “transition functions” of that bundle.

Definition 4.3.3 (Transition functions). Let 7 : E — B be a smooth vector bundle of rank k, with bundle
charts {(®;,U;)}. Then for x € U; N Uj, we have the following diagram:

-1

P, 0P
(UiﬂUj) XRk —; (UlﬂUJ) XRk
NP1 D1
U; ﬁUj

where both p;’s are projections onto the first factor. Since the top arrow ®; o <I>;1 maps {2} x R” linearly and
isomorphically to itself, this means that this map must be (z,v) — (z, g;;(z)v), where g;; : U;NU; — GL(k,R)
is a smooth map. The functions {g;; : U;NU; # ¢} are called the transition functions of the bundle = : E — B.
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Exercise 4.3.4.

(i): Show that the transition functions satisfy:
(a) gij(x)gji(r) = ldy,ny; forall x € U;NU;j; gy = Idy, foralli
(b) 9i5(x)gin(x)gri(z) = Idy,nv;nu, for all x € U;NU; N U

These are called the cocycle conditions.

(ii): Show that if there is an open covering {U;} of a manifold B, together with a collection of smooth
functions g;; : U; N U; — GL(k,R), which satisfy the cocycle conditions (a) and (b) of (i) above, then
there is a unique smooth bundle 7 : E — B whose transition functions are {g;;}.

(iii): Compute the transition functions of all the vector bundles encountered so far. Write down the tran-
sition functions of all the bundles that were constructed out of some given bundles (e.g. Whitney sums,
tensor products, exterior powers, homs, duals, pullbacks, etc.)

(iv): Let m : E — B be a smooth bundle of rank k, and let {(®;,U;)} be its bundle charts. Show that giving
a smooth section s of this bundle is equivalent to giving a collection of smooth functions s; : U; — RF
satisfying s;(x) = g;j(x)s;(z) for all z € U; N U;.

(v): Let E — B and F — B be two smooth vector bundles of rank k. Without loss of generality, we can
assume there is an open covering {U;} of B such that both bundles are trivialised over these opens. Let
gij and h;; be their transition functions with respect to these trivialisations. Show that E and F' are
isomorphic iff there exist smooth functions (called ”intertwiners”) s; : U; — GL(k,R) (for all i) such
that:

Gij (.T)S] (33) = Si(l‘)hij (.23) for all x € U; N Uj

Use this to formulate a criterion for a bundle to be trivial, in terms of its transition functions.

4.4. Tensors, differential forms.

Definition 4.4.1 (Tensors and and differential forms). In view of the above, we can construct various associ-
ated bundles to the tangent bundle. For example the (k, [)-tensor power bundle 7 : (R*TM)® ('T*M) — M.
This is called the bundle of tensors of type (k,1). Tts smooth sections are called tensor fields of type (k,l). For
example, tensor fields of type (1,0) are just smooth vector fields. Smooth sections of the k-th exterior power
bundle 7 : A¥T*M — M, are called differential k-forms or simply k-forms on M.

Remark 4.4.2 (Contravariant and covariant notation). In classical books on geometry, a tensor field of type
(k, 1) was said to be “contravariant of type k and covariant of type [.”

Example 4.4.3 (Local descriptions of tensors and forms). If (¢,U) is a coordinate chart on a smooth mani-
fold of dimension n, then the bundles TM and T*M get trivialised over U. Their local frames (=basis sections)
over U arising from this chart are {%}?:1 and {dx;}1_,. The associated bundle 7 : (*TM)®(Q!T*M) — M
then acquires the trivialisation over U, given by the frame:

0 0 0 . .
{8:3- ®8x- ®”.8(E‘ ®dr;, ®drj, ®..dr;, :1<i. <n ISJSSn}
11 12 (23

Thus if « is a tensor field of type (k,1), we have the following local expression for o over U:

o 0 0 0
— 11%2..7 . . .

a= Z o‘jlljzz..'ljc'z <(3.’L‘i1 ® 8:@2 ® 8£Uu ® dz]l ® d$]2 ® "'d'rjl>
where 0431322”;, is a smooth real valued function on U. (In classical books, the superscripts i1, .., i were called
the contravariant indices, whereas the subscripts ji, .., j; were called covariant indices).
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We must always bear in mind that the expression in local frames for a tensor is purely local, depending

on a coordinate chart. However, another coordinate chart (¢, V) with coordinate functions y; yielded the
transformation formulas (see Exercise 3.3.18) on U N V:

S ona,
6% ox; 8yp
which led to the transformation formula for 1-forms (see Example 4.1.5):
0x;
dr; = ; 8y—;dym
for the dual basis {dz;}}]_; of {8%1} - From these, it easily follows that:

abr- I)k: _ (aypl aypk 633]& 633]2 ) azm ik
e E .
L axil axik 3ym1 ayml Jijz--ji

B1eeshesJ150501

where abl- Pk denotes the components of a with respect to the coordinate bases arising from (1, V'), namely
the basis

0 0 0
® ® ... ® dYymy @ dYmy @ .dym, : 1 <pr <n lémsén}
{aypl p, OYpy, ' ’ l

For k-forms, we trivialise the bundle AF(T*M) by the frame:
{dey :=dxy Ndwziy... Ndag, i1 <idg... <ig; 1<i.<n}

We can thus express a k-form w over the open set U as:
w = Z wrdxy
I

where I = (iy,..,i) is a multi-index with i; < iy < .. < i, and wy is a smooth real-valued function on U. If
one uses another chart (¢, V'), the corresponding formulas for the new components of w on U NV are:

‘;J = g AJIWI
J

where Ay is the determinant of the k& x k-minor of the jacobian matrix [a;%} formed by the rows iy, .., 7, and
J

columns ji, .., Jk-

Definition 4.4.4. The vector space of all smooth k-forms on the manifold M will be denoted by A*(M). Note
that A°(M) = C°°(M) is the space of all smooth functions on M. Clearly, by pointwise scalar multiplication,
AF(M) is a module over A°(M).

4.5. Exterior derivative.

Definition 4.5.1 (Differential of a smooth function). Note that for any open set U C M, and a smooth func-
tion f: U — R, there is a natural 1-form on U denoted by df, satisfying: df(X) = X (f) for a tangent vector
X eT, (M) and z € U. It is called the differential of f.

Definition 4.5.2 (Exterior derivative). We define the exterior derivative operator
d: AR(M) — AFTL(M)
by first defining it on A°(M). An element of A°(M) is a smooth function f on M, and we define the 1-form
df by:
df(X) := Df(2)(X) = X(f)
for a tangent vector X € T, (M) (as in the definition 4.5.1). Now one extends it to A*¥(M) by requiring the
following condition:

dwAT)=do AT+ (~1)38%y A dr
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where degw = p if w is a p-form (the condition of a skew-derivation). It can be readily checked that this
definition makes sense. Indeed, there is a local formula for d, in the exercise below, which uniquely determines
the operator d globally.

Exercise 4.5.3.

(i): Let U be a coordinate patch corresponding to the local chart (¢,U), and let {x;} denote the corre-
sponding coordinate functions. As remarked earlier in Example 4.4.3, the coordinate 1-forms dz; form a
basis of A}(U), and thus a basis for A¥(U) is given by

{dzy = dx;, Ndxiy N .. Ndxg, )1

where I = (i1,..,4x) ranges over all k-multi-indices with 1 < i; < 49 < ...ix < n. Show that if w =
>~ jwrdxy is the expansion of w over U, with w; smooth functions, then dw is given by:
8&)[

dw = ——dx; Ndzy
I Gacj

Verify that this formula is valid in any coordinate chart.

(ii): As a particular case, it is instructive to understand the exterior derivative in three dimensions. From
vector calculus, we recall the notions of grad, curl and div on vector fields on 3-space. These are actually
just particular cases of exterior derivatives, as will be seen below.

For U C R3 an open set, A°(U) = C°°(U), the vector space of smooth functions on U. Since global
coordinates x1, Ts, x3 are available on U, we see that :

AN U) = @ ,C™(U)da;
AZ(U) = COO(U)dl‘Q A dxs P COO(U)ddig Adxry D COO(U)d.Il A dxo
A3(U) = C>®(U)dxy Adag Adxs

Using part (i) above show that for w = Z§:1 widx; € AY(U), we have

8&)3 8002 8(.4)1 (9(,4.)3 8w2 (9(,4)1

dw = <5x2_amg)dx2/\dx3+<8x3_8x1>dx3/\dx1+<3x1_a$2>dx1/\dx2

For w = widzs A drs + wadws A dry + wadwy A dre € A%(U), we have:

2w
dw = < z)dacl/\dacg/\dﬂcg

»
i=1 Oz

These are the familiar formulas for grad, curl and divergence from advanced calculus, if we identify A(U)
and A%(U) with vector fields on U, and A°(U) and A3(U) with C°°(U).

(iii): Prove that the composite:
AR(M) S ARFY(ar) S AR (D)

is the zero map. In view of (ii) above, we recover the advanced calculus identities curl o grad =0 and
div o curl = 0 in the case of U C R? an open set.
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4.6. Pullbacks of differential forms.

Definition 4.6.1. If f : M — N is a smooth map, we have already introduced the bundle morphism
fe o TM — f*T'N, which comes (fibrewise) from the derivative Df(x) : To(M) — Ttu)(N) = (f*TN),
(see (iv) of Exercise 4.3.2). By taking duals, there will be a bundle morphism (of bundles over M):

ffoffT*N - T"M
which, upon taking exterior powers will yield a vector bundle morphism:
AR(F*)  f2(AFT*N) — AT M

If w € AF(N) is a k-form on N, it is a smooth section of A*T* N, so it results in a section of f*(A*T*N). We
apply the above vector bundle morphism A*(f*) to this pullback, and get a section of A*T*M, i.e. an element
of A¥(M). This form is called the pullback of w, and denoted by f*w, for notational convenience.

The only way to fathom the jargon above is to do the following:

Exercise 4.6.2.

(i): Show that for a O-form (=function) g: N — R, f*g = go f. Also show that f*dg = d(f*g).

(ii): Show that for smooth maps f : M — N, g : N — X, we have (g o f)* = f* o g*, by using the
corresponding property for pullbacks of bundles, duals etc. Also note that Id* =Id. Thusif f : M — N
is a diffeomorphism, then f* is an isomorphism from A*(N) to A*(M) for all k.

(iii): Show that for differential forms w, 7 on N, we have f*(w A7) = f*w A f*1
(iv): Show that for a smooth map f: M — N, and a differential k-form w on N, we have d(f*w) = f*dw.

(v): [Local formula for pullback] Let f be as above, and let (¢,U) (with coordinate functions z1, .., z,)
be a chart on M, and (¢,V) a chart (with coordinate functions yi,..,y,) on N such that f(U) C V.
Represent a k-form w on the chart V as w)y = lelzk wrdyr, where wy(y1, ..,Yn) are smooth functions.
Show that f*w is represented on U by:

(ffw)(z) Z (wr(f(z1,..,xm))dfr for €U

)=k

where, for I = (41, ..,4), dfr denotes the k-form df;, A dfi, A .. Adf;, and f; denotes the i-th component
of o fogl

Definition 4.6.3 (Restricting a differential form). Let N be a smooth manifold, M a smooth submanifold of
N, and i : M — N the smooth inclusion map. If w is a smooth k-form on N, the pullback form i*w on M is
called the restriction of w to M. It is denoted w)y.

Exercise 4.6.4. Consider the torus T? as a submanifold of R? as in Exercise 2.1.11. Let w = dyAdz. Compute
the restricted form w2 in the chart defined in (ii) of that exercise.
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FIGURE 7. Regular 2-cubes on a torus

4.7. Integration of differential forms. The reason for introducing differential forms is to globalise the
notion of integration from euclidean space to manifolds. For more details on this, the reader is urged to consult
the book Calculus on Manifolds by M. Spivak.

Definition 4.7.1 (Regular k-cubes and k-chains). Let M be a smooth manifold and let ¢ : U — M be a
smooth map, where U C R* is an open set containing the unit k-cube [0,1]*. Then the map o is called a
reqular k-cube in M. The free abelian group on all the regular k-cubes is called the group of reqular k-chains.
A regular k-chain is by definition a finite formal linear combination:

m
E n,o; n; € 7
i=1

where o; are regular k-cubes in M. Note that the image of a regular k-cube is to be distinguished from a
regular k-cube. For example, if o is the constant map, then the image of this regular k-cube is just a point.

For the (k — 1)-cube [0,1]*~! in RF=1, we define the face maps or degeneracy maps:
90,10 — [0,1]*
(t1y.yti—1) = (t1,.,0,...,tk—1) O at the j-th place
which may be called the j-th back-face map. Similarly,

iy - [0,1%1 = [0,1]*
(tla--atk'—l) — (th..,l,...,tk_l) 1 at the ]—th place
which may be called the j-th front-face map.

Definition 4.7.2 (Boundaries of regular cubes and chains). If ¢ is a regular k-cube in a manifold M, then

O’? =00 i? and ajl. =00 zjl are regular (k — 1) cubes. We define the boundary of o to be the chain:
k
0o = 2(71)771(0]1- - O’?)
j=1

For a regular k-chain ¢ =), n;0;, we define dc:= ), n;00;.

The reader should do some pictures to convince herself that the signs have been put in to give it the correct
geometric meaning.

Exercise 4.7.3 (Boundary of a boundary). Verify that 909 =0



50 VISHWAMBHAR PATI

If w is a smooth k-form on U, an open subset of R¥ containing [0, 1]¥, then we may write, by 4.4.3:
w= f(x1,.,zK)drs A ... Adxg

where f is a smooth function. Let 7% denote the identity regular k-cube in R¥. We define:

/ w—/ / fz1, .., xp)dxdes. day,

Definition 4.7.4 (Integration on chains). Let o be a regular k-cube in a manifold M, and w € A¥(M) a
k-form. Since o : U — M is a smooth map, where U is a neighbourhood of [0, 1]* in R¥, the pullback o*w is a
k-form on U (see definition 4.6.1). Thus, we define

/w::/ o*w
o Tk

where the right side is defined by the foregoing remarks. Finally, if ¢ = )", n;o; is a regular k-chain, we define:

Proposition 4.7.5 (Stokes’ Theorem). Let M be a smooth manifold, w a k — 1-form, and ¢ a k-chain on M.

Then
/ dw = / w
c dc

Proof: We first prove the result for 7% and a (k — 1)-form w on a neighbourhood U of [0,1]* in R¥. In terms
of the basis (k — 1)-forms, we may write

k
= Z(—l)j_ledml AN Ea:\] A dzxy,

Jj=

—

(where the hat, as usual, denotes omission). Hence:

0
Z X dry A ... Ndxy,
3o:j

Then, successively using the Fundamental Theorem of Calculus on the j-th variable, we have

1 1 k
Ow;
dw = / ..... / —=1 | dxydzs...dxy,
/T’c 0 0 Z Ty

k 1 1
= Z(—nﬂ*l/ /( 17wy (@1, oy 1, ) — w21, ., 0, o) )dexy..dj..day,

-z ([ >*w)=/ww

the last line follovvlng from the fact that (i})*(dzy A ... A dzy... A dry) = 0 for j # [, so that (i%)*w =

J
(=1 Y w; ozj)dxl...dxj..dxk, and likewise for (i})*.
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Now for a general regular k-cube ¢ in a manifold M, we have

/dw = /U*dw:/ d(o*w)

k
- forseEor ([ )
ork = il il
k
= z:(—l)J_1 </ w—/ w)z/ w
: ooil ooil do
j=1 1 0
Finally, for regular k-chains, we obviously have the result by linearity. O

Exercise 4.7.6. Consider the (n — 1)-form

Z(—l)jflxjdxl A d/sr\j A dxy,
J
on R™, and let w be the restriction (=pullback under inclusion) of this form to S"~*. Compute [, , w. (Hint:
Express the sphere as the boundary of a suitable regular n-chain).

4.8. Orientability of bundles, manifolds.

Remark 4.8.1 (Triviality of real line bundles). A line bundle 7 : E — B is trivial iff there exists a bundle
atlas {(®;, U;)} for E such that the transition functions {g;;} corresponding to this trivialisation are all positive.
Only if is clear, since a trivial bundle can be trivialised with just one chart, for which g;; = 1. Conversely, if
there exists such a system of charts with g;;(z) > 0 for all x € U;NUj, all ¢, j, we may write g;;(z) = exp(h;;(x))
for some smooth functions h;; : U; N U; — R. The cocycle conditions on g;; imply:

(a): hyy =0 forall ¢; hij(z) = —hj(x) forallz € U; NU;.
(b): hij(x) + hjk(z) + hii(z) =0 for all z € U; NU; NU.

Extend each h;; by zero outside U; N Uj, and continue to denote them by h;;. Note that the condition (b),
i.e. hij + hjr + hg; = 0 may no longer hold at all points, but only at points in U; N U; N Uy.

Now take a partition of unity {\;} subordinate to the covering {U;}, with suppX; C U; for all 4, and define:
ti(x) =Y A(@)hix(x)  for x €U
k

Note that this is a finite sum. It is easy to check that these functions ¢; are smooth on U;. Since supp A\ C Uy,
for all z € U;NU;, we have A\ (x)(h;j(x)+hjk(z)+hg(x)) = 0. This can be rewritten as A (z) (hik () —hjr(z)) =
Ai(2)hij(x) for all x € U; N U;. Then for « € U; N U;, we have:

ti(w) —t5(x) = Y (@) (han(@) = hyx (@) = Y Me(@)hij (@) = haj ()
k k

Thus the collection of functions s; := exp t; satisfy s;(z) = g;;(x)s;(x), and define a nowhere vanishing section
of E. (See (iv) of 4.3.4).

Definition 4.8.2. We say that a vector bundle 7 : E — B of rank k is orientable if the top exterior power
of this bundle, namely 7 : A¥E — B is a trivial line bundle. This is clearly equivalent to asking (see Exercise
4.3.4, part (iii) and the Remark 4.8.1 above) that there exist a set of bundle charts so that the transition
functions for this line bundle, viz. det[g;;(z)] > 0 for all x € U; N Uj, and all 4,j. Clearly, a line bundle is
trivial iff it is orientable.We say that a manifold M is an orientable manifold if its tangent bundle is orientable.
This is equivalent to requiring the existence of a compatible atlas so that the determinants of the jacobians

det [g;} of all the coordinate changes are positive at all points of U; N Uj, for all i, j.
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Example 4.8.3 (Tautological bundle on RP(n)). We claim that the tautological bundle v, ,; on RP(n) is not
an orientable (=trivial) bundle for all n. Note that since the restriction of a trivial bundle to a submanifold is
also trivial, it is enough to show that the bundle 4 on RP(1) is not a trivial bundle. The easiest way to do this
is to note that the removal of the zero-section RP(1) x {0} from the trivial bundle RP(1) x R will disconnect it
into the two connected components RP(1) x (0, 00) and RP(1) x (—o0,0). If there were a bundle isomorphism
from ~3 to the trivial bundle RP(1) x R, it would carry the zero-section to the zero-section, and so if we denote
by Z the zero- section of ¥4, the space 74 \ Z would be disconnected.

Recall that the fibre 3 , over x = [z : 21] € RP(1) is the line given by z, i.e. the set:

{(z,v) € RP(1) x R? : w1 = viz0}

We claim that 74 \ Z is connected. There are two bundle charts (®g,Up) and (@1, U;) where
U ={[zo: 1] :2; #0} ¢=0,1
Both Uy and U; are homeomorphic to R, as we have seen before, via the maps [z : 1] — % and z—‘l’ respectively.
The bundle charts are:
D, :fyé‘Ui — U; xR
([:L‘o : {)31], (Uo,vl)) — ([{Eo : $1]7’Ui)

fori =0, 1. Since vy = %vl on UyNUy, this shows that for [xg,z1] € UyNU; ~ R* := R\ {0}, (after identifying
Uy and U; with R as described above), the coordinate change map is:

_ 1
Do ®7H(t, ) = (t,tu>

Thus 44 \ Z is homeomorphic to two copies of R x R*, with the point (¢, ) in the first copy identified with
(%, tp) in the second copy, for t # 0. We leave it as an easy exercise for the reader to show that this space is
connected.

Exercise 4.8.4.

(i): Show that the open Moebius strip is not an orientable manifold. (If the tangent bundle of the Moebius
strip were orientable, its restriction E to the central circle of the Moebius strip would also be orientable.
Now, the tangent bundle T of this central circle is trivial, so orientable, and hence the quotient bundle
E/T would also be orientable. However, it is easy to check that this quotient bundle E/T on the central
circle (~ RP(1)) is isomorphic to the line bundle 44, which is non-trivial by the above example.)

(ii): Show that a projective space RPP(n) is an orientable manifold iff n is odd.
(iii): Show that for every manifold M, its tangent bundle is an orientable manifold.

(iv): Show that a complex manifold is an orientable manifold.

4.9. Integration again. Suppose M is a smooth orientable n-dimensional manifold, and w is an n-form on
M. We would like to be able to define [ 1 w- One possibility is to “express” M as a regular n-chain, and apply
the definitions about integrations on chains. This would use the rather non-trivial fact that an orientable
n-manifold can be so expressed. An easier method is to use partitions of unity, coordinate charts, and apply
our knowledge of integration on R".

So assume that w is an n-form of compact support (i.e. vanishes outside a compact subset K C M). For
example, if M is compact, then all n-forms on M are compactly supported. Let {(¢;, U;)} be a smooth oriented
atlas for M, viz. such that det(D(¢; O¢;1) is everywhere positive on U; NU; for all i, j. Let {\;} be a partition
of unity subordinate to the covering {U;}. Then \jw is a compactly supported n-form, with support contained
inside U;. Then the pullback (¢; ')*(\iw) is a compactly supported n-form on the open subset ¢;(U;) of
R™. We can extend this to a compactly supported n-form (by zero) on all of R™. It is therefore of the form
fdxy ANdxs.. Adx, for some smooth compactly supported function f on R™. Thus we define the integral of this
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form on R"™ to be, as before, the multiple integral fRn f(z1,..,x,)dz1...dz,, which makes sense by the compact

support of f. Thus we finally define:
w = ot
e

Note that the support of w being compact, will intersect only finitely many of the supports of A;, because the
latter collection is locally finite from the definition of partitions of unity. Thus the sum on the right is a finite
sum.

Proposition 4.9.1. Let M be an orientable, smooth n-manifold, w a compactly supported n-form on it. Then
the definition of [, w is independent of the choice of oriented atlases and partitions of unity.

Proof: We first note that if w = f(z1,..,2,)dx1 A ... A dz, is a compactly supported form on an open set U
of R, and 6 : U — 6(U) is a smooth diffeomorphism which preserves orientation (viz. det D8(z) > 0 for all

x € U), then
/w = /f:cl,.., Ydxy...dx,

:/ FO71(01, .., 0,))(det DO)~1dob, .., b,

- / (671) ()
o)

- [ e w

where we have used the change of variable formula from integral calculus, and (v) of Exercise 4.6.2.

Now let {(¢;,U;)} and {(¢;,V;)} be two countable atlases, both of whose coordinate change Jacobians are
everywhere positive. Thus, det D(¢; o wj_l) will have the same sign for all ¢, (on U; N'V;). Without loss of
generality, assume these are all positive (otherwise compose each v; with a reflection in R™). Let {\;} and {1}
be partitions of unity subordinate to the coverings {U;} and {V;} respectively. Then, since >3, A\; =3, p; =1,

we have:
w = ;1
foo = 2L

= XX e

= X ot eu )

Z Z / (Aipjw) by our remark in the first paragraph

Z / “(nw)
which proves our assertion. O

After the definition of Riemannian metrics in the sequel, we shall see how a natural everywhere non-vanishing
section of A™(M) called the volume form gets defined on an orientable Riemannian manifold. Then every other
n-form will be a multiple of this volume form by a smooth function, and integration of n-forms will be possible
without using partitions of unity.
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4.10. Closed and Exact forms, de Rham’s Theorem. This subsection contains a very important result,
the de Rham Theorem. However, most of the results are stated without proof. Good references for this material
are R. Bott and L. Tu’s book Differential Forms in Algebraic Topology and S. I. Goldberg’s Curvature and
Homology.

Definition 4.10.1 (Closed and exact forms). Let M be a smooth manifold. We say that a differential form
w € A¥(M) is closed if dw = 0. We say it is an ezact form if w = df for some 3 € A*=1(M). Since dod = 0
by (iii) of Exercise 4.5.3, it is clear that an exact form is closed.

Example 4.10.2 (Punctured Plane). Let M = R?\ {0}, the punctured plane. Consider the differential 1-form
w € AY(M) given by :

_ —ydz + zdy

(@ +y?)
It is easily verified that dw = 0, i.e. that w is a closed form. However, we claim that w is not exact. For let
o :[0,1] = M be the regular 1-cube defined by o(t) = (cos 27t, sin 27t). It is easily computed that o*w = 27dt,

and that do = 0. Thus:
1
/w / oc*w
o 0

_ /0 (omdt) = 2

If w were exact, we would have w = df for some O-form (=smooth function) f on M. Then Stokes Theorem
4.7.5 would imply that [ w= [ df = [, f = 0since do = 0. Thus w is a closed form on the punctured plane
which is not exact. This fact is of crucial importance in potential theory in physics. If we translate the above
into advanced calculus, this examples says that if there is a “source” (or "sink”) at the origin of the plane, the

curl free (“irrotational”) vector field v(z,y) = ( ( on the punctured plane is not conservative,

—y .
22492) 7 (@2+y2)
i.e. is not grad f for a “potential function” f.

On the other hand if we took M = R?, we have learned in elementary vector calculus that a curl-free
(irrotational) vector field (viz. a closed 1-form, after replacing % by dx and a% by dy) on M is indeed the
gradient of a smooth potential function (i.e. is an exact form). We recall that this potential function is given
by taking setting f(z,y) := [ w where o is any regular 1-cube beginning at some fixed base point (say (0,0))
and ending at (x,y). (i.e. f(x,y) is the “work done” by the vector field in moving a unit charge from (0,0)
to (x,y) along any path whatsoever. So the fundamental difference between the two scenarios hinges around
the fact that whereas all paths joining (0,0) to (x,y) on the plane are somehow equivalent, the same is untrue
for the punctured plane! A topological difference is manifesting itself analytically. We will quantify this in the
rest of this subsection.

Definition 4.10.3 (Cycles, boundaries, homology). Let M be a smooth manifold. A standard k-simplex in
R is defined as:

AF := convex hull of {0,ey,..,e;} in R”
By a singular k-simplex in M, we mean a smooth map o : U — M, where U is a neighbourhood of the standard
k-simplex A* in R¥. We denote the free abelian group on the set of singular k-simplices in M as Cy(M,7Z).
An element of this group is called a singular k-chain, and there is a boundary operator:

0:Cx(M,Z) = Cy_1(M,Z)
defined by setting 9(c) = Zfzo(—l)ia o€;, where ¢; is the i-th face operator, putting A*~1 as the face opposite
to the i-th vertex of A*. In other words, if we denote the vertices of A* as pg = 0,p; = e1,...,pr = e, then
€i(p;) = p; for j < i, and €;(pj) = pj41 for j > i, and extension by convexity to AF~1. (All this is very much
in analogy with what we did with regular k-cubes above).

We have therefore have the chain complex of regular chains on M:

O (M, 7) S C(M,7) S O (M, 7).
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which just means a sequence of (free) abelian groups satisfying 0od = 0 (by redoing Exercise 4.7.3, for singular
chains). The singular k-chains whose boundary is zero are called k-cycles viz.
Zp(M) :=ker (0 : C,(M,Z) — Cr_1(M,Z)) = abelian group of k-cycles
The k-chains which are in the image of 0 are called k-boundaries, viz.
Bp(M) :=Im (9 : Cxs1(M,Z) — Cy(M,Z)) = abelian group of k-boundaries
Because 0 0 9 = 0, we have Bi(M) C Zi(M), i.e., all boundaries are cycles. However, not all cycles are
boundaries (as we will see in Exercise 4.10.9 below) and we denote the quotient:
Hy(M,Z) = Z,(M)/By(M)

as the k-th integral homology group of M. An element of Hy(M,Z) is denoted as an equivalence class [c], and
called a homology class, where ¢ is a cycle. Note that [¢] = [¢/] iff ¢ — ¢ = 9b, for some b € Cy11(M,Z), and
in this case we say the cycles ¢ and ¢’ are homologous. Note that B (M) and C(M) (being subgroups of free
abelian groups) are free, but Hy(M,Z) need not be free in general. (For example, H;(RP(2),Z) turns out to
be Zg)

Remark 4.10.4. The definitions above can be made for any topological space X, with a singular k-simplex
being defined as a continuous map o : A*¥ — X. Tt turns out that in the situation where X is a manifold,
requiring singular simplices to be smooth maps certainly reduces the group of chains, cycles and boundaries,
but causes no difference in homology. This is proved by constructing smoothing operators which produce chain
homotopy equivalences between the smooth and continuous singular chain complexes.

We now state a couple of propositions without proof. Their proofs maybe found in standard algebraic
topology books, such as Algebraic Topology by E.H. Spanier.

Proposition 4.10.5 (Homology of euclidean space). The homology groups of R™ are as follows:
Hy(R™",Z) =2, H;(R",Z)=0 for i >0

Proposition 4.10.6 (Homotopy Invariance of Homology). Let X and Y be topological spaces which are ho-
motopy equivalent. That is, there are continous maps f: X — Y and g : Y — X such that g o f is homotopic
to the map Idy, and f o g is homotopic to Idy. Then Hy(X,Z) and Hy(Y,Z) are isomorphic for all k. In
particular, if X and Y are homeomorphic, all their homology groups agree.

Exercise 4.10.7 (Singular homology of a point). Let X = {p}, a single point. Show that the singular chain
complex of X is given as:

...CQZ‘+1(X, Z) g CQZ'(X, Z) I—d> Ogi_l(X7 Z) — — Ol(X, Z) g Co(X, Z)

where C;(X,7Z) = Z for all ¢ > 0. Hence H;(X,7Z) =0 for i > 0, and Hy(X,Z) = Z. So the Proposition 4.10.5
follows from the homotopy invariance Proposition 4.10.6, since R™ is homotopically equivalent to R® = {0}.

Let 0 : U — M be a smooth map, where U is an open neighbourhood of A*. In analogy with regular
k-cubes, we can again define the integral of a k-form w on a singular k-simplex o by setting:

/w::/ ocfw
o Ak

where the right hand integral is again a k-fold multiple integral in euclidean space over the domain A¥ C R*.
As expected, we have the:

Proposition 4.10.8 (Stokes Theorem for singular chains). Let M be a smooth n-manifold, and ¢ € Cy (M, Z)
a singular k-chain in M. Then, for w € A¥=1(M), we have:

/w:/dw
dc c
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Exercise 4.10.9. Use the Stokes Theorem 4.10.8 above to show that the singular 1-simplex ¢ defined in
Example 4.10.2 above is a 1-cycle which is not a boundary, and hence that H;(R? \ {0},Z) # 0.

Thus we see that, in view of Proposition 4.10.6 that R? and R? \ {0} are not homotopically equivalent.
Furthermore, this topological phenomenon is being detected by potential theory! So what is the precise
connection between differential forms and homology? This is the content of the rest of this discussion.

Definition 4.10.10 (Cocycles, coboundaries, deRham complex). Let M be a smooth manifold. There is a
“co-chain complex” of R-vector spaces:

o AL S AR (M) S AR () >

called the de Rham complex. This just means that it is a sequence of R-vector spaces in which the composite
of two successive d’s is zero. We define the subspaces:

ZM(M) = ker (d: AF(M) — A*(M)) = R-vector space of closed k-forms, or k-cocycles
B¥(M) = Im (d: AF=Y(M) — AF (M)) = R-vector space of exact k-forms, or k-coboundaries

Since d o d = 0, we have B*(M) C Z*(M). However, they are not equal, as we saw from the 1-form w on
the puctured plane in Example 4.10.2. The quotient vector space:

Hgp(M) := Z"(M)/B*(M)

is called the k-th de Rham cohomology of M. It is an R-vector space, and by its definition, depends on the
smooth structure of M.

Theorem 4.10.11 (de Rham). Let M be a smooth n-manifold. There is a natural (=functorial with respect
to smooth maps) R-linear map:

0 : HYo (M) — homy(Hy(M,Z),R)

which is an isomorphism of R-vector spaces. It is defined, via integration, as:

() = [

C

That 6 above is well-defined, independent of choice of representatives of the cohomology class [w] or homology
class [c] is an easy consequence of Stokes Theorem 4.10.8 and that w (resp. ¢) is closed (resp. a cycle). A proof
of the de Rham theorem, however, is quite involved and may be found in S. I. Goldberg’s book “Curvature
and Homology”, Appendix A.

The power of this theorem is that it establishes that the de Rham cohomology, which is defined by the smooth
structure of a manifold is in fact a homotopy invariant. (See Proposition 4.10.6 above). So, for example, the
de Rham cohomologies of the circle and the punctured plane are identical, even though they are not even
manifolds of the same dimension. Another example is the fact we knew for R, R? and R? from vector calculus
namely:

Proposition 4.10.12 (Poincare Lemma). For euclidean spaces we have:

HOp(R") =R; HY(R") =0 for k>1

Proof: For n = 0, we see that the result is obvious. Now we can use the homotopy equivalence of R” and R°
(Proposition 4.10.6 stated above) and the de Rham Theorem to conclude the result for any R™. For a direct
proof, see Appendix A, §A.6 of S.I. Goldberg’s Curvature and Homology. o
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4.11. Additional Exercises.

Exercise 4.11.1. Consider the map:
P — Pt
Show (using local coordinate charts) that f is smooth, and compute D f(P) as a linear map from Tp (G (R™) =

hom(P, P+) to Tj(py(Gni(R™) = hom(P+, P). (Hint: Consider adjoints of linear maps with respect to the
inner product (—, —))

Exercise 4.11.2. Compute the transition functions for the tautological line bundle 4! — RP(n), which are
trivialised over the open sets V; = p(U;") = p(U;”) defined in Example 2.2.3

Exercise 4.11.3.

(i): Let M be a smooth manifold and let o € AP(M) be a closed form, and 8 € A?(M) be an exact form.
Show that a A 3 € APT9(M) is an exact form.

(ii): Show that the singular 1-simplices on the torus (see Example 2.1.11) given by o, 7 : [0,1] — T2 with
o(t) = (cos 2nt, sin 27t, 0) and 7(¢) = (2 + cos 27t, 0, sin 27t) are 1-cycles which are not boundaries of any
2-chains. Show that o and 7 are not homologous.

(iii): Show that the restriction of the 1-form w defined in Example 4.10.2 to the half slit plane
V = R? \ (|0,00) x {0}) is an exact form.
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5. METRICS AND CONNECTIONS

5.1. Riemannian Metrics.

Definition 5.1.1 (Riemannian Metric). Let X be a smooth manifold, and let 7 : E — X be a smooth vector
bundle on X. A smooth Riemannian metric on this bundle is a smooth section g of the tensor product bundle
E* ® E* — X such that g(x) € E ® E? is a positive definite real valued bilinear form on E,, for each = € X.
It may be thought of as the family {g(x)} of positive definite inner products on FE,, varying smoothly with
x € X. For the sake of convenience, we will denote g(x)(X,Y) as (X,Y), or even (X,Y) for XY € E,.

A smooth Riemannian metric on the smooth tangent bundle 7 : TX — X of X is said to be a smooth
Riemannian metric on X. A pair (X,g), where X is a smooth (or analytic) Riemannian manifold and g a
Riemannian metric on X is called a Riemannian manifold. Usually g is suppressed in the notation when it is
understood. Note that a smooth manifold can have many Riemannian metrics.

Since {dx;}?_; forms a local basis for the space of 1- forms on a chart U C X, we may write g locally as:

glx) = Zgij(x)dmi ®dr; €U
]

where [g;;(x)] is a positive definite symmetric matrix for each x € U, and each g;; is a smooth function on U.
The right hand side is sometimes written as ), ; gi;j(x)dz;dz; for notational convenience. Clearly the matrix

gi; is computed by g;; = ¢ (%’ %) = <6(; , B—‘ZJ>I

Proposition 5.1.2 (Existence of Smooth Riemannian Metrics). Let 7 : E — X be a smooth vector bundle
on a smooth manifold X. Then there exists a smooth Riemannian metric on it.

Proof: We first note that if E — X is a trivial bundle, i.e. if E = X x V for some real vector space V, and
m = pry, then we may take a positive definite inner product h on V and define g to be the constant section
g(x) = h for all x € X. For a general bundle, choose a system of bundle charts {(®;,U;)} such that the
restricted bundles 7 : Ky, — U; are all trivial. Let h; be Riemannian metrics on these trivial bundles, and let
{A\:} be a partition of unity subordinate to the open covering {U;}, with supp \; C U; (see Proposition 3.2.2).
Extend the sections h; by 0 outside U;, and continue to denote these (discontinuous) sections of E* @ E* — X
by h;. Verify that ZZ Aih; is a Riemannian metric on the bundle F, i.e. a smooth section of the bundle
Er® E* — X. a.

Note that in general, a Riemannian metric on any bundle will induce a Riemannian metric on all subbundles.
Note that due to the lack of analytic partitions of unity, the above procedure for constructing a smooth partition
of unity flops for the analytic case, and analytic Riemannian metrics on analytic vector bundles and analytic
manifolds have to be constructed by other (global) means.

Proposition 5.1.3 (Kernel and image of a constant rank bundle morphism). Let 6 : E; — E5 be a smooth
morphism of two smooth vector bundles over a manifold M. If the rank of the map 0, : Fy, — Fa, is
constant, independent of x € M, then there are natural smooth vector bundles ker 6 (resp. Im 6) whose fibre
at x € M is ker 0, (resp. Im 6,). The quotient bundle E5/Im 6 is called Coker 6. If ker 6 (resp. Coker 0) is a
bundle of rank 0, we call § a monomorphism (resp. epimorphism) of vector bundles.

Proof: Since rank 6, (say = k) is independent of x € M, each fibre ker 8, of ker 6 is a vector space of dimension
m — k, where m = rank F;. Likewise each fibre Im#, of Im# is a k-dimensional vector space. We need to
trivialise both ker @ and Im 6 by finding smooth frames for both in some neighbourhood of each point of M.
So let a € M, and let U be a neighbourhood of a on which both E; and Fy are trivial. Let {s1,...,s,} be
a smooth frame of Fy ;. Since {s;j(a)}{L, is a basis for Ej 4, the vectors {f(s;(a))}iZ; span Im6,, which is
a vector space of dimension k, by the rank assumption on 6. By renumbering s; if necessary, assume that
{0(si(a))}_, is a basis for Im#@,. Since 6, is smooth in z, it follows (by shrinking U if needed) that the set
¥, = {0(s;(x))}r_, is a linearly independent set in Fs, for all x € U. Because Im 6, is of dimension k, this
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set X, must be a spanning set, indeed a basis for it, for each € U. This provides a frame over U for the
bundle Im 6, which is therefore locally trivial.

This also implies that 0(s;(z)) for j = k4 1,..,m, being elements of Im 6, must be expressible as linear
combinations of elements in the basis ¥,. That is

0(s;(z)) = Z Nij(2)0(s;(x)) for j=k+1,k+2,..m
i=1

where \;; are smooth in x, because 6(s;(x)) are smooth in x for all { = 1,..,m.

Hence 6 (sj(x) - Zle Aij (m)sz(x)) =0for j =k+1,..,m. Setting o;(x) := s;(x) — Zle Aij(x)si(x), we
get (m—Fk) smooth sections {o;}7* ; ., lying in the kernel of §. The linear independence of the set {o;(z)}}L;
is immediate from that of the set {s;(z)}7.,,, for 2 € U. Thus we have a local frame for ker § in U. Hence
ker 6 is a smooth locally trivial bundle of rank (m — k). O

Definition 5.1.4 (Bundle exact sequences). We say a sequence of bundle morphisms:

B 5B, % By
is an ezact sequence of bundles if Im 6 = ker ¢. We say a sequence:

is a short exact sequence of vector bundles if every pair of successive morphisms is an exact sequence. This
clearly means that 6 is a monomorphism, ¢ is an epimorphism, and Im 6 = ker ¢.

Exercise 5.1.5. Riemannian metrics on bundles have some immediate consequences.

(i): Let F5 be a Riemannian vector bundle, and let:

0B 5B A E—0

be a short exact sequence of vector bundles. Show that there is a vector bundle morphism v : F5 — F»
such that ¢ o ¢ = Idg,. Conclude that Fs ~ F; @ E5. (Every short exact sequence of smooth bundles
splits, since every smooth bundle F5 is a Riemannian bundle).

(ii): Let E, F be two smooth vector bundles with Riemannian metrics g and h respectively. Define a bilinear
form (, ) on the bundle hom(E, F') by:

(T, S) := traceg(T*S)

where T* is defined by the equation g(T™* f,e) = h(f,Te). Verify that this is a Riemannian metric on the
bundle hom(FE, F).

Example 5.1.6 (Riemannian metric on the Sphere). We recall from the Exercise 4.1.3 that the tangent bun-
dle of S™ is the bundle:

TS™ = {(z,v) € S" x R"™': (2,v) = 0}
This makes it a “sub-bundle” of the trivial bundle S x R®*!, on which we have the obvious constant Rie-

mannian bundle metric from the Euclidean metric on R™*!. This induces the metric on T'S™ by defining
((x,v), (z,v"))s = (v,v") where the right side is the Euclidean inner product.
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Lemma 5.1.7 (Riemannian metric on submanifolds of R"). Let M C R™ be a submanifold of dimension m,
and let ¢ : U C M be a smooth local chart (parametrisation) of M on an open set ¢(U) C M. Then,
with respect to the coordinate system (uj, .., u,,) on ¢(U) coming from the coordinate chart (¢, ¢(U)), the
Riemannian metric induced from R™ is given by:

g(¢(u17 "'7um)) - Z

i,j=1

<6¢> )

9w’ Ou > du; ® du;

where (, ) denotes the euclidean inner product on R™.

Proof: Clearly, the coordinate basis vector T is, by definition Dqﬁ( ) which is nothing but . Thus

(2 9 99 9¢
i = 8U1;’ an 8uz Buj

and this proves the assertion. O

Exercise 5.1.8.

(i): Using the usual spherical polar coordinates (6, ¢) on S? you constructed in Exercise 2.2.10, write down
the matrix [g;;(6, ¢)] on coordinate charts of 52, for the metric induced from R3 .

(ii): Use the parametrisation of Exercise 2.1.11 (ii), and compute the matrix [g;;(s,t)] of the induced eu-
clidean metric from R? on the torus. Do the same for the Moebius strip of Example 2.1.10.

Example 5.1.9 (Riemannian metric on the Grassmannian). Let M = G(R"), and P € M a point on it. By
Example 2.2.6 and Proposition 4.2.9 (i), the tangent space Tp(M) is naturally identified with the vector space
homg (P, P+). If X : P — P+ is a linear map, we note that there is an adjoint of this map X* : P+ — P,
which is defined by:

(Xz,y) = (x, X*y) for z € P, ye Pt
where (, ) is the euclidean inner product on R"™. We define for tangent vectors X, Y € Tp(M), the inner

product
k

(X,Y)p = g(P)(X,Y) = tracep(X"Y) = Y _ (Xe;, Ve;)
i=1
where ¢; is any orthonormal basis of the k-plane P. This is clearly symmetric and positive definite on Tp(M).
We need to show that g(P) is a smooth function of P. We recall the trivialisation constructed for the bundle
p : hom(yE, ~F+) — G (R™) from the proof of Proposition 4.2.9.

Up x hom(P, PY) "% p=Y(Up) = [ hom(E, E*)
FEeUp
where o : Up — O(n) is a smooth section of the map (principal bundle) p : O(n) — G;(R™) over the open
set Up. We also recall from the Claim in the proof of 4.2.9 that for E = A.P € Gr(R"), the derivative

DL 4 gives an isomorphism between Tp (G (R™) and T (G, (R™) which corresponds to the isomorphism AdA :
hom(P, P+) — hom(E, E+). Now we have the following:

Claim: The inner product defined above is homogeneous. That is, if A € O(n), then for E = A.P € G,(R"),
we have: (AdA(X),AdA(Y))p = (X,Y)p

Proof of Claim: Clearly, if we choose an orthonormal basis {e;} of E = A.P, we have:

(AdA(X),AdA(Y))y = trp(AXTA'AYAY) = trp(AX*Y AY) = Y (AX"Y Aleie;)

%

> (YAle, XAle;) =Y (Y i, Xf;) = trp(X*Y) = (X,Y),

% 4

since the vectors f; = A’e; constitute an orthonormal basis for A'E = A~'E = P. This proves the Claim. O
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Now getting back to the proof that the metric defined above is smooth, we note that if we fix any basis {f;}
of P, then by the first paragraph above, E — Ado(E)(f;) will be a smooth frame of hom(7*,7%) all over
Up. Also the matrix [g;;] of the inner product with respect to this frame will be constant (= (f;, f;) ») over
Up. This shows that (.,.) defined above is smooth.

Definition 5.1.10 (Isometry). If m; : F; — M, with ¢ = 1,2 are two vector bundles with bundle metrics g;
respectively, then a bundle isomorphism 6 : Fy — Fs is called a bundle isometry if:

92(0X,0Y) =g1(X,Y) forall X,Y €eE;, andallze M

A diffeomorphism f : M; — My is called an isometry if the bundle map f, : TMy — f*T M, (defined in
(iv) of 4.3.2) is a bundle isometry. (Note that the pullback of a bundle with a Riemannian metric acquires
a Riemannian metric in a tautological way). An immersion ¢ : M — N of Riemannian manifolds is called a
Riemannian immersion if the bundle morphism i, : TM — ¢*T'N satisfies gp(2)(X,Y) = gn(2) (1. X, 1Y)
for all X,Y € T,M, all x € M. A Riemannian immersion which is an embedding is called a Riemannian
embedding.

Definition 5.1.11. Let G be a Lie group acting smoothly from the left (resp. analytically) on a smooth
manifold M. That is, there is a smooth map:

pw:GxM — M

(9,7) = gz
satisfying g(¢’'z) = (gg¢’)x for all g,¢' € G, x € M and e.x = x for all x € M. Further assume that the action
is transitive, i.e. for each x € M, the orbit of x, viz Gz = {gz : g € G}, is all of M. By left translation
L, we mean the map x — gz, which is a diffeomorphism of M. We say that a Riemannian metric A is left

G-homogeneous if L4 is an isometry with respect to h, for each g € G. Similarly, we may define right actions,
and right G-homogeneity.

Example 5.1.12 (Grassmannians). We saw in Example 5.1.9 above that the Riemannian metric we con-
structed on G (R™) was a homogeneous metric with respect to the natural left action of O(n) on it.

Exercise 5.1.13 (Homogeneity of the Riemannian metric on S™). Note that G = O(n) acts by left multipli-
cation on S"~!. Verify that the Riemannian metric on 7'S™~! constructed in Example 5.1.6 is homogeneous
with respect to this group action.

Example 5.1.14 (Invariant metrics on Lie groups). Since a Lie group acts smoothly on itself by both left
(resp. right translations), and the tangent bundle of a Lie group is trivial by part (iii) of the Exercise 4.1.11
using left (resp. right) translations, we can put a left (resp. right) homogeneous (=left or right invariant)
metric on a Lie group by putting a positive definite bilinear form (, ) on the tangent space T.(G) and left
(resp. right) translating it to all points of G. Note that for a Lie group, there is a unique left (resp. right)
translation L, (resp R,) taking e to a point g, so these trivialisations, and invariant metrics are well-defined.
This left-invariant (resp. right invariant) metric is the unique metric on G which makes each left translation
(resp. right translation) an isometry.

A metric on G which is both left and right invariant is called a bi-invariant metric. This is the unique metric
making each left and right translation an isometry.

We remark that a left (resp. right) G-invariant metric on G need not be right (resp. left) invariant in general.
We shall see below a condition for a metric (, ) on the Lie algebra g := T.(G) to give rise to a bi-invariant
metric. It is purely a condition on the Lie algebra.
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Remark 5.1.15 (Criterion for left invariant metric to be bi-invariant). Clearly, since L, o Ad(g™') = Ry, a
left-invariant metric on G is bi-invariant iff it is invariant under the adjoint action Ad of G on itself (Recall
Ad(g)h := ghg™" = (Lg o R,-1)h for g,h € G). Since the metric is left-invariant, and there is the formula:

Laa(g © Ad(h) = (Ad(h)o Ly) ¥ g,h €@

it follows that global Ad-invariance over G is equivalent to demanding that the linear map D(Ad(g))(e) : g — @
(which is denoted (Ad(g)). for ease of notation) preserves the inner product on g = T.(G).

Example 5.1.16 (Left-invariant metric which is not bi-invariant). Here is an example of a left-invariant met-
ric which is not bi-invariant. Consider G = GL(2,R), with g = g[(2,R) being its Lie algebra. Verify that the
bilinear form
(X,Y) :=tr(XY")

is symmetric, in fact positive definite, and defines an inner product on g, called the Hilbert-Schmidt inner
product (=the Euclidean inner product if we treat g as Euclidean 4-space). If we define a left-invariant metric
by left-translating as above, we get a Riemannian metric on G. This Riemannian metric is not right invariant,
because (., .) is not Ad-invariant. For let:

o= (o 1) =0 1)

) from which it follows that (X, X) = 1 #

_ =

from which it follows that Z := Ad(g)X = gXg~! = ( 8
(Ad(g) X, Ad(g) X) = 2.

Proposition 5.1.17. If G is a compact Lie group, then it has a bi-invariant metric.

Proof: Let du denote the right-invariant Haar-measure on G, and let (, ) denote any positive definite inner
product on g. For XY € g define:

(X,Y) = /G ((Ad(g)).X, Ad(g).Y )du(g)

Since a smooth function of G is being integrated on a compact set, this expression makes sense. Since

Ad(g)Ad(h) = Ad(gh) and du(g) = du(gh), it is easily verified that (., .) is a positive definite Ad-invariant inner

product on g. Extending it to a left-invariant metric by left-translations as in 5.1.14 above gives a bi-invariant

metric on G. |
We shall be dealing with homogeneous manifolds and metrics in greater detail in a later subsection.

5.2. Arc length on a manifold. On a Riemannian manifold, there is a natural method of measuring dis-
tances. Let M be a smooth or analytic manifold, with a Riemannian metric (, ), whose restriction to T, (M)
is denoted (, ).
Definition 5.2.1. We define a piecewise smooth curve c: [0,1] — M joining x and y in M to be a continuous
curve which is smooth when restricted to each sub-interval [a;, a;4+1] of some finite partition of [0,1] (with
0=ag < a; <..<ayny=1),and such that ¢(0) = z, ¢(1) = y. For such a piecewise smooth curve, the velocity

vector % := ¢, (%) = Dc (i) makes sense at all points c(t) except when ¢ = a;. One then defines the arc

dt dt
N-1 a;, 1
1 Jdc dc 2
=3 [ (G 5e) a
i=1 Vi

length of ¢ by:
c(s)

Exercise 5.2.2. Show that the arc length of the composite of two piecewise smooth curves (which is also
piecewise smooth) is the sum of the arc lengths of the two curves.
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Definition 5.2.3 (Distance on a Riemannian manifold). For x,y € M, define:

d(z,y) = inf{l(c) : ¢ is a piecewise smooth curve joining = to y}

The reason we chose piecewise smooth curves in the definition above is that the composite of two smooth
curves need not be a smooth curve. It is obvious that d(z,z) = 0 and d(z,y) = d(y, z). The triangle inequality
is proved as follows. Let x,y and z € M. Choose € > 0. Then, by definition of infimum, there exists a piecewise
smooth curve ¢y (resp. ¢z) joining x to y (resp. y to z) with length I(c1) < d(z,y) +€ (resp. I(c2) < d(y, z) +¢).
Then for the piecewise smooth curve ¢ := ¢ * co which is the composite of the two, the Exercise 5.2.2 above
implies that:

l(e) =1(c1) +U(co) < d(z,y) +d(y,z) + 2
Since ¢(0) = = and ¢(1) = z, we have d(z,2) < I(c) < d(z,y) + d(y, z) + 2¢. Since € is arbitrary, the triangle
inequality follows. The fact that d(z,y) = 0 implies = y, as well as the fact that the metric topology from this
distance function defined on M is the same as the given topology on it will follow after we discuss geodesics.

Remark 5.2.4. Note that there may not exist any piecewise smooth curve joining x to y whose arc length
is equal to d(z,y). For example, if we take M = R?\ {0}, with the induced euclidean metric, then there is
no piecewise smooth curve joining z = (1,0) to y = (—1,0) whose arc length is 2 = d(z,y). This depends
on something called “geodesic completeness”, which turns out to be equivalent to the completeness of M as a
metric space with the distance d above. It will be proved after the discussion on geodesics.

Remark 5.2.5. It is clear that if a Lie group G is acting smoothly on a smooth manifold, and (, ) is a
Riemannian metric on M which is left G-homogeneous, then the metric d defined above is also G-homogeneous
(or G-invariant), that is each L, acts as an isometry with respect to the distance d.

5.3. Volumes on Riemannian manifolds. Our starting point for the discussion of volume is the following;:

Proposition 5.3.1 (Euclidean volume). Let P, be the parallelopiped in R™ spanned by the vectors vy, .., v, € R™.
Then the volume of P, (with respect to the usual euclidean inner product (—, —) on R"™) is given by:

vol(P,) = |det|v;;]|

where v;; := (vi, €;), and {e;}7_; is the standard basis of R™.

Proof: We recall that P, is defined as the convex hull of the vectors €;v1 + ... + €, v, where ¢; € {0,1}. We can
prove the above formula by induction. For n = 1, the volume is the length of vy, which implies the claim. By
induction, assume that the formula is correct in R"~!. We can assume without loss that an (n — 1)-dimensional
subspace of R™ containing the span of vy, ..,v,_1 is R®™! x {0}. This only involves an orthogonal change of
basis, which does not change lengths and volumes. Now, the volume of P, in R" is the product of the volume
of P,_1 (spanned by vy, ..,v,_1 € R*"! x{0}) and the length of the perpendicular from v,, to the “base” P, _1,
namely [(v, e,)|. So, by induction:
vol(Pp,) = vol(Pr—1) X [{n,€n)]

Since (v;, e,) =0 for i =1,2,..,n — 1, the last column of the n x n matrix [(v;, ;)] consists of the (n,n)-entry
(Un,€n). Hence, by the induction hypothesis, the absolute value of det[v;;] is precisely the right hand side of
the above equation, which establishes the induction step. O

More generally, if g is any positive definite inner product on a vector space V of dimension n, then the
volume of a parallelopiped spanned by {v;}i_; will be |det[v;;]|, where v; = 3~ vije;, with respect to the g-
orthonormal basis {e;}1_,. If we further assume that {e;} defines positive orientation on V, the signed volume
of this parallelopiped is det[v;;]. Thus it makes geometric sense to make the following:
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Definition 5.3.2 (Volume form on an inner product space). The n-form (called the volume form on V (with
positive definite inner product g = (—, —)), is defined as

wi=ejANesN..Nep

where (e1,..,e,) is a positively oriented orthonormal basis for V. When applied to an n-tuple of vectors
(v1, .-, Un), w computes the signed volume of the parallelopiped spanned by {v;}, the sign depending on whether
the tuple (v1, ..,v,) is positively or negatively oriented with respected to the orthonormal basis (e, .., ;).

If f; is an arbitrary basis, and g;; := g(fi, f;), then we write e; = >, A; fi, and note that the relation
g(ei,ej) = d;; leads to the relation AgA* = Id, from which it follows that det A = (det g;;)~*/2. Now since

ef =Y A = (ATY 1, we have:

w: = efnesN.Ael = (det A)THEEAFSALNFD
(detgi)*(ff A S5 A A7)

Now let M be an orientable Riemannian manifold. By definition, there is a smooth atlas {(¢;,U;)} for M
such that det D(¢; o ¢;1) > 0 for all  and j. In this case A™(T*M) is trivial, and it would be convenient to
have an everywhere positive section of this bundle whose restriction to each fibre A™ (T M) gives the volume
form on T, M in accordance with the Definition 5.3.2 above. This is done as follows:

Definition 5.3.3 (Volume form on a Riemannian manifold). Let (¢, U) be a coordinate chart on a Riemann-
ian manifold M, with Riemannian metric (, ). Let [g;;] = <%7 %> be the matrix of the metric in the

resulting coordinate system. Then the volume form dV is given on U by the formula:
dV = g% (dzy A ..o Ndxy,)

where g := det[g;;]. It is easy to check that this form is globally well-defined, independent of charts, and
everywhere positive. (The orientability of M comes in when we want to verify this, for if A = D(¢; o gbj_l)

gives a change of the basis {%}, the quantity g2 changes by |det A|).

Exercise 5.3.4. Let 7 : E — M be a smooth vector bundle, and let g := (, ) be a Riemannian inner product
on it. Then show that if {e;}¥_, is a local orthonormal frame (viz. orthonormal sections on some open set U),
we can define a metric on the m-th exterior power A™F by requiring the set

{6] =ej, Nep, Ao ANeg I= (’Ll < ig... < Zm)7 1<4,. < n}

to be orthonormal all over U. Show that this indeed defines a Riemannian metric (which we continue to denote
by (—, —)) satisfying the formula:

(V1 AV2 A e AUy, w1 Awa A oo A wy,) = det [(v;, w;)]

Note that with this definition, the volume form on an orientable Riemannian manifold is the section of A™(T™* M)
which is of unit length at all points, i.e. is an orthonormal frame of this trivial line bundle. (Exercise: Why is
this inner-product defined on A™E positive definite? Note that this is equivalent to saying that det[{v;,v;)] > 0
if {v;} is any set of m linearly independent vectors. In the case of m = 2, for example, we recover the Cauchy-
Schwartz inequality from positivity of this determinant.)
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5.4. Vector fields, trajectories. Before we examine more examples of homogeneous metrics, we would like
to introduce some notions which are crucial to the sequel. The first is the existence theorem on ordinary
differential equations, and the definition of the exponential mapping on Lie groups.

Definition 5.4.1 (Integral curves or trajectories). Let M be a smooth manifold, U C M an open subset, and
let X a smooth vector field on U. A smooth curve, i.e. a smooth map c: (—e, ) = U is said to be an integral

curve or trajectory of X if:

%(t) := Dc(t) (jt) =X(c(t)) V te(—¢e)

If ¢(0) = € U, we say it is an integral curve through z.

We note here the fundamental existence theorem for ordinary differential equations.

Theorem 5.4.2 (Picard’s Existence and Uniqueness Theorem for ODE’s). Let X be a smooth vector field on
an open subset U C R™. Then:

(i): (Emistence) For each x € U, there exists an € > 0 (depending on ) and a smooth map ¢, : (—¢,¢) = U
such that:

deg(t

(a) Cdt( ) _ X(eo(t)) forall e (—e 6

(b) cz(0) =z

Such a ¢, is called a trajectory or integral curve of the vector field X.

(ii): (Uniqueness) If ¢: (—§,6) — U is another smooth map satisfying (a) and (b) of (i) above, then ¢ = ¢,
on (—n,n) where n = min {¢, §}.

(iii): If K C U is a compact set, then there exists a uniform ex > 0 depending only on K such that
¢r : (—€x,ex) — U is defined for all 2 € K, and satisfies (a) and (b) of (i) above.

(iv): ¢, is continuous in the variable x. That is, if z,, — « for z,,, x € U, and ¢, , ¢, are all defined on say
[—4, 6], then ¢;,, — ¢, uniformly on [—4§, ¢].

Proof: Choose an open set W C U such that W C U, W is compact, and & € W. Since X is smooth, both
X and DX are continuous maps, so that there is a constant C' such that:

[X(z)] < C forall zeW
1X(z) = X(y)| < Clz—vy| foral z,yecW (6)

(The second equation follows from the mean value theorem, or 1st order Taylor Theorem, applied to the smooth
map X.)

Choose € > 0 so that for the C as in (6), we have:

Ce< - and B(z,Ce) CW (7)

N | =

Now consider the space:
B, :={c:|—¢,e] > W :c continuous, c(0)=z}

Define a metric on B, by:

d(c1,e2) = sup |ler(t) —c2(t)|
t€[—e,€]

It is easily checked that B, is a complete metric space with respect to this metric.

If ¢ satisfies (a) and (b) of statement (i) of our proposition, i.e. if:
dc

%(s) = X(c(s)) and ¢(0) ==z
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then it would follow, from the Fundamental Theorem of Calculus, that:

o(s) =z + /0 " X (e(t))t 8)

and conversely, if ¢ satisfies the above integral equation, it would satisfy the ODE above, and the condition
c(0) = .

So consider the integral operator T on B, defined by
(Te)(s) =z + / X(e(t))dt
0

Note that since [|(Tc)(s) — z| < [; [|X(c(s))|| ds < Ce, and B(x,Ce) C W by the equation (7) above, hence
(Te)(s) € W for s € [—¢,¢€]. Also Tc is obviously continuous by its definition, and (T¢)(0) = x, hence Tc € B,
as well. Finally, we note that ¢ € B, satisfies (a) and (b) of (i) iff it satisfies the integral equation (8) above,
i.e. iff ¢, is a fixed point of T

We now claim that T is a contraction mapping of the complete metric space B,. This is because for any
¢, ¢ € B, and any s € [—e¢, €] we have:

d(Te,Té) = sup |Te(s)—Te(s)| < sup /Osx<c<t>>x<a<t>>||dt

s€[—ee] SE[—e,€]
< C/k le() — &(t) || dt < Ced(c,d)
0

< gde,d

from the equations (6) and (7) above. Thus, by applying the Banach Contraction Mapping Theorem 1.5.2, we
have a fixed point ¢, and this is the solution sought.

Since this fixed point is unique, it follows that this ¢ is the unique solution to the ODE above satisfying
¢(0) = z. Let us denote it by ¢, to signify that ¢, (0) = x.

Note that for all t € [—¢, €], c,(t) € W since ¢, € B, by its construction. A fortiori, we have c,([—¢,€]) C U,
since W C U.

That ¢, is smooth in the variable s for a fixed = follows from the integral relation:
s
cx(s) = —|—/ X(cz(t))dt
0
because the continuity of ¢, makes the integrand on the right continuous, so the relation above makes c, a C*

function of s, which again by the relation above, makes ¢, C2, and so on by induction (this inductive process
of assuming it is C*, and concluding it is C**! is known as “bootstrapping”.)

The uniqueness in part (ii) is clear, since both ¢, and ¢ satisfy (a) and (b) of (i) on [—n,n], they both will
satisfy the same integral equation (8) for s € [—n, 7).

For (iii), we note that if K C U is any compact set, and we let W C U be an open set such that K C W C
W C U, and let 6 := d(K,W¢) > 0, then B(x,Ce) C W for all x € K provided we choose Ce < g say. Thus
we may use such a W and such an € > 0 in (7), and the proof above will now apply to all z € K.

For (iv), i.e. continuity in the variable x, also follows easily from the integral relation (8).
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For if ¢ is chosen so that Cd < %, we have for s € [—6, 4], and d denoting the sup-distance introduced earlier

on the interval [—3, 3]
Jeats) = eyl = (o4 [ xtestnar) = (v+ [ e )|
|z — yll + Cod(ca,c,) for all s € [, 0]

IN

1
= dlcaey) = -yl + dleas cy)
= d(cz,cy) < 2]z -y

by using (6) in the second line, and hence continuity in z is clear. The proposition follows. O

Smoothness in the variable x is, however, a very delicate matter, and the reader is referred to Serge Lang’s
Differential Manifolds p.66-82, for a complete proof. Also Lang’s Analysis 11, p. 126-138. O

Corollary 5.4.3. Let X and U be as in the Theorem 5.4.2 above. Assume that X is compactly supported,
i.e., there exists a compact set K C U such that X (z) =0 for all x ¢ K. Then, for all z € R”, there exists a
unique ¢, : R — R” satisfying (a) and (b) of (i) of the Theorem 5.4.2. A vector field all of whose trajectories
can be defined for all ¢t € R is called a complete vector field, and this corollary says that a compactly supported
vector field is complete.

Proof: Extend the vector field from U to a smooth vector field on all of R by setting X (z) = 0 for z ¢ K.
Continue to call it x.

For = € K¢, the curve ¢, : R — R" defined by ¢, (t) = « for all ¢t € R is clearly the unique trajectory with
initial point z € K°.

For z € K, by (iii) of the Theorem 5.4.2, there is a uniform € > 0 such that the trajectory ¢, : (—e,e) = R"
is defined for all x € K. Thus, combining with the first para, we have ¢, : (—¢, ¢) — R™ defined for all x € R™.

For any such solution ¢, with € R”, let us extend it to a solution ¢ : (—¢, 3¢/2) — R™ as follows:
c(t) = eu(t) for t € (—¢,€)
= Ce(e)2)(t —€/2) for t € (e/2,3¢/2)
It is easy to check by the uniqueness part (ii) of Theorem 5.4.2 that the two definitions above match on the

overlap (€/2,¢€), so that ¢ is smooth. Proceeding in this manner inductively, we have it defined on all of R.
(Exercise: Is ¢, (R) C U for all x € U? Same question with U replaced by K7?) O

Remark 5.4.4. Consider the vector field X (¢t) = 1(= 1.d/dt) on the open interval (0,1). Then for € (0, 1),
we have ¢, (t) = x 4+ t, and thus ¢, (¢) € U only for t € (—x,1 — ). Thus a uniform e cannot be chosen for all
zeU.

Remark 5.4.5. The uniqueness part breaks down completely if we do not assume that X is smooth. For,
define the (continuous) vector field X (z) = 2%/3 on the interval (—¢,¢) for € > 0. For an « € [0, €], consider
the curve:

c*(s) = 0 for t € (—¢q]
= (1/3)3(t —a)® for t € (a,e¢)
Then it is readily checked that for each o € [0, €], the curve ¢ satisfies ¢*(0) = 0 and % = X(c*(¢)) for all
t € (—¢,¢€). Of course for a # 3, ¢ # ¢, so there is at least a one parameter family of (in fact C') solutions
with the same initial condition, and uniqueness breaks down quite badly. Also note that the solution ¢ which

is non-vanishing in any neighbourhood of 0 shows that even though X (0) = 0, there is a solution with initial
point = 0 which does not stay put at 0 for any ¢ > 0 (unlike the constant solution ¢ =0 on (—e¢,¢€)).
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Definition 5.4.6. Note that by the uniqueness part (ii) of the Theorem 5.4.2, if ¢, is defined on any family
of open intervals I, with 0 € I, for each «, then it is also defined on I = U,I,, because the solutions will
always match on any intersection I, N Ig by uniqueness. (Check!). Hence there is a mazimal open interval
J(z) containing 0 such that ¢, : J(x) — U is defined. For example, in the case of compactly supported vector
fields, we saw in Corollary 5.4.3 that J(z) =R for all x € U.

Proposition 5.4.7. Let X and U be as in Theorem 5.4.2. Then the subset:
Q:={(z,\)eUxR: e J(z)}

is an open subset of U x R (and hence open in R x R).

Proof: Let (z,u) € Q, viz, p € J(z). Since J(x) is open, choose A > p such that [0,\] C J(z). Then
¢z 1 [0,\] = U is certainly defined, since [0, A\] C J(z) by definition. Since K := ¢;([0, A]) is a compact subset
of U, there exists a relatively compact open set W such that

KcWcWwWcU

Indeed, take § = 1d(K,U®), and let W = {y € U : d(y, K) < 6}. One can, by the part (iii) of Theorem 5.4.2
choose a uniform € > 0 such that ¢, : [—¢,€] — U is defined for all z € W.

Find a partition 0 = tg < t; < t1 < ...t = A so that ¢;41 — t; < e for all 4, and set y; := ¢, (¢;). By the
sup-norm estimate in Theorem 5.4.2,
d(czyca) = sup |lca(s) —cz(s)]| < 2|z — 2
0<s<e
for all ,z € W, so there is a neighbourhood Ny around z = ¢, (0) = ¢, (to) such that [|c.(t1) — ¢ (t1)]| < 16
for all z € Ny. Since ¢,(t1) € K, it follows that d(c.(t1), K) < %5 < 6, so that ¢,(t1) € W for z € Ny. Thus
for z1 := c,(t1), we have c,, (t) defined for all ¢ € [—¢, €]. But, by uniqueness:

Ce(z1) (1) (8) = cz(s + 1)

so that we have ¢, defined on [0,¢3] C [0,t; + €] for all z € Ny. Now, again, there is a neighbourhood N; of
y1 = cx(t1) such that c,(t2) € W for all z € Ny. Shrinking Ny if necessary to ensure that c,(¢;) € Ny for all
z € N(0), we can repeat the above argument to show that for z € Ny, we have ¢, defined on [0,¢3] C [0, t2 + €.

Continuing finitely many times, we have for some neighbourhood Ny of x that ¢, is defined on [0, ¢,,] = [0, A]
and lies in W for all z € Ny. Thus the neighbourhood Ny x (u — &, A) of (x, ) is contained in €, for every
4 > 0, and 2 is open. ]

Exercise 5.4.8. Show that for X and U as in Theorem 5.4.2, if ¢, (t1) = ¢ (t2) for some t; # t5 € J(x), then
¢, is a periodic trajectory, viz.

cx(t) = cu(t +t2 —t1)
for all ¢, and in particular, J(z) = R.

Definition 5.4.9. Let X and U be as in the statement of the Theorem 5.4.2, and let €2 be the open set defined
in the Proposition 5.4.7. Then define:

:Q —» U
(@,t) = calt)
This map is called the flow of the vector field X. ®(x,t) is often denoted ®(z). Clearly &g = ®(—,0) = Idy.

Exercise 5.4.10. Show that ®;y¢(x) = (P; 0 D,)(z), whenever both sides make sense. In particular, if X is a
complete vector field, then &, : U — U is defined for all t € R, and is a diffeomorphism with inverse ®_;.

The Theorem 5.4.2 above globalises to manifolds as follows:
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Theorem 5.4.11 (Existence and Uniqueness of Flows on Manifolds). Let M be a smooth manifold and X be
a smooth compactly supported vector field on M. (For example, if M is itself compact, then X can be any
smooth vector field on M). Then there exists a smooth map ® : M x R — M satisfying:

(i): ®(x,0) =« for all x € M.

(ii): For each « € M, the smooth curve c,(f) := ®(z,t) is a trajectory for X satistying ¢;(0) = z. In
particular, ®(x,t) = z for « & supp X

(iii): ®(—,t) o ®(—,s) = ®(—,s +t) for all s,t € R. Thus each ®(—,t) is a smooth diffeomorphism, with
inverse ®(—, —t).
The family {®(—,t)} is called the one-parameter family of diffeomorphisms or flow corresponding to the vector
field X.

Proof: Let K C M denote the compact support of the vector field X. We first make the following:

Claim: Let 2z € K. There exists a neighbourhood U(z) of z diffeomorphic to an open set in R™, and open

subsets V(z) C W(x) C W(z) C U(z), with « € V(z), and such that:
(i): There is a smooth map ®, : U(z) X [—€,, €] = U(x) with @, (V(z) X [—€4, €;]) C W(x).

(ii): For each y € V/(x), the curve ¢, (t) := ®,(y, t) lies entirely in W (x) for t € [—e,, €;], and is a trajectory
for the vector field X.

Proof of Claim: Let U(z) be a coordinate chart around z € K, which is therefore diffeomorphic to an
open subset of R™. Let W(z) be a relatively compact neighbourhood of x satisfying W (z) C U(x). Let A
be a smooth bump function with suppA C U(z), and with A = 1 on W(x). Consider the smooth vector
field Y := AX, which has compact support suppY C K Nsupp A C U(x). By (iii) of Theorem 5.4.2, and the

Definition 5.4.9, there is an €, > 0 and a smooth flow:
D, U(x) X [—€x,€,] = Ulx)
which is a flow for Y all over U(x).

By reducing €, if necessary, we may assume that the entire trajectory for t € [—e,,€,] through = lies
within W (z), viz. @, ({z} X [~€z,€,]) € W(x). This means that ®; (W (z)) is an open neighbourhood
of {z} x [—€4,€;]. By the tube lemma in topology, there is an open neighbourhood V(z) of z such that
V(x) X [—€4,€,] C @71 (W (x)). This means that both assertions of (i) are satisfied.

Since Y = AX = X on W(x), and for y € V(z), ®,(y,t) € W(x) for all t € [—e€,, €;]. it follows that the
trajectory c,(t) := ®,(y,t) for Y is a trajectory for X whenever y € V(x). This proves (ii) and the Claim is
established. O

To resume the proof of the theorem, we have an open covering of K by the open sets V(x) of the Claim
above, for € K. By the compactness of K that K C U2,V (x;), for some z; € K. Let € = mini<;<m €q; .
Define the map

O:Mx[—€€e — M
(,t) = =z for x ¢ K
(x,t) — Oy (x,t) for z e V(x;)
This is well defined because, by (ii) of the Claim above, ®,, and ®,; are both flows for X on the intersection
V(z;) N V(x;), and hence agree there by uniqueness part (ii) of the last theorem 5.4.2. Now we extend ® to

M x R exactly as we did in Corollary 5.4.3. The last group theoretic property of the family ®; = &(—,¢)
follows from Exercise 5.4.10. a



70 VISHWAMBHAR PATI

5.5. Lie algebras, exponential mapping.

Definition 5.5.1 (Commutator of vector fields). Let M be a manifold, and let X,Y two smooth vector fields
on an open subset U C M. We define another vector field denoted [X,Y] on U by the prescription:

(X, Y](2)f = X (@)(Y(f) = Y(@)(X(f)) for xe€M, f€Onma.

Note that X(f) and Y(f) smooth functions on some neighbourhood of x, and are thus elements of Oy .
Hence the tangent vectors Y (x) and X (x) can act on them. The local formula (iv) of the Exercise 5.5.2 below
will show that this definition doesn’t depend on germ representatives chosen etc.

Exercise 5.5.2. For vector fields X, Y, Z on an open subset U C M, show that:
(i): [X,Y] = —[Y, X] (anticommutativity)
(i)): [X, fY] = fIX, Y]+ X(f)Y for a smooth function f on M.
(iii): [X,[Y,Z]]+[Y,[Z, X]] + [Z, [X,Y]] = 0 (Jacobi Identity)

(iv): Using smooth charts, show that if X = >, aia%i andY = Z?:l b; a%j in the local basis of coordinate

fields, then the local expression for [X,Y] is:
0b; Odaj\ O
X.Y] = ) ) 2
[X.Y] 12]: (alaxi Z(“)xi> Ox;j
and hence [X, Y] is a smooth vector field if X, Y are smooth vector fields.

(v): If f: M — N is a smooth diffeomorphism, then [f. X, f.Y] = f.[X,Y]. (Note that though f.(X)
makes sense for a tangent vector for any smooth map f, it doesn’t make sense for X a vector field, unless
f is a diffeomorphism.)

(vi): For the coordinate vector fields % defined on U (for some chart (¢,U)), we have: [8(271: , 8%,} =0 for
all1 <i4,5 <n.

Definition 5.5.3 (Lie algebra, invariant vector fields). We recall from Definition 3.3.25 the Lie algebra of a
Lie group G, viz. the tangent space at the identity T.(G), and denoted Lie(G) or g. Given a tangent vector
X € g, one can produce the left invariant vector field generated by X, denoted X, by the formula:

X(2) = DLa(e)(X) = (Ly)«(e)(X)

It clearly satisfies )N((Ly(x)) = X(yx) = Ly*(x)()?(x)), and also these are all the vector fields satisfying this
condition. Such vector fields are called left invariant vector fields on GG. Similarly, one can define right invariant
vector fields. Thus there is a 1-1 linear isomorphism between g and the R-vector space of all left (resp. right)
invariant vector fields on a Lie group. Similarly, we can define left and right invariant 1-forms on G, and these
are in corespondence with the dual g* of the Lie algebra. As a consequence, one sees that the tangent and
cotangent bundles of a Lie group are trivial bundles.

From the definition of left invariant vector fields and (v) of Exercise 5.5.2 above, it follows that the com-
mutator of two left invariant vector fields is a left invariant vector field, and likewise for right invariant vector
fields. Thus the tangent space g = T.(G) is a real Lie algebra, i.e. is an R-vector space with an R-bilinear
pairing [, ] : g X g — g satisfying:

(i): [X,Y] =Y, X]

(ii): [X,[Y,Z]]+[Y,[Z,X]] + [Z,[X,Y]] = 0 (Jacobi identity).
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If one takes the vector space x(M) of all smooth vector fields on a smooth manifold, and define [, | to be
the commutator (of vector fields), x(M) will become an infinite-dimensional Lie algebra.

Let F = R or C. We again recall from Examples and Exercises 3.3.26, 3.3.27, and 3.3.28 that the Lie algebra
of GL(n,F) is gl(n,F), and the Lie algebra of SL(n,F) is the space of all trace zero elements in gl(n,F),
denoted sl(n,F). The the Lie algebra of O(n) (and SO(n)) is the set of all trace zero skew-symmetric real
(n X n)-matrices o(n). Finally, the Lie algebras of U(n) is u(n), the space of all skew-hermitian complex
(n x n)-matrices, whereas that of SU(n) is su(n), the set of trace zero elements of u(n).

Theorem 5.5.4. Let G be a Lie group. Then there exists a smooth mapping:
exp :Rxg—G

such that for a fixed element X € g, the curve ¢t — exp (tX) is a group homomorphism from the additive group
of reals to the group G. Furthermore, this smooth curve is a trajectory of the left invariant vector field X
generated by X.

Proof: Let X € g. By applying cutoff functions, local charts and the Theorem 5.4.2 above, one can find a
smooth curve ¢ : (—¢,€) — G such that ¢(0) = e, and such that for ¢ € (—¢, €), we have the equation:

dc =~
) = X(e)

where X is the left-invariant vector field generated by X. Let x = ¢(5). We first remark that for s,t € (¢, €),
such that s + ¢ € (—e¢,€), we have c¢(s +t) = ¢(s)c(t). This is because both the curves ¢i(t) := c(s + t)
and ¢y(t) := ¢(s)c(t) take the value ¢(s) at ¢ = 0, and both are trajectories for the vector field X. Thus by
uniqueness of trajectories, they agree wherever they are defined. For s € (§,25) define ¢(s) := Ly(c(s — §)).
We claim that ¢(t) = c(t) for £ <t < e. This is because for each such ¢, we have % (t) = X (t), and also

dt
w0 = o (5 (-5))

(P )~ F(eef- )
= X(¢(1))

since X is left invariant. Also, since z = c(§) we have ¢(3¢) = Lyc(§) = c(§)e($) = (%) by the remark in
the beginning. Thus we have extended the trajectory to (—e, %) We may proceed in this fashion to extend it

to all of R.

The fact that this smooth curve becomes a group homomorphism follows from the remark at the outset
(i.e. uniqueness). We denote ¢(t) by exp(tX), because again using uniqueness one easily shows the trajectory
corresponding to AX takes the same value at time ¢ as the trajectory corresponding to X at time At. The
smoothness of exp : R x g — G follows from the fact that the trajectory of a smooth vector field varies smoothly
if the vector field is varied smoothly and the initial condition is varied smoothly (which is a part of Theorem
5.4.2, and was only stated there without proof). O

Exercise 5.5.5.

(i): Verify that the infinite-series definition of the exponential map given in Definition 3.1.7 for the various
linear Lie groups of Exercise 3.3.28 agrees with the exponential map defined above. This is equivalent to
saying that the one-parameter group exp(tX) defined earlier, corresponding to X € g, is the trajectory of
the left invariant vector field X passing through the identity element e € G at t = 0. All other trajectories
for X are obtained by left translating this one-parameter group.
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(ii): Show (by computing the derivative of exp at 0 and using the inverse function theorem) that the map
exp : g — G maps a neighbourhood of 0 in g diffeomorphically onto a neighbourhood of e in G. Thus we
have a natural chart around e in a Lie group (called the exponential chart, or exponential coordinates),
and by composing with left translations we get charts around each point in G.

(iii): For G = S! = SO(2), note that the exponential map exp : R — S may also be represented by t s et
Show that for an irrational number «, the subalgebra :

b= {(tat): t R}
exponentiates to the subgroup of T? = S x S! given by the skew line that was defined in 3.1.5.

Remark 5.5.6 (When is the exponential map surjective?). We saw in Exercise 3.1.13, by considering GL(2,R),
that exponential map of a Lie group need not be surjective. On the other hand we also noted in Exercise 3.1.11
(using the Jordan Canonical Form) that for G = GL(n,C), it is surjective. It turns out that the exponential
map of any compact connected Lie group is surjective.

Exercise 5.5.7. Give an example of a compact manifold M and a smooth vector field X on it such that all
trajectories of X are non-compact.

5.6. Lie Derivative. A smooth vector field X on a manifold apriori only gives us a method of differentiating
functions, to produce other functions. But it is possible to differentiate other objects, such as tensors, and in
particular differential forms with respect to X.

We first note that even if X is not a compactly supported vector field, we can multiply it with a cut-
off function A, which is identically = 1 in some neighbourhood W (z) of = (see Corollary 3.2.4), and get a
compactly supported vector field which agrees with X on W(x). Denote the flow (=1-parameter family of
diffeomorphisms) of this vector field (as guaranteed by Theorem 5.4.11) by ¢;X. It is easy to see that this
well-defined in a neighbourhood of x and small ¢, regardless of choice of cut-off function.

Definition 5.6.1 (Lie derivative). For f € A%(M), a smooth function, define:
Lxf=X(f)

. . deX (x
which clearly means, since @T()(O) = X(x), that

(L f) () = Tim 190 ($>t> ~ f(z)

t—0
so that:
(68)f—f
t
If Y is another vector field, then ¢, being a diffeomorphism, there exists the vector field (¢%,).Y, as explained
in (v) of Exercise 5.5.2, whose value at z is precisely D¢, (¢;% (z))(Y (¢;% (x)). Thus we define:

Lf =

)Y —Y
LY i— lim P20V =Y
t—0 t
Similarly, for a 1-form w, we define:
X%, ,
Lxw :=lim 7(@ J'w—w
t—0 t

Now we extend Lx to tensors of type (k,[) by requiring that it acts as a derivation, that is, for two tensors
T, o, we have:

Lx(t®o0)=LxT®0c+7® Lxo
Since every tensor is locally the sum of decomposable tensors, this definition makes sense.
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Remark 5.6.2. We examine the reason for the opposite signs of ¢ in the definitions of Ly for 1-forms and
vector fields is that w(Y') is a function. For brevity, let us denote ¢X by ¢;. By the definition of pullback of
a form w under a map f, we have [(f*w)|(z)Z = w(f(x))(Df(z)Z) for a tangent vector Z € T,(M). Thus if
we let the vector field Z := (¢—¢).Y, then Z(x) = Do_+(p:(2))Y (¢¢(x)). Thus the number (¢pfw)((¢p—¢).Y)(z)
is the same as the number w(¢:(z))(Dodr Do_t)(¢de(x))Y (¢1(x)), which is exactly w(¢:(z))(Y (¢rx). This is, of
course, the function ¢5(w(Y)). In other words, we have the relation of functions:

((¢0) W) (@—14Y) = (04)" (w(Y))

and the formula for the Lie derivatives of vector fields, 1-forms, and functions match up to give the following;:

Proposition 5.6.3. Let w be a 1-form and X,Y smooth vector fields on M. Then the following formulas
hold:

(i):
Lx(w(Y)) = X(w(Y)) = (Lxw)(Y) + w(LxY)

(ii):
LyY = [X,Y]

Proof: As before, let us denote ¢;X by ¢, for brevity. From the formula deduced in the remark above:
((9)" W) (@—:Y) = (&) (w(Y))
it follows by taking the derivative % at t = 0 that:
(Lxw)(Y) +w(LxY) = X(w(Y)) = Lx (w(Y))
which implies (i).

For (ii), note that for a smooth function f, and a point x € M, we have:
[(p—e.Y)(@)]f = [Do—e(Y(de(2))]f

so that :
(@Y ) (@)](f 0 d¢) = Y(de(2))f = (Y )(¢e(2))
which implies that

Yfloge =Y (fod) = (¢—t:Y =Y)(fo )
= H(LxY)(f o i)+ o(t?)
= t(LxY)f +o(t?)
where the second equality results from the definition of Lie derivative, and the third from the fact that fo¢; =

f+tXf+o(t?). Adding and subtracting Y f to the left hand side of the first equation above, the equation
above may be rewritten as:

(W) _ (W) = (LxY)f +o(t)

Taking the limit as t — 0, we get LxY = X(Yf) = Y(Xf) = [X,Y]f. O

Corollary 5.6.4 (The adjoint action of a Lie group). Let G be a Lie group, and let X € g = T.(G). Then
we have the map Ad(exp(tX)) : G — G which takes g to exp(tX)g(exp(—tX). Its derivative Ad(exp tX), =
D(Ad(exp tX) is an automorphism of g. We have the equation:

. Ad(exp tX).—1d
m

i
t—0 t

=adX :=[X, ]
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Proof: Let Y € g, and let Y (resp. )Z') denote the left-invariant vector fields corresponding to Y (resp. X).
Note that exp(tX) is the trajectory of the vector field X passing through the identity element e at ¢ = 0.
This follows easily from the fact that the exponential map is a homomorphism. We need to see what the
trajectories passing through other points are. We claim that Rexp ¢x (2) = z.exp(tX) is the trajectory of X
passing through x at t = 0 (Recall that this is the same as L, (exp(tX)), as noted in (i) of Exercise 5.5.5). This

is because:
A 0) = L (OB 0)) = LX) = L0 (R 0) = X (0

by the left invariance of X. Thus, the flow of X is given by gzﬁt)? = Rexp tx, which we abbreviate as ¢.
Consequently:
(¢-1Y)(€) = DRexp(—ix)Y (e.exp tX) = DResy(—1x)Y (exp tX)
= DRexp(ftX)DLexp tX (Y) = D(Rexp(ftX) © Lexp tX)(Y)
= D(Ad(exp tX))Y = Ad(exp tX).Y

since the left invariance of ¥ implies Y (exp tX) = DLeyp 1x(Y).
From (ii) of the previous proposition it follows that:

(X, Y] = [5(:7?](6) = L~}f\e = lim

which proves our assertion. O

Proposition 5.6.5 (Characterisation of one-parameter subgroups). A smooth homomorphism:
n:R—-G

into a Lie group G (or sometimes the image of 1) is called a 1-parameter subgroup of G. Then n is a one-
parameter subgroup of G iff n(t) = exp tX for some X € g = T.(G).

Proof: The “if” part is clear. So suppose n7: R — G is a one parameter subgroup of G. Then let us denote:

_dn
X = —(0)

which is an element of g. We claim that 7(t) is a trajectory of the left invariant vector field X. Noting that
t+— s+t is a curve in R starting at s, with velocity vector %IS’ we have:

(C%’(S) = Dn(s) (i|s>

_ dn(s+t) o d(n(s)n(t))
d(Lys)(n(t)) dn(t)
= — == L Y
20 = (L) () ©
= X(n(s))
Further, (0) = e. The curve ¢(t) := exp tX is also a trajectory of X which satisfies ¢(0) = e. By the
uniqueness of trajectories, it follows that n = ¢. a

Corollary 5.6.6. For a Lie group G:

(i):
(Adexp tX), = exp t(ad X)
(ad x)*

4! ’

where ad X € gl(g) is the linear map Y+ [X, Y7, so that its exponential is the power series >~
an element of GL(g).
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(ii): The following formula holds:
(Adexp tX)(exp sY) = (exp tX)(exp sY)(exp tX) ™' = exp(sexp (tad X)Y)

Note that exp (tad X)) is an element of GL(g), so exp (tad X)Y € g, and its exponential is an element of
G.

(iii): Let G be a coonected Lie group. Then G is abelian iff g is an abelian Lie algebra. That is [X,Y] =0
for all X,Y € g.

Proof: To see (i), we consider the 1-parameter subgroup:
n:R — GL(g)
t — (Adexp tX).

Note that J Ad i s
@1 gy — gy (AL LX) =
dt t—0 t

by the Corollary 5.6.4 above. Thus, by the Proposition 5.6.5 above, we have the result.

=adX

To see (ii), fix a t and X. For a general Y € g consider the one-parameter subgroup in G:
o:R — G
s > Ad(exp tX)(exp sY) = (exp tX)(exp sY)(exp tX) "

Clearly, from (i) it follows that %(0) = (Adexp tX).(Y) = (exp tad X)Y, by the foregoing, so that by the
Lemma 5.6.5 above, it follows that:

@(s) = exp(sexp(tadX)Y)
thus proving (ii).

For (iii), note that the only “if” part is trivial, because the adjoint action of G on itself is the identity map,
and so its derivative (Adexp tX), is the identity map for all ¢, and so by (i) of 5.6.4, ad X = 0 for all X, and
thus g is abelian.

Conversely, if g is abelian, the part (ii) proved above shows that

(Adexp tX)(exp sY) = (exp tX)(exp sY)(exp tX)™! = exp(sY)
for all s,t€ Rand X,Y € g.

This shows that all elements in the image of exp : g — G commute. By the inverse function theorem, (see
(ii) of Exercise 5.5.5) every element in a neighbourhood of e is in this image, so all elements in a neighbourhood
of the identity commute. Since every connected topological group is generated by any neighbourhood of the
identity, G is abelian. O
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Exercise 5.6.7 (Derivative of a Lie homomorphism). Let ¢ : G — H be a smooth homomorphism of Lie
groups.

(i): Show that there is a unique linear map of Lie algebras, which is denoted ¢, := D¢(e) from g to b, which
is a homomorphsim of Lie algebras, i.e. [¢. X, ¢.Y] = ¢.[X,Y].

(ii): Show that if ¢, ¢ are two Lie homomorphisms from G to H, and G is connected, then ¢, = 1, implies
¢ = 1. (Hint: Just look at one parameter subgroups of G.)

Exercise 5.6.8. Let G = SL(2,R). Recall that its Lie Algebra is given by:

slI(2,R) ={Y € gl(2,R) : tr Y = 0}
Compute the tangent space T4 (SL(2,R)) for A € SL(2,R). For Y € s[(2,R), compute the left-invariant vector
field Y.

Exercise 5.6.9. Consider the unit sphere S? = {(z,y,2) € R? : 2% + y?> + 22 = 1}. Let X be the smooth
vector field on S? defined by:

X(JZ, Y, Z) = (_y7 €L, O)
Compute the one-parameter family of diffeomorphisms for this vector field. Compute the Lie derivative Lxw
where w is the restriction of the 1-form dz to S2.

Exercise 5.6.10. Let M be a smooth manifold, and X,Y smooth vector fields on it. For a 1-form w on M,
show that:

dw(X,Y) = Xw(Y) - Yw(X) —w([X,Y])
(Hint: Use local coordinates).

Exercise 5.6.11. Consider the map:
0:GxGE — G
(z,y) = ayz~ly”

(i): Show that Df(e,e) = 0. (Hint: Note that the curve (exp(tX),e) has tangent vector (X,0), and the
tangent vector (e,exp(sY’)) has tangent vector (0,Y)).

1

(ii): Show that :

9 o
Ot =0 <35> |S:09(exp(tX)eXp(sy)) _X,Y]

(Hint: Use the formula in (ii) of Corollary 5.6.6).
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5.7. Homogeneous manifolds. Let G be a Lie group of dimension n, and H C G be a closed subgroup. It
is a theorem due to Cartan-Lie (see [BMST], p.58 Thm 4.5 for the case when G is a linear Lie group) that H is
also a Lie group, say of dimension m. Look at the space of left cosets, denoted G/H. This is just the space of
orbits of the smooth right action of H on G by multiplication. It is given the quotient topology. Since G can
be given a right G-invariant Riemannian metric (see example 5.1.14), this metric will also be right H-invariant.
Now let d be the distance on G, in accordance with 5.2.3, which will also be right H-invariant by 5.2.5. That
is, it will satisfy d(ah,bh) = d(a,b) for all a,b € G, and h € H.

Because H is closed, one can define a distance on G/H as:

d(aH,bH) := hig"{(d(a,bh)) =d(a,bH) = (ah,bh’") = §(bH,aH)

inf d
h,h'€H
Using the right H-invariance of the distance d, it is an easy exercise to check that 0 defines a distance on G/H,
which therefore makes it Hausdorff and paracompact. It is second countable (=separable) because the image

of a countable dense subset ¥ C G under the natural quotient map 7 : G — G/H is a countable dense subset
of G/H.

Proposition 5.7.1 (Homogeneous manifolds). For a Lie group G and a closed subgroup H, the space G/H,
as defined above, is a smooth manifold of dimension dim G — dim H =n —m.

Proof:

Note that the space M := G/H is homogeneous in the following sense: given any point x = gH in M, there
is a homeomorphism, also denoted L, taking the identity coset o = H to x = gH. Thus if we can prove that
a neighbourhood of the identity coset o is homeomorphic to an open subset of R"~™, and also show that the
coordinate changes are smooth, we will be done.

Let b C g be the Lie algebra of H. It is a fact (see [BMST], p.58) that the exponential map exp : g — G
takes h to H. Let m be a vector space complement to § inside g, so that g = h & m. Define the map:

p:mdh — G
(X,Y) — expXexpY

It is easily checked that the derivative D¢(0) is the identity map g — g so that, by the inverse function
theorem, there exists a neighbourhood U of 0 in g on which ¢ is a diffeomorphism. Let ¢(U;) C q{)(ﬁ) be a
smaller neighbourhood such that it is symmetric (i.e. such that y € ¢(U;) = y~! € ¢(U;), and such that
o(Uy)p(Uy) C qﬁ(ﬁ) Thus it follows that if 1,2 € ¢(U1), we have y; tys € (/5(17) Now take a neighbourhood
of the form W xV C Uy, where W and V are neighbourhoods of 0 in m and b respectively. Let U := ¢(W x V') =
exp(W).exp(V). We claim that 7w(U) is an open neighbourhood of the identity coset 0 = eH in G/H.

Recall that with the quotient topology on G/H, a set is open in G/H iff its inverse image under 7 is open
in G. But 7~ }(w(U)) is just Upen Rp(U), which is clearly open. Consider the map ¢ : W — 7(U) defined by
Y(X) +— (exp X)H. That is, 1) = m 0 ¢ . Clearly ¢ is continuous.

We claim that its inverse is the continuous map:

0:m(U) —» W
m(y) — prad”(y)

To see that this map is well-defined, note that if 7(y;) = 7(y2) with y1,y2 € U, then by writing y; =
d(X1,Y1) and yo = ¢(Xo,Ys) with X; € W and Y; € V, we have (exp X;) lexp X € ¢((7) N H, so that
exp Xo = exp Xjexp Z for some Z € U Nh. That is ?(X2,0) = ¢(X4,Z). Since ¢ was injective on U, it
follows that X; = Xo = X and Z = 0. Thus y; = exp Xexp Y; for i = 1,2. Thus ¢~ !(y;) = (X,Y;), and
prnd H(y;) = X is well defined.
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Hence (=1, V), where V := 7(U) is a local chart around o. Local charts around other points are given
by composing with left translations. That is, for a g € G, we define gV = Ly(V) = n(gU), and z/)g_l by the
diagram:

L1
V < g4V
Pt byt
W +— W

Thus on the overlap W, :=¢~*(V N gV), the coordinate change 1/19_1 o1 is the composite:
Lt -1
W, 5Vvngy % Vg v W,
which we denote by p. Again, since 7 o ¢ = 1, we conclude from the diagram:

-1

L 1
VngV % Vng'v

T T
Z—l
UngU - Ung'U
ot To
W, Wy

that the composite p is also the composite qﬁ’lf;lqﬁ of the above diagram, (where Zg denotes left translation
on the group G. This is clearly smooth.

Thus we have defined a smooth atlas, and X = G/H is a smooth manifold of dimension n — m. ad

Example 5.7.2 (G-manifolds as homogeneous spaces). Let M be a smooth manifold of dimension m, and let
G be a Lie group of dimension n acting smoothly on it. (See definition 5.1.11). We define the isotropy group
(or stabiliser) of = to be the subgroup of G given by:

Gy, ={9€G: gzr=ux}

Recall that the action is said to be transitive if M consists of a single orbit, i.e. M = Gz for each x € M.
We call the action a good action if it is a transitive action, and if for some x € M, the derivative at the identity
e € G of the map p, : G — M defined by p,(g) = gz, namely:

Dp,(e) : T.(G) = Tp(M)

is surjective. Since we have a commutative square:

T.(G) 7Y 1)
Ly | | Ly
7,(G) " T,

and Ly : G — G and Ly : M — M are diffeomorphisms, it follows from the square above that the lower
horizontal arrow is surjective for all g € G, i.e. each point of M is a regular value of the map p,.

Thus p, ' (x) = G, is a closed submanifold of G, i.e. a closed Lie subgroup of G of dimension n —m, by the
(submersive) implicit function theorem 1.6.4.

Claim: M is diffeomorphic to the homogeneous manifold G/G,, of 5.7.1.

For, fix a point x € M, and again consider the map p,. Since p, is continuous, and takes gh and ¢ to the
same point gz for each h € G, it descends to a continuous map ¢ : G/G, — M by the property of the quotient
topology. This map ¢ is easily checked to be a bijection. On the other hand, since Dp, is surjective at each
point g € G, the (submersive form of) the implicit function theorem implies that p, is locally a projection,
and hence an open map. Thus ¢ is also open, and we have that ¢ is a homeomorphism.
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By the example 3.3.22, the tangent space to G at e is the kernel:
ker Dp.(e) : T.(G) — T, (M)

Thus, if m is the vector space complement to T.(G,;) that was chosen in the proposition 5.7.1 above, it follows
that Dp,(e)|m is an isomorphism. That is, the derivative of the map:

m=E G5B M
at 0 € m, is an isomorphism. Hence, by the inverse function theorem, this composite is a local diffeomorphism.
But on a neighbourhood W of 0 in m, this map is also the composite:

wAHV S M
where 1) is the local chart around o € G/G, constructed in 5.7.1. Thus ¢ is smooth around o € G/G,, and
in fact a local diffeomorphism of a neighbourhood V' of o with a neighbourhood of x in M. By applying left
translations on G/G, and M, we see that ¢ is a local diffeomorphism at all points of G/G,. Since ¢ is a

homeomorphism which is a local diffeomorphism at all points, it is a diffeomorphism. This proves the claim.
O

Exercise 5.7.3. Show that the natural left action of G on G/H as defined in 5.7.1 is a smooth and good
action.

One can obviously define a right G-action in analogous fashion, and carry all of the above over to right actions.
Given any left action, one can get a right action by defining zg := g~ 'z, and vice versa, so that everything
above can be reformulated for right actions. On a Lie group, there is the left action of left multiplication, and
the right action of right multiplication, and these actions are distinct if the group is non-abelian. Indeed, the
adjoint action of G on itself (which is a left action) measures the “discrepancy” between the left and right
actions, as was discussed in the preceding subsection.

5.8. Homogeneous metrics. In the last subsection, we saw two alternative descriptions of a homogeneous
manifold, i.e. as a coset space of a Lie group with respect to a closed subgroup, or as a manifold with a smooth
“good” left-action by a Lie group G.

Note that the Riemannian metric we got on G/H at the beginning of the last subsection need not be left
G-invariant. It is quite natural to ask how one can put a left G-invariant (= G-homogeneous) Riemannian
metric on such a manifold.

Proposition 5.8.1 (Homogeneous metrics). Let G and H be as in 5.7.1. Assume there exists a Riemann-
ian metric (, ) which is left G-invariant and right H- invariant. Then there exists a (left) G-invariant (or
homogeneous) Riemannian metric on G/H.

Proof: Consider the quotient map, which is a submersion:
G — G/H
g — gH
which induces the exact sequence of tangent bundles:
7 : TG = 7" T(G/H) =0

The kernel of this bundle morphism is the bundle  — G, whose fibre n, at g € G is given as the kernel of
Dn(g) : Ty(G) — Tr(g)(G/H). Let &, be the orthogonal complement of 7, in Ty(G), with respect to the given
Riemannian metric (, ). It follows from the discussion of 5.7.1 that 7, 4 : §§ — T (4)(G/H) is an isomorphism
for each g € G, and so

Tue 1 &= 7 T(G/H)
is an isomorphism of vector bundles. Thus its inverse gives an isomorphism of 7*T'(G/H) with the subbundle
¢ of TG.
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Notice that both bundles £ and #*T'(G/H ) are mapped to themselves by the derivative of the right translation
Ry, for h € H. Further, by right H-invariance of (, ), the isomorphism above commutes with Rj.. (All this
is a rerun of part (ii) of exercise 5.1.5.) Thus, by restricting the left G-invariant Riemannian metric on TG, we
have a left G-invariant Riemannian metric (call it (, )) on the bundle 7*T(G/H). Because the original metric
was invariant under Rp, for all h € H, this induced metric (, ) is also right H-invariant. Identifying £ with
7*T(G/H), we have an orthogonal decomposition

TG ~n@®n*T(G/H)
which is preserved under Ry, for all h € H.

Now, the restricted bundle 7*T(G/H )45 is a trivial bundle, and for h € H, (Rj.) carries the fibre of this
bundle at g isomorphically to the fibre at gh. Since the metric (, ) is invariant under Rp,, this metric naturally
descends to a Riemannian metric on T(G/H), which is left G-invariant. ad

Corollary 5.8.2. If G is a Lie group, and H is compact, then there always exists a left G-invariant Riemannian
metric on G/H. In particular, if G is itself compact, then we have such a metric.

Proof: H being compact, a positive definite bilinear form on g (which automatically yields a left G-invariant
Riemannian metric on G) can be averaged out with respect to the adjoint H-action Ad(h). for h € H, as in
the proposition 5.1.17, to yield a left G right H invariant metric on G. a

Exercise 5.8.3. Show that if G is a Lie group, and H a connected closed subgroup, and (, ) is a positive
definite bilinear form on g which satisfies:

(ad Z2)X,Y) + (X, (ad Z)Y) = 0

for all Z € b, and all X,Y € g, then the homogeneous manifold G/H acquires a left G-invariant Riemannian
metric. (Hint: use the formula for Ad(exp(tZ)), and the condition for an H-bi-invariant metric discussed in
example 5.1.14).

Example 5.8.4 (The Sphere). It is easy to realise the unit sphere S® C R™*! as a homogeneous space as
follows. Consider natural action of the SO(n + 1) on R™*! given by left matrix multiplication with a column
vector. Since SO(n + 1) preserves lengths, this action restricts to an action of SO(n + 1) on S™. If we let
z = (0,0,..,1) be the unit vector of the x,i-axis (the “north pole” of S™), we can always find a matrix
A € SO(n+ 1) such that Az = y for any given y € S™ (why?), so that this action is transitive. It is easy to
check that it is smooth. To see that it is a good transitive action, one just has to verify that the map:

Pz SO(n+1) — 8™

which maps a matrix A € SO(n + 1) to its last column Az has derivative of full rank at the identity. In a
neighbourhood U of the identity, we write A(t) = exp tX (by (ii) of 5.5.5) where X is a skew-symmetric matrix
of trace 0, and thus:

tX)r —
Dpg(e)(X) = lim <W>
t—0 t
= Xz
Note that X being skew-symmetric, (Xz,z) = (—X'z,z) = —(z, Xx) which implies Xz is orthogonal to =,

and hence lies in T,,(S™) (see exercise 4.1.3 above). Since any tangent vector v € T,(S™) is just a vector with
last entry zero, one can view it as the last column of the skew-symmetric matrix X which has v as the last
column, —v as the last row, and zeros elsewhere. Thus v = Xz, and our map is surjective, and the transitive
action is good. Clearly, the isotropy subgroup of z is the group SO(n) on the first n coordinates. By the
foregoing example 5.7.2, the sphere S™ is diffeomorphic to the homogeneous space SO(n +1)/SO(n).

There is the natural the bi-invariant metric arising from (X,Y) = tr(X'Y) on SO(n + 1). With respect to
this metric, the Lie algebra o(n + 1) of SO(n + 1) decomposes as an orthogonal direct sum:

o(n+1)=o(n)@tm
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where
0 0 0 R
0 0 0 . Vg
m:= .. .. . .. tv; €R
Un,
—v1 —vy .. —v, O

For two elements X,Y € m, their inner product (X,Y) = trX'Y is just twice the euclidean inner product of
their non-vanishing (last) columns, which is exactly twice the inner product on R™ = T,(S™), where o is the
identity coset = (0,0, ..,1). Thus the natural metric on S™ is (twice) the one coming from the proposition
5.8.1. (Since both metrics are left SO(n + 1)-invariant, they are completely determined by their values at
T =o0).

Example 5.8.5 (Grassmannians). The orthogonal group O(n) acts on the grassmannian G (R™), as explained
in 5.1.9. That this action is transitive and, in fact, good is easily verified. The isotropy group of the point
o = span(ey, .., ex) is the subgroup H = O(k) x O(n — k). Again, the bi-invariant Riemannian metric coming
from the positive definite bilinear form (X,Y) = tr(X'Y") yields an orthogonal decomposition:

o(n)=haotm

m:{<)0( _g(t ); Xehom(o,&)}

The natural identification of T,(G\(R™) with m, and the fact that the restriction of the metric tr(X'Y) to m
is exactly twice the Riemannian metric introduced on T,(Gx(R™)) in 5.1.9, proves that metric to be equal to
twice the one coming from 5.8.1, by left SO(n) invariance of both these metrics.

where

Example 5.8.6 (Hyperbolic 2-space). We let H? denote the upper-half plane in R? = C, defined as:
H?={z€C: Imz >0}
On this 2-dimensional manifold we put the Riemannian metric given by:

. dz? + dy?
9(2) = gz + iy) = y—y

There is an action of the group G = SL(2,R) on H? defined as follows:
w:SL(2,R) x H*> — H?

( a b 2 o az+b
c d )’ cz+d
Clearly this makes sense, since it is easily checked that:

b
m (az+ ) = |cz+d| *Im z
cz+d

which is > 0 if Im z > 0. It is also easily checked to be smooth. It is transitive because the element:

1 -1
y2 "I;y 2
takes i = /=1 to = + iy € H?. We need to check that the action is a good action. That is, the map:

p:=pi:G— H?
defined by p(g) = gi has surjective derivative at the identity (see example 5.7.2 above). Consider the matrix

in g = sl(2,R) given by:
A0
(0 5)
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tA
exp tX = ( 60 _Ot,\ )

Clearly

so that (exp tX)i = €%, so that
d
Dp(e))(X)i= &
(Dpten)i= 4

Similarly, consider the matrix Y € si(2,R) defined by:

~(24)

cosh ty  sinh tpu
sinh ty  cosh tu

(e2A) = 2)\i

so that
exp tY = (
so that

d .
(Dp(e))(Y) = @t:o(eXp tY)i=2u
Thus Dé(e) has image C = T;(H?) and is surjective. To identify H? as a G-space with G = SL(2,R) we just
need to determine the isotropy subgroup of the point ¢, which is easily checked to be the subgroup:

K:—SO(2)_{< cos Sina): 96R}

—sinf cosf

which is just the circle group. Thus, as a manifold H? = SL(2,R)/SO(2).

We now claim that the group G' = SL(2,R) acting on H? by left translations is acting by isometries. For
this, note that the metric is given by:
(2) dzdz
Z) = —>
g (Im 2)?2

If we let g = < Z Z ) € SL(2,R) and denote gz = ‘Cljj_'s by w, we compute:
dz
" (cz+ap
Since
Imw =Im <az + b> = |ez +d|*Im 2
cz+d

it follows that
dzdz dwdw

(Imz)2 (Imw)?

so that G is acting by isometries, and the hyperbolic 2-space H? has a G invariant metric.

The next question is obviously whether there is a left-G and right-K invariant metric on G = SL(2,R)
which descends to the hyperbolic metric above, in accordance with proposition 5.8.1.

As usual, define the bilinear form (X,Y) = tr(XY"). This will lead to a left G-invariant Riemannian metric
on G. All we need to do is check that it is right K-invariant, and in fact K-bi-invariant. But this is obvious,
because for g € K, g~! = ¢*, and Adg(X) = gXg' for g € K. Thus

(X,Y) =tr(XY") = tr(gXY'g™") = tr(gXg'gY"g") = (Adg(X), Adg(Y))

proving left-G and right-K invariance of the resulting Riemannian metric on G, and by proposition 5.8.1, we
get a left G-invariant (homogeneous) Riemannian metric on G/K = H?.
Now, we just need to verify that this metric coincides with the hyperbolic metric above on H?. For this we
note that g has the polar decomposition
sl(Q,R)=¢t@p
where
t=s0(2) ={X€esl2,R): X =-X"}, p={Xesl(2,R): X=X"}
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and by our proposition 5.7.1, the vector space p gets identified with the tangent space T;(H?). The identification
is via Dp;(e) which, from the first para above is the mapping

Dpi(e) :m — T;(H?)

A )
X.('u _)\) = 2Xi+2u

which shows that the tr(X X?) = 2(A\%2+pu?) = 2 ((\, ), (A, ), which is exactly half the square of the hyperbolic
length of the vector Dp(e)(X) € T;(H?). Thus, as before, the G-invariant Riemannian metric from 5.8.1 is the
hyperbolic metric upto a scalar multiple.

Remark 5.8.7. We remark that the above time-tested positive definite bilinear form (X,Y) = tr(XY") is not
AdG invariant, as is seen from the example 5.1.14. In fact:

Claim: There does not exist any positive definite AdG invariant bilinear form on g = s[(2,R).

Proof:
Note that there is the decomposition:

g =sl(2,R) =RY ®RH ® RX

1 0 01 0 0
m=(o 5) *=(54) »=(13)
and it is easily calculated that [H, X] = 2X, [H,Y] = —2Y, [X,Y] = H. We recall that, as in the exercise
5.8.3, an AdG invariant bilinear form (, ) would have to satisfy:

where

0= (i) (Adexp tX(Y),Adexp tX(2)) =([X,Y],Z)+ 1, [X,Z]) forall X,Y,Z € g
t=0

So that we would have:

2(X, X)=(H,X],X)=—(X,[H,X]) = -2(X, X)
which would imply (X, X) = 0 and thus (, ) is not positive definite. (In fact, it is an exercise to show that
any non-degenerate symmetric bilinear form on g = sl(2,R) is a non-zero multiple of the (non-degenerate
but indefinite) symmetric bilinear form (A, B) = tr(AB). This last form is indefinite because (I, I) = 2, and
(X -Y,X -Y)=-2 where X,Y € sl(2,R) are the matrices defined above.) This proves the claim. O

Example 5.8.8 (Disc Model of Hyperbolic 2-space). There is another useful “Poincare Disc Model” of hyper-
bolic space. We equip the open unit disc:

D?*={z€eC:|z| <1}
with the “Poincare metric”:

. dx? + dy? 4dzdz

This Riemannian manifold is isometric to H? above via the “Cayley transform” mapping:

¢:H* — D?
zZ—1

zZ -
zZ+1

The map ¢~ ! maps w to 4 (%) The imaginary axis in H? maps to the real axis in D?, and the distinguished

point (identity coset) i = /—1 € H? maps to the origin in D?. It is a straightforward calculation to verify that
¢ is an isometry. The good transitive action of SL(2,R) gets replaced by a good transitive action of SU(1,1)
on D?. The group SU(1,1) is defined by:

SU(1,1) = {( % 2 > € GL(2,C) : |al® — |b? = 1}
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and this acts on D? by z — %' Again, one checks that this action leaves the Poincare metric above invariant.

The isotropy of the origin is the circle subgroup S' € SU(1,1) of elements with b = 0 and |a| = 1.

Exercise 5.8.9 (Equivalence of both models). Construct the explicit isomorphism between SL(2,R) and SU(1,1).)

Example 5.8.10 (Hyperbolic 3-space). Let G = SL(2,C) and K = SU(2). View R* as the non-commutative
(so be careful in the calculations below!) algebra of quaternions. Let H? be the subspace of H = R* defined
by:
H3={z+iy+jw+ktcH:t=0, w>0}
This is the upper-space of R? C R*, and is a Riemannian manifold with the metric given by:
dz? + dy® + dw?
w2
We claim that H? is the homogeneous manifold SL(2,C)/SU(2), and the metric above is G = SL(2,C)
invariant. First let us define a transitive action of SL(2,C) on H? as follows:

p:Gx H> — H?
((iZ)J)H (ar +b)(cr +d) !

(Exercise: show that c¢r +d # 0 for r € H?). Here we are regarding C as the subalgebra of H consisting of
quaternions of the type x + iy. Let us see that this is well-defined. Regard a quaternion as z + jw where
z,w € C. Note that the quaternion multiplication rules imply that jz = Zj for z € C, and hence that:

g(x + iy + jw) =

(z 4 jw) (21 + jw1) = (221 — wwy) + j(wz1 + zwy)

There is also the conjugation involution of H which takes r = x + iy + jw + tk to 7 = x — iy — jw — tk. If we
express r = z + jw with z,w € C, then 7 = Z — jw = Z — wj. It is easily checked that this conjugation is an
anti- homomorphism, i.e.:
75 =57
v

W.

To see that s = (ar + b)(cr +d)~! € H3 for r € H?, note that for r = 2 + jw € H?, we have 2w = j7 — rj.
So we have to compute the quantity js — sj. Since

_ (ar + b)(T ¢+ d)
ller +d|?

for all 7, s € H. For any quaternion r # 0, it is easy to check that its inverse r—! is just

so that B
(cr +d)(Fa+b)

ler + |
from which we compute (using brute force and ad — be = 1) that

S =

jerb + jdra — brej — ardj

S fer +
_ 2w
ler 4 d|?
which is clearly positive for w > 0. If we denote s = q + ju, then this formula implies that:
. w
ller +d|?
Since the matrix inverse:
(a b)_1_< d —b)
c d —c a
it follows that: "
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and hence that:

u? o = scff?

= *
w2 ||c7“—|—dH2 *)

an equation which we use later.

To see that the action is good, is a simple verification as in the case of H? above. As before, let p denote
the map G — H?3 taking g to g.j. Then for

X—<)\ 0) AeR A>0

0 —A

we find tha
@ that d(exp tX.7) d(e?t™) ,
Dp(e) () = (M2 D) o) = (1920) 0 =2

whereas for

(0 n . 0 w
Y_<,u 0>,andZ—<_iV 0) v eR

Dp(e)(V) = (d(xflf”) (0)

B < d(coshtpj + sinhty)(j sinh tj + cosh tu) 0)

we have:

o dt

—

= 0) =2u

d(sinh 2ut + 7)
dt

and similarly Dp(e)(Z) = 2iv, which clearly shows that Dp(e) maps the subspace p C sl(2,R) surjectively onto
T;(H?). Here p denotes the subspace of g = sl(2,R) consisting of traceless hermitian matrices.

For r = z + jw € H3, where w € R is strictly positive, the matrix:

(v %)

0
takes j € H? to r = z + jw. Thus the action is transitive, and by the foregoing, a good action.

gl

To compute the isotropy of j € H?, we have the equation:
(aj +b)(cj+d)™" =7
which implies that aj + b = jcj + jd = —¢ + dj so that b = —¢ and a = d. But this group:

(5 2)-waec)

is precisely the subgroup SU(2) C SL(2,C). Thus H? is diffeomorphic to the manifold SL(2,C)/SU(2) by
5.7.2.

Finally, to check that the action leaves the metric above invariant, note that on differentiating the equation
s(er +d) = ar + b) we obtain ds(cr + d) + sc(dr) = adr, which implies:
(a — sc)dr = ds(cr + d)

The conjugate of this equation is

dr(a — sc) = (cr + d)ds
and multiplying the two equations, and noting that real quantities commute with everything, we get:
la — sc||® drdr = ||cr + d||* dsds

and using (*) above we have that:
drdr  dsds

w2 oy
which implies the invariance of the metric since drdr = dz? + dy? + dw?.
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The final issue is whether this metric comes from a left-G' and right-K invariant Riemannian metric on
G = SL(2,C) in accordance with 5.8.1. As in the example of SL(2,R) in 5.8.6 above, we have a direct sum
decomposition of Lie algebras:

g=s5l(2,C)=su(2)®p
where su(2) is the Lie algebra ¢ of K, consisting of all traceless skew-hermitian complex matrices (i.e. X* =
—X), and p those of tracelss hermitian ones. Under Dp(e), p gets identified with 7;(H?). We leave it as an

exercise for the reader to prove that the positive definite bilinear form (X,Y) = tr(XY™) (where Y* := ?t) on
g = sl(2,C) is AdK bi-invariant, and the corresponding homogeneous metric resulting from 5.8.1 on M = H3
is a scalar multiple of the above hyperbolic one.

Both the hyperbolic spaces above are examples of Riemannian symmetric spaces of non-compact type.

5.9. Classification of compact surfaces. The hyperbolic 2-space above is the source of a great deal of
beautiful mathematics, unifying Lie theory, Riemannian geometry, complex analysis and number theory. For
example, there is the following fundamental:

Theorem 5.9.1 (Riemann mapping theorem). A simply connected complex manifold of (complex) dimension
one is biholomorphically (or “conformally”) equivalent to C, H? or S2. (Here S? is the Riemann sphere CU oo,
and can be made into a complex manifold of dimension one in a natural way. It can also be viewed as the
complex projective space CP(1).)

The reader may consult Ahlfors’ book Complex Analysis, or Rudin’s Real and Complex Analysis for a proof
of this deep fact. The original proof given by Riemann was a heuristic one, and it took the better part of a
century for a rigorous proof (due to Ahlfors).

As a consequence, one can classify (upto diffeomorphism) all compact connected smooth manifolds of (real)
dimension 2. First one classifies the orientable ones. If M is a compact connected orientable manifold, one can
give it a smooth Riemannian metric, and then prove the existence of local isothermal parameters. That is, in
a neighbourhood of every point, there is a coordinate system (u,v), with respect to which the metric g takes
on the form A(u,v)(du® + dv?), where ) is a strictly positive function. This remarkable fact is due to Gauss,
and a proof maybe found in Springer’s Riemann Surfaces.

If on an overlapping region, we have isothermal coordinates (z,y), then the reader can easily verify that the
relation \(u,v)(du?+dv?) = u(z,y)(dx? +dy?), coupled with the extra fact that the jacobian of the coordinate
change (u,v) — (x,y) is positive (which can be assumed without loss of generality by the orientability of M)
shows that this coordinate change obeys the Cauchy-Riemann equations:

Ou Ov Ou  Ov

dr 9y 9y o=
on the overlap, which makes M a comlex manifold of dimension 1.

By the Riemann mapping theorem above, its simply-connected covering M is therefore either CP(1), Cor H?,
and the group of covering transformations I must be a subgroup of the group of holomorphic automorphisms
Auth (M)

For the reader who is familiar with a bit of one-variable complex analysis, it is not difficult to show that:
Auty, (CP(1)) PGL(2,C) = GL(2,C)/{£I}

Autp(C) = {z—az+f:a€C" and g€ C}

Aut,(H?) = PSL(2,R) = SL(2,R)/{*I}

2

where the groups PGL(2,R) and PSL(2,R) act via fractional linear transformations z (Zjis)

So now the question boils down to finding out which subgroups I' of the above automorphism groups
Auty, (M) can act properly discontinuously on the complex manifolds M above. Per force, such subgroups
have to be discrete subgroups. In fact, by covering space theory, it will turn out that I' is isomoprhic to
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the fundamental group 71 (M). Suitably classifying these discrete subgroups of the various automorphism
groups listed above will lead to a classification of compact connected complex manifolds of dimension 1, upto
holomorphic or conformal equivalence.

This is a deeper question than what we are interested in. The fact that a compact connected orientable
surface becomes a complex manifold of dimension 1 leads to the fact that it is “triangulable”, that is, it is a
two dimensional simplicial complex. This fact is proved in the book Riemann Surfaces by Ahlfors and Sario.

Now, using triangulability, one can give combinatorial arguments to show that a compact connected ori-
entable surface M is homeomorphic to one of the following:

(i): S2, if M is simply connected.
(ii): T2#T?4..#T? (g-times), if M is not simply connected.

Here # denotes connected sum. That is, for two surfaces X, Y, their connected sum X#Y is defined as the
surface obtained by removing an open disc from each, thus yielding X; = X \ D? and Y; = Y\ D?, and then
gluing X3 and Y; along the boundary circles of the holes. One has to check that the homeomorphism type of
this object is well-defined. The number g is called the genus of M, and is a topological invariant. The surface
of genus g above is often called a g-handle.

The proof of this topological classification maybe found in W. Massey’s book Introduction to Algebraic
Topology. As it turns out, the smooth (diffeomorphic) classification is the same as the topological classification,
because each of the surfaces listed above admits a unique differentiable structure. (See Hirsch’s Differential
Topology, Chapter 9, for a direct classification of smooth orientable surfaces using Morse Theory).

The sphere S2 is already simply connected. The simply connected cover of the genus-1 surface, i.e. the
torus T2, is R? = C, and in this case I is any subgroup of C of rank 2 (e.g. Z+iZ), called a lattice. In fact all
lattices in C are of the form I' = Z + jZ where j is a complex number such that Im j > 0. It turns out that for
two lattices T' = Z+ jZ and IV = Z + j'Z the tori C/T" and C/I" are biholomorphically equivalent iff j" = ijis
b
d
genus > 2 is the upper half plane H2.

for some ( CCL ) € SL(2,7Z). The simply connected cover of all compact connected orientable surfaces of

Each of the surfaces listed above also has a nice Riemannian metric. We saw earlier that S2? has a left-
SO(2) invariant Riemannian metric, viz. the one induced from R3. Similarly, since the lattices I' C C act by
translations, they are isometries with respect to the euclidean metric on C, and thus T2 = C/(Z +1Z) acquires
a “flat” metric, denoted by df? + dg?.

Finally for the surfaces above of genus > 2, the universal cover H? has the hyperbolic metric, and since the
group T is a subgroup of SL(2,R), it is a group of hyperbolic isometries, and the quotient naturally acquires
the quotient hyperbolic metric.

The homogeneity of the metrics on S?, C = R? and H? will result in their curvature (to be defined later)
being constant functions (in fact, 1, 0, and -1 respectively). Thus the quotient surfaces above with these
quotient metrics will also have constant curvature.

The compact non-orientable surfaces, of course cannot be complex manifolds, since all complex manifolds
are orientable. However their orientable double covers will belong to the above list. They are all of the following
type:

RP(2)#RP(2)#...#RP(2) k copies
(which is called the k-crosscap). The involutions 7 of the orientable surfaces M above, which give rise to
the non-orientable surfaces M/{1,7}, are all isometries of M with respect to the metrics defined above. (For
example, if M = S2, the 7 is the antipodal map, and M/{1,7} = RP(2).) Thus the quotients, viz. the
crosscaps all acquire nice quotient metrics.
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6. CONNECTIONS

6.1. Principal G-bundles. In the sequel G will always a smooth Lie group, and g its Lie algebra. L, and
R, denote left and right translations by g € G, and Adg := Ly o Rj-1.

Definition 6.1.1 (Principal G-bundles). A smooth principal G-bundle on a smooth manifold M is a smooth
manifold P of dimension dim G + dim M such that G acts freely and smoothly from the left on it. Further,
there is a smooth surjection 7 : P — M such that each fibre P, = 7=1(x) is a free and transitive G-space, and
a G-orbit of the action of G on P. Further, there exists an open covering {U;}iea of M, and smooth maps
(called local trivialisations or bundle charts):

P, : 7T_1(Ui) — U; x G
making the diagram:

~U) 2 U xG
TN\ v Pry
U;

commute. For each x € U;, and each 14, the restriction ®; p, is a G-equivariant (=commuting with the left
action of G) map to {x} x G. P is called the total space of the bundle, and M the base space. 7 is called the
bundle projection. G is called the structure group of the principal bundle. (Physicists call it the “restricted

gauge group”)
If there exists such an open covering with just a single element { M}, then the bundle is said to be a trivial

bundle. In this case, P = M x (G, and the left action of G on P is via left-multipication on the second factor.

It is easy to check that local triviality forces 7 to be open, and thus 7 is a quotient map, and M ~ P/G,
where P/G is the orbit space of the left G-action on P.

For a principal G-bundle, we can define transition functions, analogous to what we did for vector bundles
in 4.3.3. Namely, on the overlap U; N Uj, the left G-equivariant bundle coordinate change:

fii .
(U7 ﬂUj) x G —— 7T71(U¢ ﬂUj) &) (Uz N U]) x G
must carry (x,g) to (x,g.9:j(x)), where g;;(x) € G. Thus, for each 7, j, we have a smooth map:
gij - Ul n Uj -G

such that the following cocycle conditions hold:

(a): g =1d, gij(z) = gji(x)~! for all i, j.

(b): gi5(x)gjk(x)gri(x) =1Id for all x € U; NU; N Uy,

A smooth map s: M — P is called a section of the bundle if mos = Idys;. As in the part (iv) of the exercise

4.3.4, this is equivalent to giving smooth functions s; : U; — G for each ¢, satisfying s;(x) = s;(x)gi;(x) for all
reU;N Uj.

Lemma 6.1.2. A principal G-bundle 7 : P — M is (smoothly) trivial iff it has a smooth section s : M — P.

Proof: If the bundle is trivial, then the section x — (z,¢€), (where e € G is the identity element) is a section
of the trivial bundle M x G — M, and a G-bundle isomorphism ® : M x G — P of this bundle to a principal
G-bundle 7 : P — M would result in the section © — ®(z, e) of that bundle.

Conversely, if 7 : P — M admits a section, the isomorphism:

d:MxG — P
(z,9) — gs(x)
is a G-bundle isomomorphism of P with the trivial G-bundle. a.
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Example 6.1.3. All the examples of homogeneous manifolds:
m:G— G/H

constructed so far (see the section 5.7) are examples of principal H-bundles. The only difference with the
definition above is the fact that in those examples, the closed subgroup H was acting from the right by right
multiplication. One can easily convert it into a left action by defining h* g := gh~!. To see local triviality, one
needs to show local triviality of the bundle only around a neighbourhood of the identity coset o = e.H € G/H.
In the notation of proposition 5.7.1, a neighbourhood of the identity coset is 7(¢(W xV')), which is diffeomorphic
to the neighbourhood W of the origin in m. The open set 7~ (W) in G is just exp(W)H. We may therefore
find a trivialisation of 7=1(W) — W by setting:

D:expW)x H — = Y(W)
(exp X,h) +— (exp X)h

which commutes with the left action (=right multiplication) of H. Indeed, on the open set exp(W) x exp(V),
we have seen in the proposition above that this ® is essentially the diffeomorphism ¢ of that proposition. The
H-equivariance proves it is a diffeomorphism all over 7= (W), and is the trivialisation sought.

Example 6.1.4 (Frame bundle of a vector bundle). Let 7 : E — M be a smooth vector bundle of rank k. We
define the set of all frames in the fibre E, to be set of all ordered tuples (vy, ..,vx) of k linearly independent
vectors in F, (=ordered bases or frames of E,), and denote it by F(FE),. Now, define the frame bundle F(E)
to be the disjoint union:
F(B) = ] F(E).
reM

and the projection p : F(E) — M by mapping an element in F(FE), to . There is a left action of G =
GL(k,R) on each F(E,), where g = [g;;] € G takes the frame (v1,..,vx) of E, to the frame (w1, .., w), where
wj = giglvi. (The funny definition stems from the fact that tuples of basis elements are to be treated as
“row vectors”, and the right action of G on “row vectors” has to be converted to a left action). We note that
if ®; : 771 (U;) — U; x R* is a smooth bundle atlas for E, then we may define:

\I/i :p_l(Ui) — Uz X GL(]{J,R)
(’Ul, ..,’Uk) c F(E)m — (m,erk(CI)i(vl), ,(I)l(’l}k))

where we are naturally identifying all frames in R¥ with G (by writing the elements of a frame as columns of
a matrix). These ¥; then become G-equivariant bijections, and we transport the topology from U; x G, and
check that they are compatible on overlaps. With this topology, it is easy to check that F(E) is a smooth
manifold, and p : F(E) — M is a prinicpal GL(k,R) bundle. The bundle F(F) is also sometimes denoted
GL(E).

Example 6.1.5. If 7 : F — M is a smooth vector bundle with a Riemannian metric (, ), we may define
the bundle of orthonormal frames O(F) in a fashion analogous to F(FE) above. O(FE), is then the set of all
orthornormal frames in E, with respect to the inner product (, ), on E,. The discussion above goes through,
mutatis mutandis, and exhibits p : O(E) — M as a principal O(k)-bundle.

In analogous fashion, if the vector bundle 7 : E — M is an oriented bundle (i.e. there is a nowhere vanishing
section s of A¥(E)), we can construct a principal SL(k,R) bundle p : SL(E) — M by choosing only those
frames (v1, .., vx) of E, which satisfy v1 A.. Avg = s(x). If it is an oriented Riemannian vector bundle, then we
can form the oriented orthonormal frame bundle SO(E) by choosing only those orthonormal frames (vq, .., vx)
of E, which satisfy v A .. A v, = s(x).

Exercise 6.1.6. Define the set:
Ve(R™) = {(v1,..,v) C (R™)* : (v;,v;) = 65}
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of orthonormal k-frames in R™. Show that it is a homogeneous manifold O(n)/O(n — k). It is called the Stiefel
manifold. For example Vi (R™) = S"~!. Show that the natural map:

T Vk(Rn) — Gk(Rn)
(Ulv"vvk) — Span(vl7"'7vk)
is a principal O(k) bundle. Prove that it is isomorphic to the orthonormal frame bundle O(v¥) of the tautological

bundle v¥ — G1(R™). In particular, the principal O(1) = Z, orthonormal frame bundle of the tautological line
bundle v — RP(n — 1) is the natural quotient mapping:

7: 8" 5 RP(n — 1)

Exercise 6.1.7 (Orthonormal frame bundle of 7'S™). Show that the orthonormal (resp. oriented orthonor-
mal) frame bundles of the oreiented Riemannian vector bundle TS — S™ are m : O(n + 1) — S™ (resp.
m: 80(n+ 1) — S™), where m maps the orthogonal (resp. special orthogonal) matrix A to its last column
A€n+1.

It is perhaps not yet clear why principal G-bundles were introduced. It is true that we could have continued
our discussion by just sticking with vector bundles. However, it is important to note that various different
vector bundles may have one underlying principal G-bundle. Also, as we saw in the last subsection, different
structures on a vector bundle (e.g. an orientation, Riemannian bundle metric) lead to reduction of the structure
group G (for example, from GL(k,R) to SL(k,R), or O(k,R)) of the principal G-bundle. All this is clarified
in the sequel.

6.2. Associated bundles to a principal bundle. Let G be a Lie group. For the sake of brevity, we denote
a set X with a left G action as a G-space. If X is a manifold, we require the action to be smooth, if X is
a vector space, we require each left translation L, to be linear and the homomorphism G — GL(X) taking
g — Ly to be smooth. If X is another Lie group H, we again require the action to be smooth. In all of these
situations, we have a homomorphism or representation:

p: G — Aut(X)

mapping g to L, and Aut(X) is to be intepreted according to the context. Just note that when X = H, a
group, L, is only usually a diffeomorphism, and not a homomorphism. For example, if G is a subgroup of H,
then left multiplication by g € G is not a homomorphism H — H.

Definition 6.2.1 (Associated bundles). Let 7= : P — M be a principal G-bundle, and let X be a G — space
in the sense above. Introduce an equivalence relation on P x X by coordinatewise left action of G (called the
diagonal action). That is (a,z) ~ (ga, gx) for all g € G. Denote the equivalence class of (a,z) as [p, z].

Then the associated bundle with fibre X is defined as follows:

Px,X=PxX/G={la,z] :a€P, z€X}

It has a natural quotient topology. Define the projection map p : P x, X — M by p([a, z]) = 7(a). This is
clearly well defined since 7(a) = w(ga) for all g € G.

A typical fibre, say y € M, will be p~*(y) ~ a x X, where a is some fixed element of 7~!(y). (Since the
action of G on P is free, (a,z) is a well-defined representative of the equivalence class [a,z]). We leave it to
the reader to show that if P has bundle charts over open sets U; C M, then over U; this fibre bundle will be
isomorphic to the trivial bundle U; x X.

Example 6.2.2. If X is a vector-space of dimension k, and G acts on V by linear automorphisms (i.e. there
is a smooth representation p : G — GL(V)), then the associate bundle p : P X4, V — M is a vector bundle
of rank k. If p maps into SL(V), then this associated vector bundle becomes an oriented vector bundle. If V
has an inner product (, ), and p maps into O(V), then this vector bundle acquires a Riemannian metric. If p
maps into SO(V), it becomes an oriented vector bundle with Riemannian metric. If

gij:UiﬁUj%G
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are the transition functions of the given principal bundle , show that the transition functions of these associated
vector bundles are p o g;;.

Proposition 6.2.3. Let 7 : E — M be a smooth vector bundle. Let V' denote the fibre E, of some fixed point
x € M. We fix a linear isomorphism (= identification) 7 : R¥ — V. Thus get an action of GL(kR) on V, by the
(natural) left multiplication on column vectors. That is, we fix an isomorphism p : GL(k,R) — GL(V). Let
F(E) denote the frame bundle of E, constructed in 6.1.4. Then the associated vector bundle F(E) x,V — M
is isomorphic to the original vector bundle £ — M.

Proof: A point (a,v) € F(FE) x V gives a frame a = (v1,..,v) in y = m(a) € M, and a vector 7(3_, \ie;)
where {e;} is the standard basis of R*. Define the map:

O:FE)xV — E
(a,v) € F(E)y xV Z)\ﬂ/ieEy

We note that if g = [g;;] € GL(k,R), then ga is the frame of E, given by w; = >, giglvi. Also g.v =
7(>_, mjej), where pj =37, gjiAi. Then

O(ga,gv) = Y pw; = gihg; i
J

(%]

= Z&szi = z Aiv;
il i

This proves that ® descends to a map ¢ : F((E) x, V — E. The verification that this is an isomorphism of
vector bundles is left to the reader. O

Exercise 6.2.4. Prove the analogous facts for an oriented (resp. Riemannian vector bundle) E — M, and
the principal bundles SL(E) (resp. O(FE)) constructed in 6.1.5.

Exercise 6.2.5. In the notation of the preceding exercise, show how the various associated bundles A¥(E),
E*, (2*(F)) ® (®'(E*)) may be constructed as associated bundles to the prinicpal bundle F(E) — M and
suitable representations of GL(k,R) on vector spaces (such as AF(V) etc.) associated with V.

Definition 6.2.6 (Reduction of structure group). Let m : P — M be a principal G-bundle, and let H be a
subgroup of G. Thus there is the natural left action of H on G by left multiplication, and this makes G into a
left H-space, and as usual we denote the structure map by p. Note that the associated bundle @} x, G acquires
a left action of G by g.[z,b] := [z,b.¢g*]. In fact, it becomes a principal G-bundle with this action of G (Prove).
We say that the principal G-bundle P — M admits reduction of structure group to H if there exists a principal
H-bundle Q — H such that the associated bundle Q) x, G is isomorphic to P as a principal G-bundle.

For example, in the situation of an oriented (resp. Riemannian) vector bundle, the frame bundle F(FE)
admitted a reduction of structure group from GL(k,R) to SL(k,R) (resp. O(k)). The reader should verify
that F(F) ~ SL(E) x, GL(k,R) (resp ~ O(E) x, GL(k,R).)

For further details about prinicpal bundles and associated fibre bundles, the reader may consult D. Husemoller’s
book Fibre Bundles or Kobayashi and Nomizu’s Foundations of Differential Geometry, Vol 1.
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6.3. The Maurer-Cartan Form. Let G be a Lie group (of dimension say m), and g its Lie algebra. We have
already seen that a trivialisation of T'(G) can be obtained by choosing a basis {X;}1, of g, and generating the
m everywhere linearly independent sections 5(:1-, the left-invariant vector fields corresponding to X;. Similarly,
if we take an element w of g*, we can generate a left-invariant 1-form @ by the prescription:

(Lg)*w(g) = w(e) =w
That is, w o Ly = L ,w. Again, starting with a basis {w;} of g* will lead to left invariant 1-forms {w;}

trivialising T*G, the cotangent bundle of G. If we denote by Q!(G) the space of 1-forms on G, then we have
the natural identification:

0: @ eg — QYG)
fOw — fw

which preserves the left 2° module structure (multiplication with smooth functions) of both sides.

Now, tensor product Q'(G) ® g (=the space of g valued 1-forms), which we denote Q!(G,g), therefore
becomes isomorphic to Q°(G) ® g* ® g. Now, for any vector space, there V is a unique element wy € V* @V,
which can be denoted by >, el ® e;, where {e;} is any basis of V, and {e}} the corresponding dual basis.
This element is well- defined independent of choice of basis, and corresponds to the identity map Idy under
the canonical isomorphism V* @ V. — homg(V, V). Similarly, there is the constant function 1 on G that is a
distinguished element of Q°(G).

Definition 6.3.1. Under the above identification:
QNG =G wg we
the g-valued 1-form in Q'(G,g) corresponding to the distinguished element 1 ® wy in the right hand side is

called the Maurer-Cartan 1-form of G. If we choose a basis {X;} of g, and denote by w; its dual basis, then
wg = >, w; ® X;. This corresponds under ¢ above to the left-invariant g valued 1-form:

W:Z«Xi@)ai

We call it the Maurer-Cartan form of GG, because it is the unique left invariant 1-form on G whose value at
e € G is the (also unique) form wy.

We can similarly define the right invariant Maurer-Cartan form of a Lie group G to be the unique g valued
one form on G which is invariant under right translations, and agrees with wy at the identity. This right
invariant Maurer-Cartan 1-form will not agree with the left invariant one unless the group G is abelian.

We can compute the Maurer-Cartan form of GL(n,R), for example.

Example 6.3.2 (Maurer-Cartan form of GL(n,R)). Note that since G = GL(n,R) is an open subset of g =
gl(n,R) = R", there are global coordinates g;; available on G. We let g denote the g-valued function given by
restricting the identity map of g to the open subset G. Thus there are also the globally defined 1-forms dg;;,
and indeed the g-valued 1-form dg := [dg;;] on G.

If h = [hyj] is a fixed matrix, then for a B € GL(k,R) we have:
9i5(LnB) = (h.B)i; = > higi;(B)
1

which shows that L} g = go L, = h.g and similarly Rjg =go Ry, = g.h

Hence

Lydg =d(Lyg) = d(h.g) = h.dg

and similarly Rjdg = dg.h So we see that dg is neither left nor right invariant. But since the function g on G
also undergoes the same effect under left and right translations,

the 1-form w? := dg.g™! on G (the dot “.” again means matrix multiplication) will be right-invariant, and
similarly the 1-form w® = g~'dg will be left-invariant.

Now we just have to examine their values at I € G. But at the identity we have the basis {E;;} of
T.(G) = gl(n,R). Our one form dg.g~! at the identity is just the matrix [dg;;], which maybe written as
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> j E;; ® dg;j. Note that, in Euclidean space g, E;; = %
) 1]
dg;; are the dual basis. Thus wl and w’ are, by uniqueness, the left and right invariant Maurer-Cartan forms

of G respectively. .

are the natural basis of coordinate partials, and

Note that Liw® = hdg.g7'h™! = Ad(h).w?, and similarly Rjw? = Ad(h™!).(w’), where the adjoint
automorphism Ad(h). : g — g is being applied pointwise. This motivates the:

Exercise 6.3.3. Prove the analogous fact for the left and right Maurer- Cartan forms of any Lie group G.
(Just examine the effect of L} (resp. Rj) on right-invariant (resp. left invariant) 1- forms.)

Remark 6.3.4 (Maurer-Cartan forms of linear lie groups). It is clear that the restriction (=pullback under
inclusion) of the Maurer-Cartan form of G to a Lie subgroup H will be the Maurer-Cartan form of H. Thus we
can restrict the left (resp. right) Maurer-Cartan form of GL(n,R) to any of the classical subgroups SL(n,R),
O(n), SO(n) and get their left (resp. right) Maurer-Cartan forms. For example, for H = SO(2) C GL(2,R),

we have:
1 —sinf  cosf cos —sinf
dg.g ( —cosf —sinf ) do. ( sinf  cos@

0 1
- (-1 0)‘”

When one identifies the Lie-algebra R of SO(2) as the subspace spanned by

0 1
-1 0
well-known volume form df of the circle group, which is right-invariant. The left Maurer-Cartan form for
SO(2), viz. g~tdg also comes out to be the same, since SO(2) is abelian!

, this becomes the

6.4. Connections on principal bundles.

Definition 6.4.1. Let w : P — M be a smooth principal G-bundle. The wvertical tangent bundle, denoted
T’P — P is defined by the short exact sequence of vector bundles:

0—>T'P TP m*TM — 0

That is, it is the kernel bundle of the surjective bundle morphism m, = D7 : TP — 7*T M (that 7, is surjective
follows from local triviality).

Lemma 6.4.2. Let 7 : P — M be a principal G-bundle, and L, denote the left-translation map = — gz of P.
Then:

(i): The vertical tangent bundle is mapped isomorphically to itself by L,. = DL, for each g € G. That is
Ly(T; P) =T, P = (L,T°P),.

(ii): For each z € P, T?(P) = T,(Gxz). That is, the vertical tangent space at each point x € P is the
tangent space to the orbit Gz.

(iii): TV P is a trivial vector bundle with fibre g.
Proof:
(1) is clear since m o Ly = m, which implies that Lym*TM = m*T'M and 7, = 7, 0 L.

For (ii), note that for z € P, 7~ 1(n(x)) = Gz, and since 7(z) is a regular value of 7, the kernel of D7 (z) is
precisely the tangent space 7~ !(7(z)) by 3.3.22.

For (iii), we recall that the left-action of G on P is given by a smooth map:
u:GxP — P
r = plg,r) =gz
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Thus it has a derivative Du(e,z) : g x T,(P) — T,(P). Note that for a fixed z € P, p, := p(—,z) : G = Gz
is a left G-equivariant diffeomorphism, and therefore maps g isomorphically onto T, (Gxz) = TYP C T, P.

In particular, given an X € g, we get a vector field on P, which we also denote as X , defined by X () :=
tz«(X). Now, for an h € G, we have

pine(Ad(h)g) = hgh™".ha = hg.x = Ly, © p1(g)
Thus _ —
Ly X = L (Do (€)X) = Do (e)(Ad(h), X) = (Ad(h), X)

Thus X is not a left-invariant vector field, but obeys the Ad-invariance property:

Lp. X = Ad(h),X)

Definition 6.4.3 (Maurer-Cartan section of the vertical bundle). By the last proposition, there is a smooth
and canonical isomorphism of vector bundles:
hom(TYP,T°P) ~ hom(T"P,g) ~ (T°"P)* ® g

Denote by w, the section of (T P)* ® g which corresponds to the identity section of hom(T%P,T"P) under
this identification. If we choose a basis {X;} of g, and denote by €; the Ad-invariant sections of T"* P which

satisfy €;(X;) = 05, then w, is given by:
Wy = Z g1 X X1
i

Again, as in the case of the Maurer-Cartan form of a Lie group, the reader may verify that this expression for
wy holds for all choices of basis for g. Clearly, w, is Ad-invariant under left translations LZ' That is, for a fixed
geaG,

Lyw, = Ad(g)swy

where the right side denotes pointwise multiplication. It will be called the Maurer-Cartan section of (TVP)*®g.

Remark 6.4.4. It is natural to ask what the Maurer-Cartan section of (TVP)* ® g has to do with the left
and right Maurer-Cartan forms of G introduced in 6.3.1. The exercise 6.3.3 suggests that the transformation
property of the Maurer-Cartan section w, above, under left translations, is the same as that of the right
Maurer-Cartan form w? of the group G. Indeed, the reader can convince herself that if we identify the orbit
Gz with G, via the G-equivariant map ., then the pullback (under u,) of the Maurer-Cartan section w, is
the same as the right Maurer-Cartan section w? of G.

Definition 6.4.5. A connection on a principal G-bundle 7 : P — M is a vector bundle morphism:
n:TP—TP
such that:
(i): mrep =Idpep
(ii): noLge = Lgs 07

(We recall from (i) of the lemma above that Ly, preserves the vertical tangent bundle, so this condition
makes sense).

Notation 6.4.6. In the sequel, for g € G, we will denote the automorphism Ad(g). : g — g as Ad(g) for
notational convenience.

Proposition 6.4.7. Let 7 : P — M be a principal G-bundle. The following are equivalent:
(i): A connection on the principal G-bundle P — M.
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(ii): A smooth sub-bundle T7"P C TP (called the horizontal bundle) such that (a) Lg.(Th) = Th P for all
r€P, geG,and (b) T"Po TP =TP.

(iii): A smooth section w of T*P ® g (=smooth Lie algebra-valued 1-form) satisfying: (a) Lyw = Ad(g)w
and (b) w(X) = w,(X) for every vertical tangent vector X € TV P. (Note that in (a) Ad(g)w denotes the
1-form whose value on a tangent vector v is Ad(g)(w(v))).

Proof:
(i) = (ii) Clearly, if 7 is a smooth connection, then for each = € P, the kernel bundle:
T"'P:=%kern:TP — T"P
will satisfy 7" P @ TV P = TP, because, by definition, 7 is a bundle-splitting map for the inclusion 7P — TP,
and hence (b) of (ii) follows. Also, for v € T}'P = kern, : ToP — T¢P, n(Lg.v) = L(n(v)) = 0, by the
property (ii) in 6.4.5. Thus L, (v) € ker ng,, which implies (a) of (ii)

(ii) = (iii) Since TP = T*P @ T" P, we have an isomorphism
T*Pog=(T"P)*@ge (T"P)* ®g
We already have the smooth Maurer-Cartan section w, of (TVP)* ® g, by 6.4.3. Define the section w of the

left hand bundle by w = (w,,0). Then (b) of (iii) is trivial. The fact that Ljw, = Ad(g)w,, and the fact that

L. preserves the bundles T"P and TV P, and hence the direct sum decomposition TP = TP @ T"P, implies
that Liw = Ad(g)w.

(iii) = (i) Let w be a smooth form satisfying (a) and (b), and for a Y € T, P, define n(Y) = w(z)(Y)(z) €
TYP. Note that w(x)(Y) € g, and it makes sense to define the Ad-invariant vector field from it, as explained
in (iii) of 6.4.2.

Then

—~—

(Lg+Y)(g7) = Lgw(2)(Y)(g)
= Adlg)lwl (@) ()] (92)
= Lyfw@)Y ()]

Lg«(n(Y))

which proves (ii) of the definition of a connection. For some basis X; of g, the vector fields X, span TV P at
each point, and furthermore w, =, €¢; ® X;. Thus:

) =) = ST X, = T = X,

i

WLyY) = wign)(L,
)

e~

. Hence n(X;) = w(X;) = X, which proves (i) in the definition of a connection. O

Corollary 6.4.8. The connection n: TP — TV P and the connection form w are related by the formula:
w(Z)==w,(n(Z)) for ZeTP

Proof: This is clear from the step (ii) = (iii) in the proof of the above proposition, for if Z € TP, then
Z =(Z),Z —n(Z)) in the decomposition TP = T*P @& T"P, and so w(Z) = w,(n(Z)). 0.

Definition 6.4.9. Let m: P — M be a principal G-bundle. A G- equivariant automorphism ¢ : P — P such
that mo ¢ = ¢ (i.e. a bundle isomorphism of the principal bundle) is called a gauge transformation. The set of
gauge transformations is a group, called the full gauge group, and denoted by G.
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Remark 6.4.10. If we let {(®;,U;)} be a G-bundle atlas for 7 : P — M, we can define smooth local sections
o; : Up — 7 1(U;) of the bundle Py, by setting o;(z) = ®;!(x,e). We note that these o; will satisfy the
following patching condition on U; N Uj:

oi(x) = (D7 10;)®; (z,€) = ) (2, 9:5(x)) = g1 (2)®] ' (z, ) = gij(w)o; ()
where g;; : U; NU; — G are the bundle transition functions introduced in the first subsection 6.1.

Now, given a gauge transformation ¢, we note that for € U;, ¢(g.0;(x)) = go(oi(x)) by G- equivariance of
¢, and hence ¢ is completely determined by ¢(o;). Also, since ¢(c;(x)) is in the same fibre as o;(x), there is a
unique ¢;(z) € G such that ¢(o;(z)) = ¢;0:(x), and again ¢ is uniquely determined by these maps ¢; : U; — G.
Finally, for x € U; N U;:

pi(z)oi(x) = ¢(oi(x)) = d(gi;(x)o;(x))
9ij(2)d(0;(2)) = gij(x)d;(x)0;(x)
= (Adgi;(2)(¢;(x))) o3(x)

which shows that the maps ¢; patch up to give a section of the associated adjoint bundle P x p g4 G. Hence a
gauge transformation is equivalent to a section of the adjoint G-bundle of G.

Definition 6.4.11. Let n: TP — T" P be a smooth connection, and let ¢ : P — P be a gauge transformation.
Since ¢ preserves the G-orbit of a point, its derivative ¢, maps the vertical tangent space 7Y P to the vertical
tangent space TJ;(;,;)P~ Also the We define the pullback connection n® on 7 : P — M to be the composite:

—1
TP % TP TP C5 TP

Note that npvp = Idpvp implies the same fact for 77¢, thus making n¢ also a connection.

This gives an action of the full gauge group G on the space of all connections on P. Before we proceed
further, here is another fruitful way of describing a gauge transformation.

Remark 6.4.12. There is a 1 — 1-correspondence between the full gauge group G and the set:
{g: P — G smooth : g(hz) = Adh.g(x) = hg(z)h™* for all z € P}

which is a group via pointwise multiplication. For, if ¢ € G, then since ¢ preserves fibres, and G acts freely on
the fibres, for each x € P:

$(x) = g5 ' ().
for a unique g4(z) € G. From the G-equivariance of ¢, it follows that g(;l(hx).hx = ¢(hx) = ho(z) =
hgqfl(x)hfl.hx, which implies that g4(ha) = Ad(h)ge(z) for h € G and « € P. Similarly, one easily checks
that the map ¢ — g4 of G to the set above is a group homomorphism for:
po(x) = ¢lg; " (2)7) = g, (@)(x) = g, (2)g; " (@) = (go()gy(2)) " @
Since it is clearly a bijection, the map ¢ — g4 is an isomorphism of groups. The reader may easily check from

the definitions that g(o;(y))~! = ¢;(y) for y € U;, where ¢; : U; — G are defined in 6.4.10. From this relation,
and the fact that g(hz) = Adh.g(z), the reader may also check that g : P — G is smooth.

Lemma 6.4.13. We recall that we have trivialised the vertical tangent bundle in 6.4.2, via the map X — X
for X € g. If ¢ : P — P is a gauge transformation, then

$(X(x)) = X (¢(2))

Proof: By definition y,(g) = gx, and thus by the G-equivariance ¢ o ji,(g) = gp(z) = pig(z). Thus:
$.(X(x)) = Dp()(Dpa(€)(X)) = Dps(a (€)(X) = X (6(2))
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Corollary 6.4.14. Let w, be the Maurer-Cartan section of the vertical cotangent bundle (T P)*®g defined in
6.4.3. If ¢ € G, we have the isomorphism of bundles ¢, : TP — ¢*T" P, and hence the dual isomorphism ¢* :
¢*(TP)* — (T P)*, and the induced isomorphism, which we also denote as ¢* : ¢*(T"P)*®@g — (T'P)* ®g.
Then, we claim:

(¢*wy) = wy
for all z € P.

Proof: We let X; be a basis of g, and ¢; be the dual basis to the fields )?i, retaining the notation of 6.4.3.
The lemma above implies that ¢.(X;) = X; o ¢.
By definition: N N
(¢"ei) (@) (X;(2)) = €i(d(2))(¢+(Xi(2))) = €i(p(2))(X;((x)) = bi;
which shows that (¢*¢;)(x) = €;(x). Then, using the explicit expression w, = ). €; ® X; for the Maurer-Cartan
section (see 6.4.3), the result follows. O.

Proposition 6.4.15 (Effect of G on the connection form). Let w be the connection form of a connection 7,
and w® that of n®, where ¢ € G. Also let g := ge : P — G be the smooth map associated with ¢ as described
in 6.4.12 above. Then:

w? = (Adg)w + g*w®
where w’ is the left-invariant Maurer-Cartan 1-form on G.

Proof: We recall from the corollary 6.4.8 above that w(Z) = w,(n(Z)), for Z € T,P. If $ € G is a gauge
transformation, then:

W (Z) = wo(n?(2)) = wo (b9, (Z))
Since 1 annihilates horizontal vectors, we need the vertical component of ¢;(Z) in the connection 7. Note
that ¢! is the composite:

pYlaxphp 9)

so we need to compute the (vertical component of) the derivative Du(g(x), «) where, for notational convenience,
we drop the subscript ¢ on gg. For any g € G, there is the commutative square:

G x P Y p
Ly} 11d 1L,
G x P Y p

which yields the relation:
Lgi o Dp(1,2) = Du(g, x) o (Lgy, 1d)
Hence if (Y, Z) € T(4,2)(G x P) = T,G & T, P is a tangent vector at (g, z), we have:
Dulg, 2)(Y, Z) = Ly Dp(1,2)(L;1Y, 7)

Now we recall the right-invariant Maurer-Cartan form w? of G, as defined in 6.3.1. Note that Adg~!w®(Y) :=
wi(L,'Y) =L, (Y), because L,,'Y € T1G = g and w” acts on it as identity. Thus we have the formula:

Dp(g 2)(Y, 2) = Ly Dp(1,2)(Adg~'w™(Y), 2) (10)

If we just want the vertical component, we apply 7 to the formula above, and using the fact that n commutes
with Lg, we have:

n(Du(g, )(Y,Z)) = n(LgDu(l,2)(Adg'w™(Y), Z)
= Ly (n(pte(Adg ™0™ (V) + n(Dp(1,2)(0, 2))
= Lys(a(Adg TR (Y)) + Loun(2)
= n(Lg«(Adg~ 1wR(Y)($))+Lg*ﬂ(Z)
— (ga)(W(Y)) + Lyan(2)
= whi(Y)(g2) + Lgn(Z) (11)
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since Du(1,2)(0,2) = Z, Lg*f/lv/ = Adg.W for any W € g (by proof of (iii) in Lemma 6.4.2), and w®(Y) is a
vertical vector field, and so n maps it to itself. Thus, from (9) above, we have:

(¢ '(2)) = n(Dulg,=)(Dy(x)Z,Z))
(W(Dg(x)2))(9(2)x) + Lyg(2)<n(Z) (12)

Hence,

(@) (2) = wi(dnd(2))
= (¢"w)(@) ey (2))
= w(6@) o, (2)) (13)
= wu(g(@)2)wR(Dg(x)2)(9(2)) + o Lya)n(2)
= wi(Dg(2)2)) + wu(Ly(x)«n(Z))
= g'wi(Z) + (Lymwo) (0(2))
= gwi(Z)+ (Adg( Jwn)(1(2))
= gw(2) + Adg(2)(w(2))
where we used the corollary 6.4.14 in the third line, equation (12) in the fourth line, the fact that w, (y)(W(y)) =

W for all W € g in the fifth line, and and the fact that Ljw, = Adg.w, from 6.4.3. in the sixth line. This
proves the proposition. O

)
(
)

xT)w

Remark 6.4.16. From the equation (13) in the proof above, it follows that:

w(Z) = wo(nd; 1 (2)) = w(9,1(2)) = (67 ) w(2)
That is,
W = (67w

Definition 6.4.17 (Local description of a connection). Let {®;,U;} be a bundle atlas for the principal G-
bundle 7 : P — M, and let o; : U; — 7 1(U;) be the smooth local sections defined in the remark 6.4.10
above. Let w be the Lie algebra-valued 1-form of a connection on 7 : P — M as in (iii) of 6.4.7. We denote
the pullback 1-forms ow, which are sections of T*U; ® g, as w;. Since the inverse of the trivialisation map

U xG = Py, is defined by (x,g) = Ly o 0(x), and that Lyw = Adg(w), it is clear that all the w;
completely determine w.

It is clear that the local forms w; defined above will have some compatibility formula on the overlaps U; NUj;.
This follows from the proposition 6.4.15 above. More precisely:

Proposition 6.4.18 (Compatibility condition for the local forms w;). Let w; denote the local connection 1-
forms on U; for the connection 7 as in 6.4.17 above. Then:

w; = (Adgij)w; + (g;‘ij) forall x € U;NU;
In particular, if G = GL(n,R), we recall that wf = dg.g~!, and hence g;}wR = (dgij.gigl), which yields:

w; = (Adgsj)w; + dgij.gigl forall z € U;NT;
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Proof: Consider the principal G-bundle P;; := Py,ny, = 71 (U; NUj) on U;; :== U; NUj. We can define a
gauge transformation of this bundle by:

¢(hoj(x)) = hoi(x) = hgij(x)o;(x)
This would mean that if g4 : P;; — G is the corresponding map, then we have g4(0;(x)) = ¢;;(z). Now since
oi=¢" oy
we have:

oiw =07 ((¢7")'w) = 0} (v?)

using the remark 6.4.16 above. Now from the proposition 6.4.15 above, we substitute for w? to get
wi(z) = (UJ(Adgqgw + g;;wR)) (x)
= Adgy(o;(2))(o5w)(@) + ((99 0 7;)*w™) ()
= Adgij(2)w;(x) + (9507 (@)

which proves the proposition. O

Exercise 6.4.19. Show that a collection of smooth g-valued 1-forms w; on U; which satisfy:
w; = Ad(gij)w; + gfjWR

on the overlaps U; N U; defines a connection on the bundle 7 : P — M.

Proposition 6.4.20 (Existence of a connection). Let 7 : P — M be a principal G-bundle. Then there exists
a connection on it.

Proof: Let us first note that a connection certainly exists on a trivial bundle P = M x G. Just the pullback
w := p*w’ of the right-invariant Maurer-Cartan form w’ on G under the second projection:

p:MxG—G

will do the job. For any « = (m,g) € P, we have that p, : G — P is the map h — (m, h.g) = (m, Ryh), so
that for X € g, the vector field X is defined by

p«(X(m, g)) = p«(0, Rg. X) = X(9)
where X is the right-invariant vector field generated on G by X. Thus:
X = wf(X) = wf(p. %) = w(X)

which shows that w and w, agree on vertical vectors. Further, the transformation property of w under Lj
follows from the corresponding fact for w’ and the fact that p preserves the left G-action.

Now let m : P — M be any principal G-bundle, with ®; : Py, — U; x G the G-equivariant trivialisations.
Clearly, we get connection 1-forms w; on Py, = 7~ (U;) by setting

w; == OF (w)

where w is a connection 1-form on the trivial bundle U; x G as constructed above.
Now let A; be a partition of unity subordinate to U;. Define the 1-form w by:

w(z) = Z Xi(m(z))wi(z) for x € P

where w;(x) is taken to be = 0 outside 7= 1(U;). The fact that Liw = Adg.w follows from the corresponding
property of the w;. Also, for a vertical vector X, we have w(X) = >, hiw;(X) = >, Aiwy (X) = wy(X), since
wi(X) = wy(X) for all 4 and X a vertical vector. O
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Example 6.4.21. A simple situation where a natural connection arises on a principal G-bundle 7 : P — M
is when P has a Riemannian metric (, ) that is invariant under left translations. One can simple define the
horizontal subspace T"P as the orthogonal complement (7P)* for each z € P. The fact that (, ) is left-
invariant shows that Ly, (T)'P) = T, P for each x € P. We can easily compute the connection form w for this
connection. Let {X;} ; be a basis for g, and let X; be the corresponding basis of vertical vector fields, and €;
the basis of 1-forms dual to this basis. Then let Y; be the basis of vertical vector fields obtained by applying
the (smooth) Gram-Schmidt process to X;. Clearly n(2) = 3", (Z,Y;)Y;. Thus

w(Z) = w.(n(Z)) = (&;(Z ZAU (Z,Y)) X
J
for Z € T, P, where A;;(z) := ¢€;(Y;(x)) is the matrix of the Gram-Scmidt operation.

Example 6.4.22 (Connections on homogeneous manifolds). We have seen already in the example 6.1.3 that
the projection 7 : P = G — G/H = M onto a homogeneous manifold is a principal H-bundle. Any right
H-invariant Riemannian metric on G will result in a natural connection on this principal bundle in accordance
with the example 6.4.21 above. If the Riemannian metric on G is left-G' and right H-invariant, and arising
from an inner product (, ) on g, we can explicitly compute the connection form as follows. Let {X;}?_; be an
orthonormal basis for g with respect to (, ) such that {X;}7, form an orthonormal basis for h. Then, since
the left action of H on G is given by R;l, the map py : H — G is the map h — gh™!, i.e. the map Ly o1,
where I is the inversion map of H. Thus for X € b, we get that X (g) = Ly(—X) = —X(g), where X on the
right hand side is the left invariant vector field on G generated by X. Clearly, then

sy =28 = (R0 %) =~ (% X7)

For a Z € T,G, we have n(Z) = Y.1" <Z, )?lp> X7F, which implies that

m
w(2) =w,(n(2)) = =Y (2.%:) X,
i=1
If w” denotes the left G-invariant Maurer-Cartan form on G, the reader may easily verify that this connection
form is nothing but (—p o w®), where p : g — b is the orthogonal projection with respect to (, ).

Exercise 6.4.23 (Stiefel bundles). Consider the principal O(k) bundle:

introduced in the exercise 6.1.6. The bi-invariant metric on O(n) generated by the inner product (X,Y) =
tr(X*Y) on the Lie algebra o(n) descends to a left-O(n) right-O(k)-invariant metric on Vi (R™) = O(n)/O(n —
k). (Note that for an orthonormal k-frame (vy,...,v;), where each v; is an n-column vector, there is a
left action of O(n) by (v1,..,v,) — (Avy,.., Avg), and also the right action by O(k) given by (vy,..,vx) +—
(22 Bj1vj, -, 22 Bjkvy) for B € O(k). 1t is the right action of O(k) which yields the principal bundle above).
Compute the connection form of this bundle for the connection given in the example 6.4.21 above, and also
the sections o; and local connection forms w;, after noting that a system of trivialising charts can be given on
the open sets Up introduced in 2.2.6.

Exercise 6.4.24. Let 7 : P — M be a principal G-bundle with a connection 7, and let f : N — M be a
smooth map of manifolds. Note that the pullback G-bundle f*P is a bundle which completes the commutative
square:
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where 6 is G-equivariant. Show that there is a natural pullback connection denoted f*n on f*P which satisfies
the following property:

0.(T2(f*P)) = Ty, P

Show that the local connection forms of f*P are given by f*w; : f~1(U;) — g, where w; : U; — g are the local
connection forms of n (as in 6.4.17).

Example 6.4.25 (Canonical Cartan Connection on a Lie Group). Let G be a Lie group. We consider the
trivial principal G-bundle:

m:GxG — G
(g:h) = g

with the G-action being g.(h,k) = p(g, (h,k)) = (h,gk). This means that for x = (h,k) € P, the map
ty : G — P is given by g — (h, gk), i.e. u, = (h, Ry), and hence for X € g,

tax(X) = (0, Rps X) = (0, X (k) € Th(G) x T(G)
where X denotes the right invariant vector field generated by X. If we denote by ms : P — G the second
projection (h, k) — k, the vertical tangent bundle of P is given by TP = 73TG. Thus the Maurer-Cartan
section w, of the vertical bundle is the pullback section mjw® of the right-invariant Maurer-Cartan 1-form w?
of G. Since P = G x G, TP = n{(TG) ®73(TG) in a canonical manner, and by setting the natural connection
n:TP — TP tobe (X,Y)— Y, we get the connection form

w(X,Y) =w,(Y) = ’/TSCUR(X, Y)

w is therefore constant along horizontal slices G' x k, and satisfies the correct transformation law under Ly, by
the corresponding fact for w’® as noted in the exercise 6.3.3.

Incidentally, one gets the tangent bundle T'G of G as the associated bundle to this trivial prnicipal bundle
by taking the adjoint representation:
p:G — GL(g)
g — Ad(g)(:=Ad(g)«)

For, we just map the element [(h, k), X] € (P %, g);, to the element Ly, (Ad(k~1)X) = (Ad/(_k\:__/l)X)(h) €
TnG. Then [g.(h, k), p(9)X] = [(h, gk), Ad(g)X] will get mapped to

Lh* (Ad(gk)ilAdg X) = Lh* (Ad(kil)X)

and this map is well defined independent of representatives. We leave it as an exercise for the reader to define
the inverse isomorphism.

6.5. Horizontal lifting of vector fields and paths.

Definition 6.5.1 (Horizontal fields and lifts). Let U be an open subset of P, where w : P — M is a principal
G-bundle with a connection 7. We say a vector field Y on U is horizontal if Y (z) € T'P for each z € U.
Equivalently, if n(Y) = 0 at all points of U, which is the same as requiring w(Y) =0 on U (since w, on = w).

Note that for a fixed g € G, L4.Y is a horizontal field iff Y is a horizontal field.

If X is a smooth vector field on an open set U C M, we say a smooth horizontal vector field X on 7~ U)
is a horizontal lift of X if 7,(X) = X. Note that in view of the remark above, we will have X (hz) = Lj, X (z),
since both sides are horizontal vectors at hz mapping to X (w(z)) under 7., and the only things in the kernel
of 7, are vertical vectors.



102 VISHWAMBHAR PATI

Remark 6.5.2. Every vector field X on an open subset U of M has a horizontal lift. For, this vector field
leads to the pullback section 7* X of 7*T'M over =1 (U), defined by 7*(X)(z) = X (r(z)). Since ker m, = TV P,

7. : T"P — 7*TM is an isomorphism of vector bundles. Thus the smooth vector field X := 7 (7*X) is the
required horizontal lift.

Proposition 6.5.3 (Horizontal lifts of smooth paths). Let m: P — M be as above, with a connection 7. Let
c:[0,1] — M be a smooth path in M. Let x € P be a point in the fibre 7=1(¢(0)). Then there exists a unique
path ¢: [0,1] — P such that:

(i): &0) = .

(ii): Z%(t) is horizontal for all ¢.

This path ¢ will be called the horizontal lift of ¢ beginning at x. For each g € G, the path Ly o ¢ will be the
horizontal lift of ¢ beginning at gz, i.e. all the horizontal lifts of ¢ are left translates of each other.

Proof: Clearly, we can assume that ¢ extends to a smooth map ¢ : (—d,1+49) — M. Let us denote (—6,1+ )
as I. We consider the pullback G-bundle @ := ¢*P on I. We therefore have a commutative pullback square:
0

Q — P
Tl I
I = M

where 6 is a smooth G-equivariant isomorphism of the fibre Q; = 7~ '(¢) with the fibre P,y = 7 !(c(t)). Let
1’ denote the pullback connection on @, as in exercise 6.4.24.

On I we have the natural coordinate field Y = % such that c*(%) = %. By the remark 6.5.2 above, there

is a horizontal lift Y of this field Y to Q. Also, as remarked at the end of 6.5.1, the horizontal vector field Y
is invariant under L, for all g € G.

Claim: For each # € Qo = 7~ 1(0), there is a smooth path a, : [0,1] — Q such that :

(i) ax(0) = 2

(ii): moay(t) =t for all t € [0,1], and
(iii): ag(t) is a trajectory of Y.

(iv): ags(t) = Lgag(t) for all ¢t € [0, 1].

Proof of claim: Fix some x¢ € 7~1(0). Then, by the existence theorem for ODE’s (5.4.2), there is the germ
of a smooth path as, : (—¢,€) — @ which satisfies (i), (ii) and (iii) for all ¢ € [0,€). Also note that for all
g € G, we can define agy, : (—€,€) = Q as Ly 0 ay,. Since Y is invariant under L., and every x € Qg is of the
form gxo by the uniqueness part of 5.4.2, it is clear that ay,, will also satisfy the properties (i) through (iv),
for z = gxg.

Say a subinterval [0,€] or [0,€) with € < 1 is good, if there exists a, : [0,e] — @ satisfying (i) through
(iv) above for all ¢ € [0,¢]. The remarks above show that the collection of good (right closed or right open)
subintervals is non-empty. Order it by inclusion, and observe that the union of a chain provides an upper
bound for that chain. Hence, by Zorn’s lemma, there is a maximal element [0, b] or [0,b). In either case [0, b) is
good. If b < 1, one can take a point y € 7~ 1(b), and construct a path a : (—2¢,2¢) — Q by 5.4.2 which will be
a trajectory of Y, and satisfy a(0) = y. Since [0,b) is good, there is a path a, : [0,b) — @ satisfying (i) through
(iv) above all over [0, b]. Since a,(b—¢€) € 7~1(b—e¢), there is a group element g such that g(a(—¢)) = a,(b—e¢).
Then the path defined on [0, b+ 2¢) by t aking it to be a, on [0,b), and Ly o a(t — b) on [b,b+ 2¢) is a smooth
path (by uniqueness in 5.4.2, because a; and L, o a(t — b) must agree for the overlap [b — 2e,b]). This path
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satisfies (i) through (iv) on [0, b + 2¢), and shows that [0, b+ 2¢) is also good. This contradicts the maximality
of [0,b] (or [0,b)), and hence b = 1. Thus the claim follows. O

Now to prove the proposition, let x € P, and set y = §~1(x) € Q. The smooth path 6 o ay, where a, is the
path constructed in the above claim, is easily checked to be the required horizontal lift of c. a.

It is useful to write down the differential equation that the horizontal lift of a smooth path satisfies. We do
this in the next lemma.

Lemma 6.5.4 (ODE for horizontal lifts). Let {(®;,U;)} be a bundle atlas for the principal G-bundle 7 : P —
M. Let o;(z) = ®; (2, 1) be the smooth local sections over U;, and w; = 0w the local connection forms. Let
0;(t) denote ;(c(t)). Then, for a path ¢ : [a,b] — U;, the horizontal lift ¢(¢) beginning at z is given by:

c(t) = g(t)oi(t)

Wwh (Zf) + Adg(t)wi(c(t)) (Zf) =0

In the particular case when G is a linear group, we get the equation:

dg de
Tt Lyyswi(c(t)) <dt) =0

where z = ¢g(0)0;(0) and

Proof: Since ¢(t) is a path in 7=(U;), we can certainly write
c(t) = g(t)oi(t)

for a uniquely defined smooth function g : [a,b] — G. Now, we need to express the condition w(%) = 0.
Letting dots denote t-derivative %, we have:

W(E(t) = wen(E(t))
= wyn (Dplg(t),oi(t)(g(t), o (' (t)))
- W, (wR(Q(t)) + Lg@)*ai*(c’(t)))
= Wl(G(t) + Adg(t)w(owm(d (1))
= w(G(t) + Adg(t)w;(c'(t))

where we have used the equation (11) from the proposition 6.4.15 in the third line, and put dots to denote %.

This proves the lemma. The second part is clear since by 6.3.2, w® = dg.g~!, and by definition dg(g(t)) = §(t).
O

6.6. Connections on vector bundles, parallel transport. Connections provide a method of differentiating
sections of vector bundles. To do this, one needs the notion of what sections are “constant”, i.e. have zero
derivative. For this one introduces parallel transport or parallel translation. So let 7 : P — M be a principal G-
bundle, and let p : G — GL(V') be a representation of G on a vector space V. For notational simplicity we will
write p(g)v as g.v or even gv, where g € G and v € V. Let 1 be a connection on P, and let w, (resp. w;) denote
the g-valued connection 1-forms on P (resp. U;) as in the previous subsections. Let p : E(= P x, V) — M be
the associated vector bundle, as in example 6.2.2.

Let y € M and v € E, = p~*(y). That is v = [z, w] where z € P, = 7~ *(y). Let c¢: [0,1] — M be a smooth
path with ¢(a) =y, and ¢: [a,b] — P be a horizontal lift of ¢ starting at x, as in 6.5.3. Note that [¢(a), w] = v.
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Definition 6.6.1. The vector defined by Pfv := [¢é(t),w] is called the parallel translate of v by t along the
path c. Note that p(Pf(v)) = m(c(t)) = c(t), so that Pfv € Eq). It is easily checked that this mapping:
Ptc : Ec(a) — Ec(t)

is linear. In fact, as an exercise the reader can check that:
(i): P§ =Id, and Pf o P¢ = Pf,,, whenever both sides are defined.

(ii): Pf is an isomorphism of E.() onto E.q. (Its inverse is “P¢,” which just denotes Py, where d : [0,1] —
M is the path d(s) = c(a 4+t — s)).

For notational convenience we shall write P, instead of PF. We remark that for two distinct paths joining the

same two points y,y’, the two corresponding parallel transport isomorphisms from E, to E,s will be distinct.

Let ¢ be a smooth path as above. Clearly, any frame (v1,..,v5) of a fibre p~!(y) = E, can be expressed as
v; = [x,e;], where (eq,..,ex) is a frame for V' (why?). Denote v;(t) := P, = [c(t) e This will be a frame
for Ecyy. If v = Zle a;v;, then we have Pv = Zle a;v;(t). The frame (v1(t), ..., 0x(t)) is called the parallel
frame along ¢ with initial value (vy, .., vg).

Definition 6.6.2 (Covariant derivative). Let p : E — M be a vector bundle, with E = Px,V,and 7 : P — M
a principal G-bundle with a connection 7. Let s : U — F be a smooth section of E over the open set U C M,
and X € Ty,M be a tangent vector at y € U. We define the covariant derivative Vxs to be the vector in E,

given by the formula:
P (s(c(t) — s(c(0))

4
where ¢ : (—€,e) = U is any smooth curve with ¢(0) = y and ¢/(0) = X.

sz = lim
t—0

We need to verify that the definition above makes sense, i.e., is independent of the curve ¢ that was chosen.
This will follow as soon as we write down equations. Meanwhile, let us just note that if (v;(t) = Pfv;) is the
parallel transport of v; where (vi, ..., vx) is a frame for E,, then we may express s(c(t)) = >_; s;(t)v;(t), from
which it follows that P¢,s(c(t)) = >_; s;(t)v;, so that:

de
From this it easily follows that if f : U — R is a smooth function, then for the smooth section fs we have the
Leibniz Formula:

x(fs) = f(c(0))Vxs + X(f)s (14)

Now, to show that Vx does not depend on the choice of path germ ¢ satisfying ¢(0) = y and ¢/(0) = X, we
need only check this for a suitable basis of smooth sections over U, in the light of the Leibniz formula above.

For this purpose, without loss of generality, we assume that U is a coordinate chart, and w : U — g
is the local connection form on U. Let {v; = [z,e;]}f_; be a frame of E,, where e; is a frame of V, and
x € P,. Let ¢ be a path germs at y with ¢(0) = y, and ¢/(0) = X. Let ¢ denote its horizontal lift beginning
at z. Let o : U — 7 1(U) be the natural section coming from the bundle trivialisation, and w.l.o.g. take
x = 0(0) := o(c(0)). Then, we have a natural frame (basis of smooth sections) of E all over U coming from o,
namely

wi(z) = [o(2),e;] for z€ U

Proposition 6.6.3 (Covariant derivative in local coordinates). With the setting above, the covariant deriva-
tive Vxwyj is given by:

Vit = 3 pe(X)ii(0)

where p:= Dp(1) : g — gl(V) is the derived representatlon. (see the exercise 5.6.7).



ELEMENTARY RIEMANNIAN GEOMETRY 105

Proof: Note that s;(c(0)) = v;. The parallel translated frame is:

vi(t) = [c(t), ei]
We write ¢(t) = g(t)o(c(t)), as before. Then:

w;(t) [o(c(t), ei] = [g(t)o(c(t)), plg(t))ei]
= [e(t), Zp(g(t))jiej]

= Zp(g(t))ji[g(t)’ €]
Z p(g(t));iv;(t

where [p(g);;] is the matrix of p(g) with respect to the basis {e;} of V.

Since P_;v;(t) = v; by definition, we have P_yw;(c(t)) = >_; p(g(t))ijv;. Thus can compute:

t))ji(t) — 0));i
Vyw; = Z(p(g( ) ()t r(9(0)) >U

dg
;Dpji(l)(a(o))vi

since ¢g(0) = 1. Now, by the ODE of 6.5.4,

dg dc
5 T Lawww(e(t) (dt> =0

where ¢g(0) = 1. Thus (%(O)) = —w(c(0))((0)) = —w(y)(X). If we denote the derivative of p : G — GL(V)
at the identity by p, we then have the formula:

Vxw; ==Y pw(X))je;
Since v; = w;(c(0)), we may as well write this as:

(Vxw;) = Zp ))jiw; (¢(0))

This formula clearly shows that Vxw; depends only on ¢(0) and X = ¢/(0). ad

Remark 6.6.4. From the local formula of the above proposition, it is clear that
Vexs =cVxs

for all ¢ € R. In particular, if X is a tangent vector field on U, we may define, for a smooth section s : U — F,
another section Vx s by the formula (Vxs)(y) := Vx(y)s. The formula above shows that this is also a smooth
section of E on U. In other words, we have a linear operator:

V:INUTM)2r I'(U,E) — T(U,E)
X®s — Vxs
where I'(U, E) (resp. I'(U,TM)) denotes the C*°(U) module of smooth sections of E over U (resp. vector
fields over U). This operator is linear with respect to multiplication by a smooth function f € C*°(U) in the

first (=X) variable, but obeys the Leibniz rule with respect to the such a multiplication in the second (=s)
variable.
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Corollary 6.6.5. A smooth connection  on 7 : P — M gives rise, for every open subset U of M, the covariant
derivative operator:

V:I(UE a/\ )@ T(U, E)
s +— Vs

where I'(U, E) denotes the C°°(U)-module of smooth sections of E at y € M. It satisfies the following Leibniz
Formula):

V(fs)=fVs+df ®@s

Proof: Clear from the remark above, by defining (V s)(X) = Vxs for a tangent vector field X, and noting
that df (X) = X (f). a

Conversely, given a covariant derivative operator on a vector bundle F, one can create a connection on the
associated frame bundle. This is the content of the:

Exercise 6.6.6. Let E be a smooth vector bundle of rank k. Fix a vector bundle atlas {(®;,U;)} for E, and let
(for example) {s;(x)} denote the frame {®; *(z,e1), .., ®; *(x,ex)}. Note that on U; NU;, we have the formula
si(z) = gij(z)s;(x) where g;;(x) € GL(k,R). Suppose there is given a covariant differentiation operator V
satisfying the Leibniz formula in 6.6.5 above. Set

Vsi = —W;.S;

where w; is a matrix of 1-forms on U, and if we denote its component 1-forms by w, and s; = (si, .., s¥) then
(wi.s;)% := >, wk ® sl. Using the Leibniz formula, show that the collection of gl(k) valued 1-forms w; satisfy
the transformation property of 6.4.17, and hence define a connection on the principal GL(k) frame bundle of

E.

Exercise 6.6.7 (Covariant derivative w.r.t. Cartan connection). Let G be a Lie group, and let n be the Car-
tan connection introduced in the example 6.4.25. For two left invariant vector fields X Y compute the covariant
derivative V )?Y (on the tangent bundle TG).

6.7. Metric connections. Let p: E — M be a smooth vector bundle of rank k, and a Riemannian bundle
metric (, ). We will denote the inner product on the fibre E, by (,). Thus we may form the bundle of
orthonormal frames m : P — M, which will be a principal O(k) bundle. Its fibre over y will be the set of all
orthonormal frames in E,. (That is E will admit a reduction of structure group from GL(k,R) to O(k) in the
sense of 6.2.6.

Definition 6.7.1. A connection on the principal O(k)-bundle of a Riemannian vector bundle E will be called
a metric connection or Riemannian connection.

There is a formula that connects covariant differentiation of sections on F with respect to a metric connection,
and the metric itself. That is:

Proposition 6.7.2. Let E be as above, and let X € T,,(M), and o and 7 two smooth sections of E over U,
an open neighbourhood of y in M. Then

(Vxo,7)+ (0, VxT) =X (0,7) (15)

for the covariant derivative Vx with respect to any metric connection.
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Proof:
If ¢ is a path germ at y € M, the horizontal lift ¢(¢) beginning at any point € P, will be a path of
orthonormal frames. If v; = [z,¢;], for some orthonormal frame e; € V, then the parallel translated frame

along ¢ is v;(t) = [¢(t), e;].

The isomorphism P x, V — E is the map [(w1,..,w),>_; aje;] = > ajw;, as noted in 6.2.3. Thus
v;(t) = ¢;(t). Consequently
<5i(t)v5j(t)>c(t) = (ci(t), ¢ (t)>c(t) = dij
since ¢(t) is an orthonormal frame for all ¢. That is,
(Pyvi, Ptcvj>c(t) = (vi, vj)

and parallel translation along each curve is an isometry with respect to (, ). In particular, for any sections o, 7
of E, we have:

(Pyo(c(t), PLym(e(t))) ) = (o(e(t)), m(e(t)) o)
Taking %\t:o’ and setting ¢/(0) = X shows that:
(Vxo,7)+{(0,VxT) =X (0,7)

which proves the proposition. O

Remark 6.7.3. If e = (ey, .., ex) is a local orthonormal frame of E over some open set U, then we recall that

Vxe = — Zwil(X)el
J

where w : U — o(k) is the local connection form over U. Since (e;, e;) is the constant matrix d;;, the relation
(15) above implies that:
wij (X) + w;i(X) =0

which is precisely the statement that w is o(k) valued, and hence a skew-symmetric matrix.

Clearly, since every principal bundle admits many connections, there is nothing unique about a metric
connection. However, on the tangent bundle of a Riemannian manifold, there is a unique connection if one
imposes an extra (torsion free) condition, which is the content of the following subsections.

6.8. Covariant differentiation on Vector Bundles. If one wishes to avoid considering principal G-bundles
altogether, it is possible to directly define connections on vector bundles.

We recall some notation first. If 7 : £ — M is a vector bundle over a smooth manifold M, and U C M
is an open set, the R vector space of smooth sections of this bundle over U will be denoted T'(U, E), as
usual. Multiplication by smooth functions on U makes this vector space a module over C*°(U). The space
of differential 1-forms on U is denoted by A(U), which is precisely I'(U, T*(M)), and therefore also a module
over C*(U).

Definition 6.8.1 (Connection on a vector bundle). Let # : E — M be a vector bundle. A connection or
covariant derivative on this vector bundle is an R-linear operator:

V:T(U,E) — AY(U)®I(UE)
s +— Vs

for each open set U C M. This operator should further satisfy the following Leibniz formula:

V(fs)=fVs+df ®s (16)

for all f € C>*°(U), all s € T'(U,E), and all U C M open. A connection on the tangent bundle TM of a
manifold M is called a connection on M. Note that this definition is just the axiomatisation of what we
defined in Corollary 6.6.5 of the previous subsection.
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Let X € T,,(M) be a tangent vector. We note that there is a natural operation of contraction defined by:
T.(M)T:(M) — R
Xew) — ixw:=w(X)
which leads to a natural (pointwise) operator:
T,(M)® A"(U)®T(U,E) — E,
(X owes) = (ixw)(@)s(r) = w(@)(X)s(z)

which we also denote iy (w ® s), for notational convenience.

If U C M is an open set, then the above operators extend as natural (local) operators over U:

UTM)® A (U) — C=(U)
(XQw) — ixw:=w(X)

which satisfies ifxw = fixw = ix fw for all f € C*>(U), by definition.
Hence we have the corresponding (local) operator:

DU,TM)2 A" (U)®T(U,E) — T(UE)
X@w®s) = (ixw)s

where the smooth function ixw on U has the obvious pointwise definition (ixw)(x) = ix () (w(x)). Also note
that we have

irx(w®s) = fix(w®s) =ix(w® fs)
for all smooth functions f € C*°(U), all w € AL(U) and all s € T'(U, E).

Definition 6.8.2 (Covariant derivative with respect to a tangent vector). Let V be a connection on a smooth
vector bundle 7 : E — M. Let « € U, where U C M is an open set. For a tangent vector X € T, (M), define:

Vx:T(U,E) — E,
s = Vxs=ix(Vs)
and similarly define for a vector field X € I'(U, T M), the operator:
Vx:T(U,E) — T(UE)
s = Vxs=ix(Vs)

where ix are the two operators defined above. It is trivial to check the following, using the facts about ix
mentioned above, and the Leibniz rule, that:

(i): fos = fVXS

(i1): (Leibnitz formula) Vx(fs) = fVxs—+ X(f)s
for all for all smooth functions f € C*°(U), and all s € I'(U, E). This is again exactly what we defined in 6.6.2
of the last subsection.

Remark 6.8.3. A connection on the bundle 7 : E — M can also be defined just as a global R-linear operator
operator

V:T(M,E)— A (M)®T(M,E)
which satisfies the Leibnitz rule V(fs) = fVs+df @ s for all f € C>°(M) and all s € T'(M, E). This is because

one can use cut-off functions etc. to define the operator on all open subsets U C M. The Leibnitz formula
above tells us how to deal with multiplication by a function, and the details are left to the reader.
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Remark 6.8.4 (Local description of a connection on a vector bundle). If {s; 2?:1 is a frame (= basis of sec-
tions) of the rank-k vector bundle 7 : E — M on some open set U C M, then we can define a k x k-matrix of
1-forms [w;;] on U by:

VSZ' = E wl-j X Sj
J
which is sometimes written in more compact notation simply as

Vs =uw.s

where s denotes the frame {s;}¥_,, and w denotes the matrix [w;;], and the dot denotes matrix tensor product.
These 1-forms will change by a formula, if we change the frame to another frame. More precisely, if ¢ is
an invertible matrix of smooth functions, and we have another frame ¢ := gs (matrix multiplication!), with

corresponding matrix w, then:
wt=0w.gs=Vt=V(g9s) = gVs+dg.s = g(w.s) + dg.s
by Leibnitz rule, so that:
wg = gw + dg
and hence
O =gwg ™+ (dg)g™"

where dg is the k x k-matrix whose (ij)-th entry is dg;;, and all multiplications are matrix multiplications.
This is the same formula we had encountered in 6.4.15 (see also the Exercise 6.6.6).

From the transformation formula above, it also follows that the matrix of connection 1-forms w® defined
from some local frames s, on trivialising open sets {U,} coming from some bundle atlas will not patch up and
give a global matrix of 1-forms on M. If we write s, = g*’sg, the term dg®®.(g*?)~! in the formula shows
that w®(x) does not depend just on ¢g*?(x) and w”(z), but also on dg®”.

Remark 6.8.5 (Compact supports). Let s be a smooth section of F with compact support C C U, with U
open. Then, for any connection V on E, we claim Vs also has compact support in U. For, letting A be a
smooth bump function which is = 1 on C' and with compact support in U, we can write s = \s, so that
Vs =V(As) = AVs+dA® s, by Leibnitz formula. Since both terms on the right have compact support within
U, our claim follows.

Proposition 6.8.6 (Existence of smooth connections). Let 7 : E — M be a smooth vector bundle of rank &
on a smooth manifold M. Then there exists a connection on F.

Proof: We first note that if 7 : E — M is a trivial bundle, then there is always a connection on it. One could
choose a global frame {s;}¥_; for E, and choose any matrix [w;;] of smooth 1-forms defined on M to define V
(as indicated in Remark 6.8.4 above) by the formula Vs; = ). w;; ® s;. For example, we can define the flat
connection with respect to this frame by setting w;; =0 for all 1 <4,7 < k.

If 7 : E — M is a general vector bundle, we can find a locally-finite open covering {U, } such that £, := Ey,
is trivial for each a. Let V* be a connection on E,, which exists by the previous paragraph. In view of Remark

6.8.5 above, we can view V® as defining an operator:
VY : T (U, E) = AN (M) @T.(Uy, E)

where T'.(U,, E) denotes compactly supported sections of E over U,. Note that if s € I'.(U,, E), then for
feC>(M), fsisalsoin I'.(U,, E). Thus we have that V¢ is R-linear as an operator on I'.(U,, E), and obeys

Leibnitz formula for sections in I'.(U,, E), f € C*(M), from the corresponding property of V.
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Now let A, be a smooth partition of unity subordinate to the covering {U, }, with supp A\, a compact subset
of U, for each «. Define

V:I'(M,E) — AYM)®T(M,E)
s = ZVO‘(AQS)

Note that V*(Ays) has compact support in U, since A\, has compact support in U,, by Remark 6.8.5 above.
Since the open covering {U, } is locally-finite, it follows that the sum over « is a finite one at each point of M,
so makes sense. V is clearly R-linear, since all the V* are R-linear. To verify Leibnitz formula, we note :

V(fs) = Y VAafs) =D V*(fAas)

=Y (f.VO‘()\as) +Y dfe (Aas)>

[0

= [Y Vas) T @) (Nas)=fVst+df @

where the second line follows from the Leibnitz formula for V¢ acting on compactly supported sections as
noted in the last paragraph. Hence V is a connection on E. |

6.9. The Levi-Civita Connection on a Riemannian Manifold.

Proposition 6.9.1 (Levi-Civita connection). Let M be a Riemannian manifold with Riemannian metric g.
For tangent vectors X,Y € T,,(M), denote g(z)(X,Y) = (X,Y). Then there is a unique connection on M (i.e.
on the tangent bundle 7 : TM — M which satisfies:

(i): VxY — Vy X = [X,Y] for all smooth vector fields X,Y on M (torsion free condition).

(il): X (Y, Z) = (VxY,Z) + (Y,VxZ) (compatible with metric).

It is called the Levi-Civita connection on M.

Proof: Let (¢,U) be a local chart on M, and let 8% denote the corresponding coordinate vector fields on
]

U. For notational convenience, we will denote % by 0;. Recall that these coordinate fields commute, i.e.
[0;,0;] =0for 1 <4,j <n.

Unfortunately, these coordinate fields 0; will not constitute an orthonormal frame. However any connection
on the principal O(n) frame bundle of T'M will result in a covariant derivative operator on T'M, which in turn
will result in a connection on the principal GL(n)-bundle of all frames in TM, call it 7 : P — M. Using the
section o : U — 7~ 1(U) defined by o(x) = (01 4, .., On.z), we can pullback the connection form w on P to the
local connection form o*w on U. For notational convenience, we call it w. Clearly the connection is completely
determined on U once we specify w(9;) € gl(n,R).

If V is a covariant derivative operator on M, it is completely determined on U by Vp, for ¢ =1,..,n. These
in turn are completely determined on U by the vector fields V,0;. We may expand this last field as:

Vo,0; = T'};0k

where we use the Einstein summation convention, i.e. repeated indices are summed over 1 through n. These
Ffj are smooth functions on U, and are called the “Christoffel symbols” or “connection coefficients” of the
connection. They are related to the matrix of connection 1-forms as follows:

Ffj = w;x(0;)

where w is the local connection form on U defined above in remark 6.8.4. This is clear from the relation
VO; = (w.0); = >, wjkOk, as in the Remark 6.8.4 ( and also Proposition 6.6.3).
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Let g = (, ) denote the Riemannian metric. On U, this metric is completely determined by the symmetric
matrix of smooth functions [g;;(x)] where g;;(x) = (0;,0;),. Since (ii) above is to hold, we get
Ogi; = (Vo,0i,0;) +(0:i,Vo,05)
= Thgy +Tiju
The above equation is called the First Christoffel Identity. By cyclically permuting i, j, k we get the equations
and:

Ohgij = Thigy + Tijgu
g = Thgw+Thgi
Oigri = Thpgu +Thign

Now, since the connection is to be torsionless, we have:
Vo,0; —Vo,0; = [0;,0;] =0
so that Ffj = Ffi. Using this, and the symmetry of g;;, we subtract the second of the above equations from
the sum of the first and third to obtain:
% (Okgij + 0j9ik — Oigsn) = T qui
Multiplying the equation above by ¢"™, where [g"™] is the inverse matrix of g;;, and summing over i, we obtain:

1.
T = 59‘“” (Okgij + 0j9ir. — Oigjk) (17)

This determines the Christoffel symbols?, and hence the connection form w in terms of the metric g;; on any
coordinate patch U and is called the second Christoffel Identity. Hence the connection is uniquely determined
by the conditions (i) and (ii), and is the Levi-Civita connection. o

Remark 6.9.2 (Torsion of a connection). Let V be any connection on a manifold, viz., a connection on its
tangent bundle. Then, for vector fields X,Y on M, define the torsion of the connection V by:

T(X,)Y)=VxY - VyX — [X,Y]
A priori, the definition above just tells us that 7 is an R- bilinear map I'(M,TM) x I'(M,TM) — T'(M,TM).
However we first make the:

Claim: The tangent vector [7(X,Y)](z) € T, (M) depends only on X (z) and Y (z). In particular, 7 gives a
well defined bundle morphism T'M x TM — TM, that is, it is a tensor of type (1,2), and because of skew
symmetry, a section of TM ® A*(T*(M)) (=a “T'M-valued 2-form” on M).

To see the claim, we first note that for smooth functions f, g on M, we have:
T(fX,9Y) = fgm(X,Y)
Because 7(X,Y) = —7(Y, X) by definition, it is enough to see that 7(X, fY) = f7(X,Y’). This follows because
(X, fY) = Vx(fY)—-Vy(X)—[X, fY]
= ([VxY +X(N)Y) - fVy X — (X(/)Y + fIX,Y])
= f(VxY —-VyX - fIX,Y)]) = fr(X,Y)
by using (i) and (ii) of 6.8.2, and (ii) of 5.5.2. In fact, this same formula holds for vector fields X,Y on an
open set U, and smooth functions f,g € C*>(U).

Now let X be a vector field that vanishes at a point x, where x € U,, for some coordinate patch U,. Letting
0; be the coordinate fields on U,, we may write X on U, as:

X = z": fi0;
i=1

2The way to remember the confusing array of indices is to note that the subscripts jk on I‘;.’}C are the subscripts on the term
containing g, on the right hand side, which is the term with the minus sign. The other terms are obtained by cyclic permutation
and carry a plus sign.
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where f; are smooth functions on Uy, and f;(z) = 0. Then
T(X,Y) =) 7(£i0:,Y) = Zfz (0:,Y)
i

by the observations above. Thus

X Y0) = 3 A0)Oh ¥ (0) = 0

By skew-symmetry, it similarly follows that [7(X,Y)](z) = 0 if Y(z) = 0. Hence, if X (z) = X(z), and Y (z) =
Y (z) for some smooth vector fields X, X, Y, Y, then we have [7(X,Y)](z) = [7(X,Y)|(z) =: 7(X(2),Y (z)),
and hence the claim.

Example 6.9.3 (Cartan connection on a Lie group). We recall the (left invariant) Cartan connection on a Lie
group G (see Example 6.4.25 and Exercise 6.6.7). It is the unique connection on T'G satisfying:

VxY =VgY = [X,Y]=[X,Y]=[X,Y]

for X, Y € g = T.(G), and X,Y the corresponding left invariant vector fields. Then let {X;} be an R-basis
of the Lie algebra g = T.(G), which in turn determines a global smooth frame {)N(l} of the corresponding
left invariant vector fields for the (trivial) tangent bundle TG. So the quantities V 5;)? j completely determine
Vx(gY for all tangent vectors X (g) € Ty(G) and all smooth vector fields Y on G, by forcing Leibnitz’s Rule.

However, this natural Cartan connection on a Lie group is not torsionless. In fact, from the definition above
it follows that for left invariant vector fields X and Y we have:
VEY—V;/X— [X,Y] =[X,Y]

There is an casy way to remedy this, of course. If we define VxV = %[)N( Y] = 31X, Y], then we find that this
new connection is torsionless.

The Cartan connection does however satisfy a formula analogous to that of a metric connection. We first
make the following :

Definition 6.9.4 (Cartan-Killing Form). Let g be a finite-dimensional Lie algebra, and (as usual) for X € g,
let ad X denote the endomorphism [X, —] of g. The symmetric bilinear form defined on g by

B(X,Y) = tr(adXadY)
is called the Cartan-Killing form on g.

Exercise 6.9.5. Verify that the Cartan-Killing form has the following ad-invariance property:
B((adX)Y, Z) + B(Y, (adX)Z) = B([X, Y], Z) + B(Y,[X. Z]) = 0

By the above Exercise 6.9.5, the Cartan-Killing form B leads to a bi-invariant symmetric bilinear form on
the tangent bundle defined by setting <)?, §7> := B(X,Y). Then, for left invariant vector fields, since <}~/, Z>

is a constant function on G, we will have:
(ViV.Z)+(V.v3Z)=0=X(V.Z) (18)

Unfortunately, in general, this symmetric form could be degenerate, or even identically 0 (e.g. if the group is
abelian, or even nilpotent). It is a fact from the elementary theory of Lie algebras that B is a non-degenerate for
a semisimple Lie algebra. For a compact Lie group whose Lie algebra is semisimple, (e.g. SO(n),U(n), SU(n)),
it further turns out that this Cartan-Killing form on g = Lie(G) is negative definite. Hence, changing its sign
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yields a bi-invariant Riemannian metric 3. In that case, setting V}f/ = %[5(,}7] would yield a torsionless
connection, and in view of the formula (18) above, yield the unique Levi-Civita connection on G.

However, in the general case, it is useful to write down the Levi-Civita connection with respect to a left-
invariant metric (, ) on any general Lie group G, and work the above (compact) case out as a special case.
We first need to make the following:

Definition 6.9.6 (Structure constants of a Lie algebra). Let {X;}? , be a basis of g. The structure constants
cfj of g (with respect to this basis) are defined by the formula:

(X0, X5 = e Xx
k

ko ok

They satisfy certain obvious relations, i.e. ¢j; 7i» and another quadratic identity, viz.

! ! ! .
c;'fcjk + cg?c,ﬂ» + c}gcij =0 forall 1<i,j,k,m<n

which follows from from the Jacobi identity. (Repeated indices are summed over, as per the Einstein summation
convention).

Proposition 6.9.7 (Levi-Civita connection on a Lie group). Let G be a Lie group, and let {.,.) be a left
invariant metric on G. With respect to this metric, let {X;} be an orthonormal basis of g = Lie(G), so that
{X;} is a global smooth left invariant orthonormal frame field of TG. Let cfj be the structure constants of g

with respect to the basis {X;}. Then the connection coefficients of the Levi-Civita connection on G are given
by:

, 1/ . .
ik = 5 (C;'k - i JFij)

We note that ©%, are not Christoffel symbols, because the vector fields X, will not be coordinate fields in
jk
general, since they don’t commute unless all the structure constants vanish!).

In particular, if the left invariant metric happens to be bi-invariant, the the Levi-Civita connection coincides
with the Cartan connection of Example 6.9.3 above.

Proof: Since X; are orthonormal, it follows from the Definition 6.9.6 that the structure constants are given
by the relation cfj = (X, X;], Xi).

Let us express

V%= 2 O
k

where @fj are the smooth connection coefficient functions G that we seek. It will turn out presently that they
are constants. The torsion free condition immediately implies that:

Ol — Oy = (19)
The metric connection condition implies that:
ek +0l = <V§j)~(i,)?k> + <§1,V§j)~(k> = X; <)?i7)~(k> = X; (X;,X3) =0 (20)

where the last-but-one equality follows from left invariance of the metric.

Permuting i, j, k cyclically, we get the equations:

,/L.cj + @ii =0

3We had given a prescription for constructing a bi-invariant Riemannian metric on a compact Lie group in Proposition 5.1.17
on G. It turns out that a bi-invariant Riemannian metric on a connected compact semisimple Lie Group is unique upto scaling
by a positive constant
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By subtracting the third from the sum of the first two, and using (19), we have:
O+ 6L = -, + Cfg
which, together with the equation (19) implies that

) 1/ . , A
i = B (Cé'k —Cy cij)
In particular, the @;k’s are all constants, and we get the formula claimed.

To see the second part of the proposition, the definition of @;k’s and our computation above gives the
formula:

~ 1 . . ~
Vi Xk =g Z (c;k — Gy C?j) Xi (21)
If the inner product is bi-invariant, then cfj = ([Xi, X,], X&) = (X, [ Xk, Xi]) = c,ii, and in this case our
formula (21) reads as:

Vi, Xk = % DX = %[Xjan] = %[Xj,Xk]
3
which is the formula we had in Example 6.9.3 for the (torsionless) Cartan connection. In fact, as we remarked
earlier, for a compact semisimple group, every bi-invariant metric is a positive scalar multiple of —B above, and
the formula above is therefore just the statement of ad-invariance of the Cartan-Killing metric —B. We thus
see that on a compact semisimple group, there is a unique, upto scaling bi-invariant Riemannian metric, and
the torsionless Cartan connection is the unique connection which is compatible with any bi-invariant metric on

G. O

Remark 6.9.8 (Abelian Lie Groups). If the Lie group G is abelian, then with respect to the Levi-Civita
connection with respect to a left invariant metric on G, the left-invariant vector fields will have zero covariant
derivatives (ie. will be covariantly constant) with respect to any tangent vector at any point. This follows from
the fact that all the ¢}, and hence all ©’; vanish from the previous proposition.

Example 6.9.9 (Hyperbolic space H?). We recall the hyperbolic space H? = {(z,y) € R? : y > 0} with the
Riemannian (hyperbolic) metric:
dz? + dy?
Y2
so that (0;,0;) = y=28;; for 1 <i,j < 2. We calculate the Christoffel symbols.

Recalling that

Vo,0; = T¥,01
and differentiating:
0
0= 81 <81781> = %(y%) =2 (V3181,81> = Fil =

Similarly the relation 0 (91,01) = —2y~3 yields I'}; = —y~!. Differentiating all the inner products (9;, ;)
partially with respect to x and y yields all the Christoffel symbols:

Fh = F%z :1—%1 = Féz =0

I} =-Tl=-Ty =-T5=y"

Exercise 6.9.10. Compute the Christoffel symbols of the Levi-Civita connection on the sphere S2.
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6.10. Parallel transport and geodesics. Let M be a Riemannian manifold, and let n be a connection on
the principal GL(n,R)-frame bundle P of T M, leading to a covariant differentiation operator V on the vector
bundle TM. If ¢ : (a,b) — M is a smooth curve in M, then it is clear that the pullback of the tangent bundle
¢*T M will have the corresponding pulled back principal bundle ¢*P on (a,b) as its principal frame bundle. It
will also have the pullback connection ¢*n introduced in the Exercise 6.4.24. Note that % is a smooth vector
field on (a,b). We can also see this connection more directly as follows.

Definition 6.10.1 (Vector field along a curve). A wvector field X along the smooth curve c : (a,b) — M is
defined to be a smooth section of ¢*T'M. In particular X (t) € TeyM for all t. However note that X is not a
function of the point ¢(t) but of t. For example if ¢ crosses itself, with ¢(t;) = c(t2) and t; # ta, then X (¢;)
can be different from X (t2).

Example 6.10.2 (Velocity field of a curve). A prime example of a vector field along a curve is its velocity
field ¢/, defined by:

C’(t) 1= Cx (i) = %(t) S Tc(t)(M)

Lemma 6.10.3 (Covariant derivative along a curve). Let M be a Riemannian manifold M and ¢: I — M be

a smooth curve on it, where I = (a,b). Then there exists an R-linear operator:
D
g i DUL.ETM) = D(1,e*TM)

which satisfies:

(i): Let X € I'(I,¢*T M) be a vector field along ¢ and f € C*(I) be a smooth function. Then

DUX) _ <DX> Ly

dt dt dt

(Leibnitz’s formula)

(ii): For X,Y € I'(I,c*T M), we denote their inner product at ¢t € I under the bundle metric on ¢*T'M ob-
tained by pulling back the Riemannian metric (—, —) on TM by (X,Y),. That is, (X,Y), := (X(¢),Y (1))
where the right hand side is the inner product on T¢;)(M). Then

d DX DY
—(X)Y), = <, Y> + <X7 > (Compatibility with the metric)
dt K dt ; dt /,

Proof: We first let ¢ be a smooth curve whose image lies entirely in one coordinate chart U, with coordinate
functions z; and coordinate fields 9; := 2-

e From Remark 6.8.4 we recall the matrix w;; of connection 1-forms
on U defined by:

Vo; = Zwij & 8j

which are related to the Christoffel symbols of the Levi-Civita connection by w;;(0k) = Fii (see proof of
Proposition 6.9.1). Clearly these 1-forms w;; on U can be pulled back via ¢, and used to define the pullback
connection operator V via the formula:

V@) =Y cwi ® 0

where the vector fields along ¢ given by 9; 1= c*0; € I'(I,c¢*T M) constitute a smooth frame of ¢*T'M, obtained
by pulling back the smooth coordinate sections 9; € I'(U,TM) via ¢. Then the covariant derivatives with
respect to the velocity field % is

5) o i N
Dc(lt ) = V%(az) = Z(C wij) (i) 8j = Ej:wij(c(t)) <Zt> aj _ Z;Pki(c(t))ddtkaj

J
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where we have used the expansion % = (

dey

pr ) Oy, to get the last equality above.

Now, if X =", X;(t)9; € T(I,c*TM) is a vector field along the curve ¢, we define the covariant derivative
along the curve c by forcing Leibnitz’s rule and using the previous formula, i.e.:

DX < B ~ ~ dX; = ; dey, o ~
T =VaX = iv%(xi(t)ai)_; dtai—kgfki(c(t))thiaj

_ dX; j de o\ 5.

- ; b7 +§Fki(c(t)) 5 Xi | 0 (22)

This is again be a smooth section of ¢*T'M on I, viz. another vector field along c¢. This takes care of the case
when the image of ¢ lies in one coordinate chart.

In the general situation, we note that if (¢4, Uy) and (¢g, Ug) are two coordinate charts on M, and w® and
w? respectively, denote the matrix of connection 1-forms on these two charts, then they are related on the
overlap U, NUg by:

w® = guwPgt +dg.g?
where g := gop = D(gbaqﬁgl) is the transition cocycle of the tangent bundle TM (see Remark 6.8.4). Since
pullback commutes with matrix multiplication and exterior differentiation, this formula of 1-forms on U, NUpg
is preserved under pullback c*, yielding the exact same formula on the overlap ¢=!(U,) N ¢ !(Us). Hence on
the naturally defined trivialising open covering {¢~1(U,)} of ¢*T' M, these pullback matrices c*(w®) patch up
to define a global pullback connection V on the vector bundle ¢*TM. The local formula on each c Y U,) is
exactly the one calculated in equation (22) of the last paragraph. This defines % in the general case.

Finally, the Leibnitz formula and compatibility with the pullback metric follow from the definition of v,
and the corresponding properties of V. This establishes the lemma. O

Definition 6.10.4 (Parallel vector field, geodesic). We will say that the vector field X along c is parallel along
c if % =0 f X =c(t) = % is the velocity field of ¢, the vector field along ¢ defined by %ﬁ’/ is called the
covariant acceleration of c. If the velocity field ¢’ is parallel along ¢ (i.e. the covariant acceleration of ¢ is
identically zero), then we say c is a geodesic.

Example 6.10.5. If we look at the canonical Cartan connection on a Lie group G, (see Example 6.9.3), then
we have V;()? = [)?,)?] = 0. We recall from the Theorem 5.5.4, and the proof of Corollary 5.6.4 that the
integral curves ¢ to the left invariant vector field X are the one parameter groups (exp(tX)), and all their left
translates g.exp(tX), for X € g, g € G. Thus for such integral curves ¢, the velocity fields ¢/(t) are precisely
X (t), which are thus parallel along ¢. Thus, for the Cartan connection, all one-parameter groups exp(tX) and
their left translates are geodesics.

From Example 6.9.3 it also follows that these are all the geodesics for the Levi-Civita connection of a
bi-invariant Riemannian metric on G. In general, however, they will not be geodesics for the Levi-Civita
connection with respect to a left invariant metric. In fact, there is the following :

Example 6.10.6. Using the standard basis X; = H, Xy = X, X3 = Y of the group SL(2,R) introduced in

Remark 5.8.7, namely:
1 0 0 0 0
welo ) () m=(40)

we have the commutators:
(X1, Xo] =2X,, [X1,X3]=—-2X3, [Xo, X3] =X,

This leads to the structure constants

2 _ 2 _ 3 _ _ 3 _ 11
Clg = —Cp = C31 = —Ci3 =2, Cy3= —C3p =1

O =
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and all other cé x = 0. When we use the connection coefficients @fj (from the computation in Proposition 6.9.3)
for the Levi-Civita connection of the left-invariant metric coming from the metric (X;, X;) = d;; on sl(2,R),
we find, for example, that

O3, = B (0%2 —ch + C%Q) =cfy =2

Similarly, one finds that ©%, = ©3, = 0. This implies that:

3
Vi, Xo =D 05X = 05,X; = 2X,
i=1
This shows that the left-invariant vector field X is not parallel along the one-parameter group exp(tXs), and
hence this one parameter group is not a geodesic for the Levi-Civita connection with respect to the left-invariant
metric defined by <X1,X]> = 51J

Proposition 6.10.7 (Existence of parallel transport). Let M be a Riemannian manifold, and let V be the
Levi-Civita connection on it. For a smooth curve ¢ : [0,1] — M in M, there exists an R-linear operator
Py i To0) (M) — Ty (M) satisfying:

(i): For each X € T,(o)(M), the vector field along the curve ¢ defined by X (t) := P;X is parallel along c.

(ii): P; is an isometry (with respect to the inner products on T,y (M) and T,.4) (M) coming from the
Riemannian metric on M).

(iii): P; o Py = Py, whenever both sides make sense.

The operator P; is called parallel transport or parallel translation. (Compare the definition in Definition
6.6.1 for principal G-bundles)

Proof: If the image of ¢ lies in one coordinate chart, then we find the parallel vector field X (t) = P,X along
¢ by solving the system of n-first order linear ODEs:
dX;

hanet' 7.

dck
— X, =0
dt "
arising from setting all the components of %t(t) to be zero. This follows from the formula (22) in the proof
of Lemma 6.10.3. Since this is a linear system, it has a solution for ¢ € [0,1], and the solution X(t) =
(X1(t), .., Xn(t)) is uniquely determined by the initial value X;(0) = X, (n-initial conditions), as a linear
function of them.

For the general situation, we can use the Lebesgue covering lemma to find a partition of [0, 1] into subintervals
I =%, %], 0 < j < N —1 such that each ¢(I;) is contained in some coordinate chart. Then if t € I;, we
may define P; as the composite:

P

A oPj o...oP1
N ~ N

This proves (i). For the second assertion, we note that P,X = X(¢) and P,Y = Y (t) are parallel along ¢ by
definition, so the formula (ii) of Lemma 6.10.3 shows that:

d DX DY
oy = () (x 20 -
which shows that (P,X, P,Y) = (X,Y).

The last assertion is also clear from the semigroup property of the solution to a linear system of ODE’s. O
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Corollary 6.10.8 (Moving frame or repere mobile). Let ¢ : [0,1] — M be a smooth curve on a Riemannian
manifold M. Let Fy := {e;}_, be an orthonormal frame for T, (M). Let e;(t) := Pye;, the parallel transports
of e; along c¢. Then:

(i): The set of vectors F; := {e;(t)};-; is an orthonormal frame for T¢;)(M), and is called the moving frame
(or Cartan’s repere mobile) along ¢ (Compare Definition 6.6.1).

(ii): If X is a vector field along ¢, then the covariant derivative:
DX - dX(t)

dt & dt ei(t)

where X;(t) = (X(t), e;(t)). Thus covariant derivative along ¢ becomes ordinary derivative with respect
to ¢t when the vector field X along c is expressed in terms of the moving frame as X (t) = Y. X;(t)e;(t).

Proof: That F;, = {e;(t)}}_; is an orthonormal frame at ¢(t) follows from (ii) of the previous Proposition
6.10.7. Thus we clearly have X (t) = 7" | X;(t)e;(t), where X;(t) = (X(t),e;(t)). Then the second assertion
follows from the fact that %ﬁi =0, by (i) of the previous Proposition 6.10.7 and the Leibnitz formula. O

Example 6.10.9 (Hyperbolic space). Let c: [0,1] — H? be the curve c(t) = (0,1 +1), the linear line segment
joining (0, 1) to (0,2) in the hyperbolic plane H?. Using the Christoffel symbols computed in Example 6.9.9,
and that ¢} (t) = 0, ¢4(t) = 1, we find that a vector field X (t) = X1(t)0, + X2(t)0, a along c is parallel along
c iff

dX, 1 dXs 1

— = Xi(t) = —" — ——X(t) =

dt (1+1) =5 (1+1) 2(t)

This leads to X (¢) = (1 +¢)X(0). Note that

1 (1)) 1+t22X 2= X )

as it should be, since P, is an isometry and X () = P,X(0). If we, for example, choose the frame ey = 9, ea = 9,
at T,(0)(H?), then the corresponding moving frame along c is €;(t) = (1 + t)e;, for i = 1,2,

Exercise 6.10.10. Let M = 52 be the unit sphere centred at the origin in R?, and let ¢(t) = (cos %F, 0, sin %)
for t € [0,1]. This is the arc in S? joining e; = (1,0,0) to e3 = (0,0,1) in the zz-plane. Let F = {ez,e3},
which is an orthonormal frame for T, (S?).

(i): Determine the moving frame F; = {Pes, Pie3} along ¢ in S2.

(ii): Determine the parallel transports Pies, and Pes along ¢ in R3. This shows that even though the
Riemannian metric on S? is induced from the euclidean metric on R?, parallel transport on S? differs
from that on R3.

Remark 6.10.11. Note that P; : T, (M) — T)(M) being an isometry for all ¢ does not quite completely
pin down P; in general. For example, if we take R3 with its euclidean metric and choose the curve c(t) = (¢,0,0)
in R?, and choose the frame e; = % for i =1,2,3 at T, (R?), then the frame:

e1(t) = e, ea(t) = (cos t)es + (sin t)es, e3(t) = (—sin t)eq + (cos t)es

also makes {e;(t)}?_; an orthonormal frame in T, (R?) for all t. However this frame is not parallel along c.

The parallel (movmg) frame along c is e;(t) = e;.
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Proposition 6.10.12 (Existence of geodesics). Let M be a smooth manifold, and let us equip the tangent
bundle TM with any connection. Let 2 € M and let v € T,,(M) be a tangent vector. Then there exists an
€ > 0 and a smooth curve:

c:[—€ee =M
such that:

(i): ¢ is a geodesic.
(i)): ¢(0) =z
(iii): ¢'(0) =w
Proof: Let z lie in the coordinate patch U, and let x; denote the coordinate functions with respect to this

chart. The conditions (i) and (ii) above lead to the system of 2n first order ordinary differential equations (for
Z;(t) and c(t):

dc;

dftj(t) = Z;(t)

dz, ,dCi

S+ T Z=0 (23)

from the local formula in the Lemma 6.6.3, using the fact that the velocity field of a geodesic is parallel along
it. The initial conditions are ¢;(0) = x;, Z;(0) = v;. This can also be recast as the system of n second order
ODE’s for ¢(t):
dQﬁ( ) + k@ dﬁ
dt? Yodt dt
with the initial conditions ¢(0) = z, ¢/(0) = v. By the existence and uniqueness theorem for ODE’s, there is a
unique solution for this system for ¢ € [—e¢, €] and some € > 0, thus proving the proposition. O

=0 (24)

Example 6.10.13 (Euclidean Space). Since the metric is d;; in the standard coordinates on R", all Christoffel
symbols I‘fj = 0. Thus the geodesic equations say that the second derivative of ¢(t) is zero, so that ¢(t) = ta+b
for some a,b € R™ i.e. a straight line.

Remark 6.10.14. Consider M = (0,1) and € M, with the tangent vector v = % and the Levi-Civita
connection from the euclidean metric on M. As in the previous example, the geodesic starting at x with initial
velocity v is given by ¢,(t) = = + t, whose domain of definition is (—e¢,€) with € = min{z,1 — x}. Thus the €

guaranteed by the previous proposition will shrink as = gets closer to the end-points of the interval M.

Definition 6.10.15 (Exponential map on a manifold). Let M be a smooth manifold with any smooth con-
nection V. We denote the curve c(t) of the Proposition 6.10.12 above by Exp,(¢,v). Now we make the
following:

Claim: Exp,(t,v) = Exp,(Rt, %)

To see this we need to show that the geodesic curve ¢, (t) defined on [—e, €] with initial data c¢(0) = z, ¢, (0) =
v is the same as the geodesic curve ¢(t) := ¢, /r(Rt) defined on [—4,0] satisfying the initial data ¢(0) = =
and ¢'(0) = % on their common domain of definition. Since ¢, p satisfies the system of ODE’s (24), and
a(t) = Rc;/R t), ¢'(t) = RQC’U'/R(t)7 it follows that ¢ satisfies the system of equations:

o <d2’5k ok 48 d5j> _

=l

—~

a G
which is exactly the same as the geodesic ODE’s (24). Thus the curve ¢ is a geodesic curve. Further, ¢(0) =
z = ¢(0). Also ¢(0) = R.c;,,(0) = v. Thus ¢ = ¢ on their common domain of definition, by the uniqueness
part of the Theorem 5.4.2. So we see that Exp,(t,v) is the same as Exp,(Rt, %) and we may thus denote
Exp,(t,v) as Exp,(tv).
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In fact we have the following stronger statement, which we don’t prove here, but which essentially follows
from the fact the solution to the above system of geodesic ODE’s varies smoothly in the initial conditions, as
stated in the Proposition 5.4.2:

Proposition 6.10.16. Let M be a smooth manifold with € M a point on it. Let V denote the Levi-Civita
connection M. Then there exists an open neighbourhood U of the origin in T, (M), and a neighbourhood V
of x in M such that the map:

Exp,:U — V
v — Exp,(v)

is a smooth diffeomorphism of U onto V. Thus one gets a natural chart (V, Exp, !y around each point x in X.
These are known as exponential or geodesic coordinates.

Proof: If we grant the fact that Exp, is defined on some open neighbourhood of 0 in T, (M), then the rest of
the proposition follows easily. This is because, by definition:

dExp,,(tv)

o (0) =w
which shows that DExp, (0)v = v, since ¢(t) = tv is a curve passing through 0 € T,,(M) with ¢/(0) = v. Thus
DExp, = Id, and by the inverse function theorem, it follows that Exp, maps a neighbourhood U of 0 in T, (M)
diffeomorphically to its image V in M. O

Corollary 6.10.17. If V is the neighbourhood x in the proposition above, then each point of V' can be joined
to x by a unique geodesic. There is a stronger theorem of J.H.C. Whitehead which asserts that for the Levi-
Civita connection on a Riemannian manifold, each point x € X has a geodesically convex neighbourhood, i.e.
a neighbourhood V' such that every pair of points in V' can be joined by a unique minimal length (among all
piecewise smooth curves joining these points in X) geodesic which lies entirely in V. For a proof, see the book
Notes on Differential Geometry by Hicks, p. 134.

We note here that if G is a Lie group with a left invariant metric (, ), the corresponding map Exp defined
above may not tally with the exponential map exp defined earlier. In fact:

Proposition 6.10.18 (Exp and exp for a Lie group). Let (—, —) be a left invariant Riemannian metric on a
Lie group G, corresponding to a positive definite inner product (, ) on the Lie algebra g. Then the exponential
map Exp, at the identity e € G coincides with exp precisely when (, ) on g satisfies ad-invariance, viz.:

(Z, [V, X)) +([Y,Z2],X)=0 V X,Y,Z€g

(For example, this will happen if the left-invariant metric on G is bi-invariant (=Ad-invariant). Compare
Proposition 6.9.7).

Proof: We let X , EN/L Z denote the left invariant vector fields corresponding to X, Y, Z respectively. Then we
have %(exp tX) = X. Thus, for the curve exp tX to be a geodesic, it is necessary and sufficient that:

<v <X, Y> )
for all Y. By compatibility with the metric, this means:
X <X,Y> - <X,V§Y> - <X,V)~(Y> —0
since the first term is X (X,Y) = 0 by the left invariance of (—, —). Since the connection is torsionless the last
expression above is just

(XVpR) + (XK = (X 7.5)
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again because Y <)Z',)Z'> =Y (X,Y) = 0 by the left invariance of (—, —). Thus, for all left-invariant vector

fields X , }N/, we have <)Z' , [)? , }7}> = 0, which implies (because of left-invariance of the metric and the definition

of [—,—] on g) that we may remove all the tildes, and get:
(X,[X,Y]) =0 forall X,Y €g (25)
This means that for all XY, Z € g we have by repeated use of equation (25) above:
0=(X+2[X+2Y]) = (X,[X,Y])+(X,[Z2Y]) +(Z,[X,Y])+(Z,[Z,Y])
S (X (ZY)+(ZIXY]) = —(X,adY(2)) - (Z,adY (X))
which is precisely the ad-invariance of (—, —) we asserted. O

Corollary 6.10.19. On SL(2,R), the maps Exp, and exp are distinct. This is because every non-degenerate
form satisfying the condition of the proposition above is a multiple of the Cartan-Killing form on sl(2,R),
which is non-degenerate, but neither positive definite nor negative definite. See the Example 6.10.6 where
we explicitly showed that exp(tX2) was not a geodesic for the Levi-Civita connection, viz., not the same as
EXpe(tX2).

We now concentrate on geodesics in the Levi-Civita connection on a Riemannian manifold M.

Definition 6.10.20 (Piecewise smooth variation). Let ¢ : [0,1] — M be a piecewise-smooth curve in a smooth
manifold M, viz. ¢ is continuous and there exist 0 = ag < a1 < ... < ay = 1 with ¢ smooth on each [a;, a;11].
A one parameter piecewise-smooth variation of the path ¢ with fixed end points = and y is a continuous map:

o:(—€€)x[0,1]] - M
(s;t) = o(s,1)

further satisfying:

(i): ¢(s,0) =z, ¢(s,1) =y foralls; ¢(0,t) =c(t) for all ¢

(ii): ¢ is smooth on (—¢,€) X [aj,a;41] forall j=1,..,N—1

(iii): From (ii) above, it follows that for a fixed ¢ € [0, 1], the map s +— ¢(s,t) is smooth for all s € (—¢,¢€).

By assumption (ii) above, ¢ is smooth on V; := (—e,€) X [a;,a;41] for all 0 < i < N — 1. So for (s,t) € V;,
we define the tangent vectors Js := ¢, (%) and 0 := ¢, (%) in Ty(s,)M. Indeed, Js is a vector field along

the smooth curve ¢(t, —) for each ¢ € [0, 1] (by (iii) above). Also for each s € (—¢,€), 0 is a vector field along
the curve ¢; := ¢(s, —) defined for ¢t € (a;,a;41).

Proposition 6.10.21 (The First Variation Formula). Suppose M is a Riemannian manifold (with metric
(—,—)), and V is the unique torsionless Levi-Civita connection on it as guaranteed by Proposition 6.9.1.
For a piecewise-smooth curve c: [0,1] — M, consider the Energy Functional which is defined as:

N-1 Ait1
= c(t),c (t))dt
Z/ (1), ¢ )

where ¢ is smooth on each [a;, a;4+1], ¢(0) = z and ¢(1) = y. Let ¢ be a one-parameter variation of ¢ as defined
in Definition 6.10.20 above. Then letting ¢s := (b(s —), we have:

> (dE ) Z Ai (B4, (2 /01 <as, Dil/t(t)>dt

where the jump discontinuity:

Ai (05, (1)) == lm (05, /(1)) —  Hm (s, ¢ (1)) (1

t—a;— t—a;+
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FIGURE 8. Piecewise smooth variation of ¢

and the integral on the right hand side is interpreted as a sum of integrals over the subintervals [a;, a;41] on
which ¢ is smooth.

Proof: This formula is essentially a version of the Euler-Lagrange formula that occurs in the calculus of
variations. For (s,t) € Vi := (—¢,€) X [a;,a;+1] C R?, the compatibility of the Riemannian metric with the
Levi-Civita connection on T'M implies that :

0, <X,Y>:<Zf,y>+<x,zsy> (26)

holds for smooth sections X, Y of ¢*T' My, (or “vector fields along ¢”). We compute:

;(dElj(js)(o)> _ Nzl/a+ Dy (91, 01) dt 4o

=0

DN | =

2

1 rain .
= ——0,0; ) dtjs—g  (by equation (26) above)

BTNt
/
/

1

s
aGit1 /D
<dt('93, 8t> dt|s—o (by torsionlessness of connection)

Il
=)

i
-1

2

i
] i

Aj41 D
(&t (05, Or) dt — <8S, dtat> dt) (by equation (26) above)
i |s=0

Il
=)

7

By the fundamental theorem of calculus, the first integral above is just the sum
N—1

Z <tJ(HI+11 <as,at>c(t) - tLig}Jr <am at>c(t)>

i=0 ls=0
Since ¢(s,0) = z and ¢(s,1) = y, we have 9, = 0 at t = ao and ¢ = an. So limyay— (0s,00) () =
0 = limy_yqy+ (85,8t>c(t). Thus, using the fact that dy,—¢ = ¢/(t), the above sum rearranges into the sum

Zf\;l A; (0s, (1)), which is exactly the first term of our asserted formula. The second term is as defined
above. The proposition follows. O

Lemma 6.10.22 (Localised variations). Let ¢ : [0,1] — M be a continuous piecewise-smooth curve as in the
last proposition, with 0 = ap < a1 < ... < ay = 1, and ¢ smooth on each [a;,a;1+1]. For a € (0,1), let
w € Tyqy(M), and 6 > 0 such that [a — d,a + ] C (0,1) be given. Then there exists a piecewise smooth
variation ¢ : (—¢,€) x [0,1] = M of ¢ (see Definition 6.10.20) which further satisfies:
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(i): Byjsma = 22(0,0) = w

(ii): @(s,t) =c(t) for all s € (—e,€) and all t & [a — 6, a + ).
That is, ¢ perturbs ¢ only in some (given) small neighbourhood of a, and in the direction w at the point a.

Proof: Clearly, if we achieve the assertion for d; < §, then we have achieved it for §. Hence without loss of
generality we may assume that ¢ is small enough to ensure that ¢([a — §,a + d]) C U, where U is a coordinate
chart. Also, we don’t disturb ¢ outside [a — ¢, a + §]. This reduces the problem to the situation of a piecewise
smooth curve in euclidean space. Let A : [a — §,a + 0] — R be a smooth bump function with 0 < A< 1, A=1
on [a—40/2,a+ /2] and supp A a compact subset of (a — J,a + J). Consider the variation:

¢:(—c, ) x[a—b,a+d — M
(s,t) = c(t)+ sA(t)w
Clearly, for t & [a—d,a+ 6], A(t) =0, so ¢(s,t) = c(t). Also for t € [a—§/2,a+ /2], we have A\(t) = 1, so that
¢(s,t) = c(t) + sw, whence Og4—q = %(O, a) = w. This ¢ is the required variation, as is readily checked. O

Corollary 6.10.23 (Extrema of the energy functional). Let ¢ be a piecewise smooth curve in a Riemannian
manifold. Then c is an extremum of the energy functional iff ¢ is a smooth geodesic.

Proof: Clearly, if ¢ is a smooth geodesic, both the terms in the first variation formula vanish, and the assertion
follows we have %(O) = 0 for all piecewise smooth variations of c.
For the converse, we first claim that for all ¢ € (a;,a;41), and all 0 < i < N — 1, we must have M(t) =0.

dt
If not, say for some a; < a < a;4+1, we have Dfiit(t)(a) = w # 0. This implies that <8S(a), Dfﬁ(t) (a)> > 0. Now

we choose § > 0 such that (a) (a — 6,a + 8) C (a;,ai41) and (b) <88(t), De(t) (t)> >0 fort e (a—26a+5).

Let us choose a localised variation ¢ which satisfies the hypotheses of Lemma 6.10.22. We find from the first
variation formula (since J, vanishes in a neighbourhood of all the points a;) that

cC a+6 C/
%db:i(‘:) ®= /aﬂs <as(t)’ Ddt(t) (t)> dts—g >0

Hence it follows that Dfi/t(t) (t)=0forallt#a;,0<i<N-—1.

Now we claim that ¢ must be smooth. For fix some a;, and set w := lim;_,q,  ¢/(t) — limy_,q,, ¢/(t) # 0, we
can again construct (by the above Lemma 6.10.22) a localised variation concentrated in (a; — 6, a; + 9), and
Og|s=q; = w. If 0 is small enough, then the first term of the first variation formula will contain a single positive
term. Hence w = 0. O

Remark 6.10.24. One could similarly want to characterise the curves for which the length functional:

L(e) = / (1), ¢ (1) dt

is extremal. We find on solving this variational problem that the extremal curves for this functional are just
reparametrisations of geodesics, which is logical since the reparametrisation of a curve does not change its
length. On the other hand, for a geodesic ¢(t), we have:

D) =2 <DC/(t),c’(t)> ~0

dt dt
by the geodesic equation. Thus a geodesic has constant speed at all times (where speed at ¢ is the magnitude

1
of the velocity vector ¢/(¢), i.e. (¢/(t),c/(¢t))2. It is customary to scale the parameter by a constant so that this
constant speed is = 1, in which case it is parametrised by the arc length parameter:

s:/osdt:/os@’(t),c'(t»%dt

which is the length of the segment ¢(]0, s]).
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Now we will show that geodesics are locally minimising for the distance d defined in Definition 5.2.3. We
will also finally prove the fact (mentioned after Definition 5.2.3) that the topology of M coincides with the
metric space topology with respect to the distance d. We need some definitions and lemmas.

Definition 6.10.25. Let f be a smooth function on a Riemannian manifold M, with Riemannian metric (, ).
We define a vector field grad f called the gradient of f by the formula:

(grad f(x), Z) = Z(f) =df (Z) forall Ze€ T, M and all z € M

As an exercise, the reader can verify that in a coordinate chart U with local coordinates x;, and local metric
coefficients g¢;;, with inverse matrix g*t, we have the formula:

7]
kl
grad f Z (8.%‘1 > 8xk

which shows that grad f is a smooth vector field.

Lemma 6.10.26. Let f be a smooth function on an open subset U C M, and x € M be a point.

(i): For each smooth curve ¢ : [e,7] — U we have:

(ii): If ¢: (0,7] — U is a trajectory of grad f, then
fle(t)) = flele)) + Ee(o)
where E!(c) denotes the energy of ¢ between € and ¢ ( f ¢/ (s)]]? ds).

(iii): If ||grad f|| = 1 at all points of U, then for any trajectory c: (0,7] — U of grad f, we have:
fle(t)) — flc(e)) =t —e

(iv): Let f be as in (iii) above. Let o : [0,1] — M be a PS path, and ¢((0,1]) C U and ¢(0) = = € U.
Assume that f: U — R is continuous on U. Then we have

1
Lh(e) = [ o' ds = flo(t) - fia)
In particular, if ¢ : (0,7] — U is a trajectory of grad f with lim;_,¢c(¢t) = x, then for all PS paths o
satisfying 0(0) = = = ¢(0), o(r) = ¢(r), the arc lengths of o and ¢ satisfy the inequality:
Ly(o) = r = Ly(c)
(Note that L{(c) = r in the last line above since ||grad f|| = ||| = 1)

Proof: For a smooth curve ¢, the definition of grad f yields the relation {grad f,c'(s)) = ¢/(s)(f) = d(foc) , SO
that by the fundamental theorem of Calculus, we have:

feo) - seen = = [ 2%

¢
[ terad g, (s) ds
This implies (i).

(ii) is clear from (i), because for a trajectory c of grad f, we have ¢/(s) = grad f(c(s)).

For (iii), note that if ||grad f|| = 1 at all points of U, then for any trajectory ¢ : (0,7] — U of grad f, we
have E!(c) =t — ¢, and we are done by (ii).
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For (iv), we take the limits as € — 0 in all of the above. Then, if ¢ is any other PS path starting at x, the
equality in (i) (using o in place of ¢ and noting ¢/(s) = grad f) will imply that

Fo(r) - f(z) = / (¢ (5), 0! (3)) ds < / o' ()] ds = Li(0)

by the Cauchy-Schwarz inequality. Thus if the end points of o, viz. o(r) and ¢(0) = = are the same as ¢(r)
and ¢(0) = x respectively, where ¢ is a trajectory of grad f, we get (using (iii) above) that f(o(r)) — f(z) =
fle(r)) = f(x) = r = Lj(c), and (iv) follows. O

Proposition 6.10.27. Let M be a Riemannian manifold, and let x € M. Assume that the exponential map
¢ = Exp, : V — U is a diffeomorphism, where V is an open neighbourhood of 0 € T;; M, and U is an open
neighbourhood « in M. Let B(0,r) C V be an closed ball or radius r. Then:

(i): for each v € T,,(M) with ||v]| = 1, and each A < r, the path Exp_(sv) (called the radial geodesic in the
direction v) for 0 < s < ), is the path of minimal arc length joining x to Exp, (\v).

(ii): The distance function d introduced in Definition 5.2.3 is indeed a metric, and satisfies d(x,y) = 0 iff
x =y. (We had skipped proving this fact at that time).

(iii): For A < r, the image Exp, (B(0, \)) is precisely the open ball By(x,A) := {y € M : d(z,y) < A}, where
d is the distance of Definition 5.2.3. In particular, a fundamental system of neighbourhoods of z € M is
given by {B4(0,\)}o<r<r, and the metric topology on M defined by d coincides with the topology of M
(as claimed in Definition 5.2.3).

Proof: We have already remarked that the derivative DExp, (x) is the identity map, and so by the inverse
function theorem, ¢ := Exp,, is a local diffeomorphism on some neighbourhood V' of 0 in T, M, and for some
r > 0, we have B(0,r) C V.

Consider the smooth function f : U\ {z} — R defined by f(y) = ||¢'(y)||, where |v]|?, as usual, denotes
(v,v),. Note that f is not smooth, but merely continuous on U because of the corresponding fact about the
norm map in any neighbourhood of 0. For v with [jv]| = 1, we will denote the geodesic ¢(tv) = Exp,(tv) by
¢y (t). We have the following:

Claim: The curve ¢, is a trajectory of grad f. That is,

grad f(cy () = grad f(¢(\v)) = ¢, (A) (27)
for all v with |lv|| =1, and all A <.

Proof of Claim: For a vector Z € Th,(T(M)) = T,,(M), a path in T, (M) with initial velocity Z is the linear
path (Av+sZ). We consider the 1-parameter variation of the geodesic ¢(tAv) given by (s, t) = ¢p(tAv + sZ)).
We have the natural vector fields along the geodesic ¢, (tA\) = ¢(tAv) defined by:

o0 = v.0.0(5 ) - (j)l_ (b0 + 52))

at) = Ga(0,0) (gt)zjtw(uw):xc;(ﬂ)

Now we have:

(grad f,90.(2))., ) = 9(2)(f) = Do(M)(Z)(f) = Z(f © ¢), where Z € Tx,(M)(T:(M)) = T::(M)

= (dds)s_o (Idw+s2)|| = ((Z)s_o ((Av + sZ, )\v+3Z>z)%
1
2

()~ (2w, 2),)
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since ||v]| = 1. Note that the equality of the second line above follows from the fact that Av + sZ is a curve in
T, (M) starting at Av and with initial velocity Z.

We now assert that the last quantity above is the same as (c;,(A), ¢+(2)) 4 (r0) = (¢4 (A); 6:(2)) ., ()

To see this, note that 95(1) = ¢.(Z) = Dp(M)(Z), and 05(0) = De¢(x)(0) = Z. Also 0,(0) = Av, and
0¢(1) = Ac,(N). Thus

(06— (00 Doy = 5 (@1), 000}, — (00), 0,(0)))
1

(/01 (V0,00 05), + (04, Vo,05),) dt)

1 1
- 0+*/ (8t,V333t)tdt
AJo

1 [Y/d
= ) (d8>8_0<6t,8t>tdt
= 0

where we used the fact that J; is the velocity field of a geodesic, so has zero acceleration, and that Js; and
0¢ commute (in the fourth line), and that it has constant norm (in the last line). To sum up, we have
(grad f, 0.(Z)),, ) = (c,(A), 8:(Z)),, () for all Z € T,(M), which proves that (grad f)(c(A)) = ¢, (}), and
hence the Claim.

Getting back to the proof of the proposition, we now know that the trajectories of the vector field grad f
on U\ {z} are the geodesics ¢,(t) for ||v|| =1 and 0 < ¢ < r by the Claim (27). Thus by (ii) and (iii) of the
Lemma 6.10.26, we have:

FleoN) = fleo(€) = B2 (cr) = A — e
In particular, E}(c,) = A = L)(¢,), because f is continuous on U \ {z}, and we may take limits as ¢ — 0. This
says that the energy of ¢, over any time interval [0, A] is the same as its arc-length for A < r. For any PS curve
o :[0,7] = U with ¢(0) = z and o(\) = ¢,()\), (iv) of Lemma 6.10.26 will imply that L)(c) > r = Lj(c,).
This implies (i) of the proposition.

Next we see the fact (ii) that we had postponed proving when introducing d, viz. that d(x,y) = 0 implies
x = y. This is now quite clear, for let x # y. Since Ny~oB(0,r) = {0}, it follows that there is an r > 0 such
that Exp,,(B(0,r)) contains x = Exp,(0) but not y. Let o be any PS curve with ¢(0) = 2 and ¢(1) = y. Then,
for some a € (0,1), we have o(a) = b € Exp,(S,), where S, = {w € T,(M) : ||lw|| = r}. Then, by (i), since
radial geodesics are length minimising, we have L}(c) > Lg(c) > L&(Exp,(w)) = ||w| = r for some w € S,..
Thus d(x,y) > r > 0. This implies (ii).

Finally we see (iii) as follows. For A < r we have B(0,A) C V. From (i) above, since the radial geodesic
Exp, (tw) with initial velocity w € B(0, A) is a curve of length ||w]|| joining x to Exp,(w) for all ||w| < A, the
distance d(x, Exp,(w)) < |lw|| < A. Thus we have the inclusion Exp,(B(0,\)) C {y € M : d(y,z) < A}. On
the other hand, if y is in the right hand set, say d(z,y) < A, we have a PS path o : [0,1] — M such that
o(0) = x,0(1) = y, and with L}(0) = u < . If y & Exp,(B(0,)), then since o(0) = z, the path o would
have to intersect Exp,(Sy), the image of the sphere of radius A at some point o(a) = b for a < 1. But then
d(b,z) = ), so by (i) above, the arc length L(c) > A\ > u = L}(0), a contradiction. Thus y € Exp,(B(0, \)).

The final assertion in (iii) now follows because (a) {B(0, A\)} x<, is a fundamental system of neighbourhoods
of 0in T, (M) (b) Exp, is a diffeomorphism of B(0,r) C T,,(M) to its image in M, and (c) the fundamental
system of neighbourhoods {B(0,A\)}»«, of 0 map diffeomorphically (hence homeomorphically) to the family
{Ba(z,A\)} x<r where By(z, A) := {y : d(y,x) < A}. Thus the last collection is a fundamental set of neighbour-
hoods of z in M. Thus the topology on M is the metric topology from d. This proves our assertion (ii), and
the proof of the proposition is complete. O
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We also have the following related:
Lemma 6.10.28. If U is as above, then for a smooth path o : [a,b] — U \ {z}, we have the inequality
d(o(b),z) - d(o(a), ) < Ly (o)

with equality holding iff o is a reparametrisation of a radial geodesic joining o(a) to o(b).

Proof: With the function f constructed in the last proposition, we have for any y = Exp, (rv) and ||v|| =1
that d(y,z) = r = f(y). Thus the inequality follows from (iii), (iv) of 6.10.26.

To see when equality holds, write o(t) = Exp,(r(t)v(t)), where ||v(t)]] = 1 for all ¢. Call the function
Exp,(rv(t)) as G(r,t). Then o(t) = G(r(t),t), and:
. oG oG
so that, because %—C: is orthogonal to %—f, and ||%—fH =1, we have:
2

ol = o+ |55 | = o

Thus
le@Il = 1" (®)] = r'(t)
and integrating, we have the inequality above, after noting that f(Exp, (r(t)v(t))) = r(t). If equality holds in

this, then we must have %—f = 0 for all ¢, that is v(¢) is a constant vector v, and also 7/(¢) is positive, i.e. r(t)
is monotone. This yields o(t) = Exp,(r(t)v), i.e. it is a reparametrised geodesic. a

Exercise 6.10.29. Let z,y € M, and let ¢ be a PS path joining « and y which is of minimal length among
all PS paths joining z and y. (That is, the arc length L(c) = d(z,y). Then o is a geodesic. Such geodesics are
called minimal geodesics.

Remark 6.10.30. Suppose x, y are two points on a Riemannian manifold M. Suppose that  and y are joined
by a unique geodesic c¢. (For example if z, y lie in a geodesically convex neighbourhood). Let ¢ be an isometry
which leaves x and y fixed. Since isometries preserve the metric, they preserve the Levi-Civita connection, and
hence preserve geodesics. So ¢(c) is another geodesic which joins z to y, and by the uniqueness of ¢, must be
c. Thus c is left pointwise fixed by ¢. This often enables us to determine geodesics on a Riemannian manifold
without messing our hands with the non-linear system of geodesic ODE’s, as we shall see below.

Example 6.10.31 (Geodesics on the Sphere). Let S™ C R"*! be given the Riemannian metric induced from
the Euclidean metric on R"*!. Then the orthogonal reflection Ry about any hyperplane H through the origin
(i.e. n-dimensional vector subspace) on R"*! is an isometry of S™ (because it is an isometry of R"*! mapping
S™ to itself!) So if z, y are two sufficiently near points (in fact, lying in the same open hemisphere), then there
will be a unique geodesic ¢ joining these two points, and consequently by remark 6.10.30 above, will be left
pointwise fixed by the reflection Ry where H is the hyperplane H containing x and y. Thus the geodesic ¢
will be contained in S" N H = S}?l. Now one can proceed with the hyperplane in S?fl inductively, until one
gets ¢ to lie on circle, which is the successive intersection of S™ with a sequnce of such hyperplanes, i.e. the
intersection of S™ with a 2-dimensional subspace of R"*1. Thus (the image of) c is the arc of a great circle
through = and y. In fact, since any segment of a geodesic is a geodesic, the geodesics on S™ are precisely
segments of great circles on S™, parametrised by arc length. Note that for two points x, y € S™ which are not
antipodal, i.e. y # —uz, there are exactly two geodesics joining x to y, one of minimal length and the other of
maximal length. For two antipodal points, there is a whole family of geodesics parametrised by S"~! joining
them. A geodesically convex neighbourhood of z € S™ is the open hemisphere centered at = (i.e. determined
by the hyperplane ).
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Example 6.10.32 (Geodesics in H?). We note that x + —z and y ~ y is an isometry of H? (see example
5.8.6 for notation). This leaves the y-axis (call it L) pointwise fixed, and so by the remark 6.10.30, all small
geodesic segments between any two points p, ¢ € L will consist of the segment of L between p and q. We can
actually determine the parametrisation by taking p = /—1 = (0,1) as a reference point. The length of the
segment ¢(t) = (0,1 +t(y — 1)) between p = (0,1) and ¢ = (0,y) is precisely:

Ko =s = [ (=10,0-10,)
[yt
B /0 1+t(y*1)dt
= logy

Thus, reparametrising by arc length s, we have ¢(s) = (0,e®). This is therefore a geodesic.

To determine other geodesics, we hit this curve by various isometries from G = SL(2,R). Under the
isometry:
[ a b
(1)

1 —d n icy n
w= - a
e\ +c2y2 " @2+ c2y?

by an easy calculation using ad —bc = 1. Thus w— %

the point iy = (0,y) goes to the point:

%ew where 6 = tan™! €. This shows that the image of

L is a semicircular arc centred about (%,0) of radius % Clearly by choosing a and c suitably, we can capture
any semicircular arc centred about any desired point on the z-axis and of any desired radius, so all of these
(suitably parametrised) are geodesics. Finally, since translation by a real number b is an isometry, (in fact

corresponding to the element:
1 b
0 1

of SL(2,R)), we get all vertical lines as geodesics by translating the geodesic L around. These may be
treated as semicircular arcs meeting the z-axis orthogonally (that is, having their centre on the z-axis), and of
infinite radius. Thus all semicircular arcs of finite or infinite radius, meeting the z-axis orthogonally (suitably
parametrised) are geodesics. It turns out that these are all the geodesics.

Example 6.10.33 (Geodesic coordinates in the Disc Model D?). We recall the example 5.8.8 above. Our
metric on D? is (after dropping the factor of 4 for convenience):

dzdz
AU

Since the imaginary axis (suitably parametrised) constituted a geodesic in H?, its image under the Cayley
transform map ¢, i.e. the z-axis will constitute a geodesic in D?. Since rotations in SU(1,1), i.e. the matrices:

et? 0
(% )

are isometries of D? which are rotations, they carry the ray
{(t,0):t eRy}

to any given ray through the origin in D?. Thus all rays starting at the origin in D?, suitably parametrised, are
geodesics. To see what the parametrisation is, we compute the length of the radial segment (t,0). Its velocity
is (1,0) = 0., and thus its speed at t is (1 —¢%)~1. Thus its length is:

b 1 1+t
= — dt=_log(. "~
s(®) /0 112 2Og(1—t)
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Thus t = tanh s. Thus Exp(sv) = (tanh s)v for any unit vector v € Tp(D?). This gives us a “geodesic polar
coordinate” chart on D?. Since the metric at a point te® is:

dx? + dy? B dt? + t2dg?

(1—12)2  (1-12)2

and ds = (1 —t?)~1dt, and ﬁ = 1sinh scosh s =  sinh (2s), our metric reads

1
ds® + i(sinh 25)2d6?

in these geodesic polar coordinates.

Example 6.10.34 (Geodesics in H?). By using the isometries which reflect through the 2-dimensional hyper-
planes H that pass through the w-axis (see example 5.8.10), and using the remark 6.10.30, it follows that all
geodesics in H? will lie on such hyperplanes. The induced Riemannian metric on any such hyperplane will be
the 2-dimensional metric of the hyperbolic plane H2. Thus it will be a geodesic of H?. Thus by the previous
example, the geodesics of H? are precisely semicircular arcs orthogonal to (centred at points of) the w = 0
hyperplane.

6.11. Completeness and the Hopf-Rinow Theorem. In this subsection, we shall prove that M is a
complete metric space with respect to d if all geodesics are infinitely extendable (i.e. M is “geodesically
complete”).

Definition 6.11.1. We say that a Riemannian manifold M is geodesically complete if for each x € M, the
geodesic Exp,,(tX) is defined for all ¢t € R, and all X € T,.(M).

Theorem 6.11.2 (Hopf-Rinow). If M is connected and geodesically complete, then:

(i): Each pair of points in M can be joined by a minimal length geodesic.

(ii): The closure of every bounded set (with respect to the metric d) is compact. In particular, M is a
complete metric space with respect to d.

Proof: Let z,y € M, which is assumed to be geodesically complete. We first prove (i).

Around z, there is a closed ball B(z,d) such that the map Fxp, : B(0,0) — B(xz,d) is a diffeomorphism,

by the proposition 6.10.27 above. If y € B(z,d), we are done by 6.10.27. If not, we proceed as follows.

Let d(z,y) = r with r > §. We denote, as before, the sphere:
Ss = Exp,({ve T, M : ||v| =d})

Because Ss is compact, and y ¢ B(z,d), there is a point z € S5 of minimum distance from y. Write z =
Exp,(6v) where |[v|| = 1. Since M is geodesically complete, Exp, (rv) is defined, and is a point in M. We
claim that Exp,(rv) = y. Since the arc length of the curve ¢,(t) = Exp,(tv) from 0 to r (= L{(c,)) is
r = d(z,y), it will follow that this is the required minimal geodesic.

We first make the:

Claim:
d(ey(t),y)=r—t forall 0<t<r



130 VISHWAMBHAR PATI

Then setting ¢ = r would prove that y = ¢,(r). First we note that this claim is true for ¢ = 6. For, every PS
curve from = to y must meet S5, so:

r=d(z,y) min{L{(c) : ca PS curve with ¢(0) = z, ¢(1) = y}
= min{Li(c) + LL(c) : c(a) € Ss}

> d+d(z,y)

where z = ¢,(0) = Exp,(0v) is the point we chose above. This implies that d(c,(d),y) < r —4J. On the other
hand, r = d(z,y) < d(x,¢y(0)) + d(c,(0),y) = § + d(c,(8),y) by the triangle inequality. This shows that our
claim is valid for ¢ = §, and indeed for all ¢t < §, by varying to smaller 4.

Let s be the supremum of all the ¢ € [0,r] for which the claim above is valid. By continuity, it will follow
that the claim is also valid for ¢ = s. If we show that s = r, then we are done. Suppose that s < r. Then
¢y(8) # y. Again choose a small enough ball B(c,(s),€) around ¢,(s) so that y lies outside it. Let Sc(cy(s))
denote the image of {w : ||w|| = €} under Exp, (). Let p € Se(cy(s)) be the point nearest to y in that sphere.
We claim that p = Exp,((s + €)v). For we have by writing p = Exp, 4 (ew) etc. and the identical argument
to the one in the last para above that:

d(co(s),y) = d(p,y) + €
The triangle inequality implies d(c,(s),y) < d(cy(s),p) +d(p,y) = e +d(p,y). Thus d(p,y) = d(cv(s),y) —e.

From this, and the equality d(c,(s),y) = r — s, it follows that d(p,y) = r — s — €. Thus d(z,p) > d(z,y) —

dly,p)=r—(r—s—e)=s+e.

Now choosing the PS curve p defined by ¢,(t) for ¢ < s, and the curve Exp, 4 (tw) for t < ¢, we have a
curve of arc length s 4 € joining z to p. Thus two facts result:

(i): d(z,p) =s+e.

(ii): p is a length-minimising curve from x to p.

From the exercise 6.10.29, it follows that p is a smooth geodesic. Since it coincides with Exp,(tv) for
0 <t < s, it coincides all the way upto s+ ¢, that is p = Exp,((s+€)v). That is p = ¢,(s+¢€). We had already
seen above that d(p,y) = r — s — ¢, so this means d(c,(s + €),y) = r — s — ¢, contradicting the maximality of
s. Hence s = r, and (i) is proved.

To see (ii), it is enough to show that the closed ball B(z, ) is compact (for some fixed x € M) for all » > 0.
From (i), it follows that the ball B(0,r) is precisely the image Exp,(B(0,r)) for all » > 0. But the last set
is compact from the continuity of the map Exp,, and by Heine-Borel for T, (M) ~ R™. Since every Cauchy
sequence is a bounded sequence, and since all compact subsets of a metric space are sequentially compact, it
follows that every Cauchy sequence is convergent, and M is complete as a metric space. This proves (ii), and
the proposition. O

Proposition 6.11.3. Every compact connected Riemannian manifold M is geodesically complete.

Proof: For each point x € M, we use the remark 6.10.17 to get a neighbourhood U (z) of 2 which is geodesically
convex. Since M is compact, there is a Lebesgue number § for this covering {U(z)},ecpr. That is, every closed
ball of radius ¢ in the manifold is contained in some U(x). Now if y € M is any point, it follows that every

point z € B(y, d) can be joined to y by a geodesic of minimal length. This means that Exp, : B(0,0) — B(y,d)
is a diffeomorphism for every y € M.

Let x € M, and v € T,,(M) with |Jv|]] = 1. We will show that Exp,(tv) € M for all 0 < ¢t < md, for every
positive integer m. This will clearly imply geodesic completeness.

Let x; := Exp, (év). Since d(x1,z) = §, we have x € B(x1,0). Thus = Exp,, (—dv;) for some v, € T, (M)
with [Jv1]| = 1. We claim that Exp, (tv) = Exp,, ((t — d)v1) for all 0 <t < 25. The segments Exp, (tv) for
0 <t <6 and Exp,, ((t—9d)vy) for 0 <t < 6 are both minimal length geodesics joining = and w1, and hence
coincide for t € [0,6]. Thus, by uniqueness, it follows that Exp,(tv) = Exp,, ((t — d)v1) for all 0 < ¢ < 20.
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Now repeat the argument by replacing x above with x;, and x; by Exp, (6v1) = Exp,(26v), and we are
through by induction. O

Corollary 6.11.4. If M is a compact connected Riemannian manifold, then for each point x € M, the map
Exp, : T.(M) — M is surjective.

Proof: By Proposition 6.11.3 above, M is geodesically complete. By Theorem 6.11.2, every point y can be
joined to z by a minimal geodesic, which implies that y = Exp, (rv) for some unit vector v € T, (M) and
r=d(z,y). a

Corollary 6.11.5. Let G be a Lie group with a bi-invariant metric (for example if G is compact). Then the
exponential map exp : g — G (defining 1-parameter subgroups) is surjective.

Proof: For G, the maps Exp and exp coincide, as pointed out in the Proposition 6.10.18, the geodesics Exp, (tv)
through 1 € G coincide with the one parameter subgroups exp(tv) for v € g. Since 1-parameter subroups are
defined for all ¢, it follows that G is geodesically complete. We are again through by the Hopf-Rinow Theorem
6.11.2. O
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7. CURVATURE

7.1. Curvature form on a principal bundle. Let 7 : P — M be a principal G-bundle, with a connection
n, and associated g-valued connection 1-form w. We also have the trivialisations ®; : #=1(U;) — U; x G, and
the naturally arising smooth sections o; : U; — 7~ 1(U;) which are defined by ®;(0;(z)) = (x,1) for z € U;.
They are related by the transition formula g;;(x)o;(z) = 0;(z) for € U; NUj. (see the subsections 6.3 and
6.4). The local connection 1-forms w; € Q}(U;) ® g were defined as o} w.

Notation 7.1.1. Let a, 8 be smooth g-valued 1-forms on an open set U C P for some smooth manifold P.
Then we may write « =), o; X; and § = Zj B;X;, where {X;} is a basis for g, and «;, 3; are 1-forms on U.
We define a g-valued 2- form on U by:
o, B] = D (i A B))[Xs, X
4,J
Note that by this definition [, @] is not zero, but equal to >
easily check that:

i<j @ A aj[X;, X5, In fact, the reader can

[, 8] = [B, ] (28)
We also note that [«, 5] is nothing but the image of « ® 8 under the composite map:
@) @5 e @ V)= U) e U)sges 5 (U)o
Hence it does not depend on the basis {X;} chosen for g.

For example, if G = GL(n,R) (or for that matter any group of matrices), and we use the basis of elemen-
tary matrices {Ej;}1<ij<n for g = gl(n), then writing o = 37, - ai;Eyj, 8 = 32} BuB, and noting that

[Eij, Exi] = 6, Ei — 61;Eyj, we see (using the repeated index Einstein summation convention) that
[, 8] = (aij A Bri(dnEBi — 01iEkj))
(aij A Bj1) B — (—=Bri A aij) Exj
= vaEu
where

Vit 1= Z (vij A B+ Big N o)
J

If 8 = «, vy is the il-th “matrix entry” of the matrix product 2a A o, which is matrix multiplication but with
usual product of scalar entries replaced by the wedge products. Some authors denote our [, 3] as o A 8.

More generally, one defines [a, 8] as a g-valued (p + g)-form, for «, 3 g-valued p and g-forms respectively on
U, as follows:
4,J
(=P (85 A i) X, X
i

= (=13, q] (29)

Also, if a =3, 0; X; € QP(U) ® g is a g valued p-form, then da will be the g-valued (p + 1)-form ), do; X;.
That is, it is the image of o under the map

dold: QP(U)og— P (U)eg
applied to a.

Exercise 7.1.2. Show that for a g-valued 1-form w,
[w, [w,w]] =0

(Hint: use the Jacobi identity of g.)
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Lemma 7.1.3. With the above definitions of d and [, ], we have:
d[aaﬂ] = [daaﬂ} + (71)1)[&3 dﬂ]
forae PU)®g, B8€UWU)Rg.

Proof: By the R bilinearity of both sides, we may take « = wX and § = 7Y where w, 7 are R-valued
1-forms and X,Y € g. Then [a, ] = w A 7[X,Y], so that d[a, 5] = dw A 7[X, Y] + (—1)Pw A d7[X,Y] =
[da, 8] + (—1)P[a, df], and we are done. ad

Lemma 7.1.4. If w is a 1-form on an open subset U of a smooth manifold M, and X,Y smooth vector fields
on U, then
dw(X,Y) = X(w(Y)) = Y (w(X)) —w([X,Y])

Proof: We first leave it as an exercise for the reader to verify that the right hand side satisfies linearity with
respect to multiplication of functions, viz:

fX(w(9gY)) = gY (w(fX)) —w([fX,gY]) = fg (X (w(Y)) = Y(w(X)) — w([X,Y]))
for smooth functions f,g. Now we need verify the formula of the lemma on any any coordinate chart U, and
by the observation above, take X = 0; = B%i and Y = 0; = a%j' Then [X,Y] = 0. Say i < j, without loss of
generality, because both sides are skew-symmetric in X and Y.

Write w = 3, wjdz;, so that X(w(Y)) = diw; and Y (w(X)) = 0jw;, so that the right side of our formula is
Oiw; — Ojw;. On the other hand, by the definition of exterior derivative:

dw = Zdwj A dl‘j = Z(@iwj — 8JUJL)d$Z A dxj

J 1<y
so that
dw(X,Y) = dw(9;,0;) = dw; — Ojw;
thus proving the lemma. The same formula is checked to be true for g-valued 1-forms. O

Corollary 7.1.5. Let w® be the right-invariant Maurer- Cartan form on a Lie group G. That is, QR(X) =X
for X € g and X the right- invariant vector field on G generated by X. (see 6.3.1). Then

1
dw® = Z[wh,Wwh
2

Proof Let {X;} be a basis for g, so that wft = >_;€j®X; for é; the right-invariant R valued 1-forms satisfying
éi(X;) = 8ij. Let i < j. Then, by the lemma 7.1.4 above:

dw(Xi, X;) = Xi(X;) — X;(X,) — WP (X4, X))
= 0-0-wf(X;, X;])

Let 7 : G — G be the inversion map, ie. 7(9) = g~*. Then 7o Ly(h) = h'g~! = Ry-1 o 7(h).

Thus we have 7, o Ly, = Ry-1, o T.. Applying both sides to X € g, and noting that T«(e) = —1d, we
get 7,X(g9) = —X(97') = —X(7(g)). That is, 7.(X) = —X o 7. From this it follows that [X;, X;] =
[—7(X3), =7 (X)) = 7 [Xi, Xj] = [ X5, X)) = —[ X3, X5

Thus we have:

—

dw" (X, Xj) = W ([X;, X;]) = [Xi, X}
On the other hand

W W) =" (er A e[ X, X))
k,l
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from which it follows that %[wR,wR](XZ-, X;) = [X;, X;]. Since the vector fields X; constitute a C°°(G) basis
for all the vector fields on G, we are done.

We note that an analogous argument with )Z'z will imply a similar formula for w” with a changed sign , viz.
dw® + 1wk, wh] = 0. o

Lemma 7.1.6. Let a € Q°(G)®g, where G is a Lie group and g its Lie algebra. Let Ad g a denote the smooth
g-valued function whose value at g € G is Ad g(a(g)). Then:

d(Adga) = Ad g(da) + [0, Ad g(a)]

where w’? is the right-invariant Maurer-Cartan form of G.

Proof: By the R linearity of both sides, we may assume that a = fX, where f € Q°(G) is asmooth function,
and X € g. Then Adg(a) = fAdg(X). Let Z € g, and Z the corresponding right-invariant vector field on Z.
Then (exp(tZ).g) will be a smooth curve passing through g, and with velocity Ry.(Z) = Z(g) at t = 0. Then

d(Adga)(Z(g)) = %It:o<f<exp<tz>g><Adexp(tZ)g)X)
= Z(@)(HAdYX + f(9) L Adexp(tZ)(Adg)X

dt |t=0
= df(Z(9))(Adg)X +[Z, f(9)(Ad g)X]
—  (Adg(da) + [w®, Adga)) (Z(g))

which proves our formula. o

Corollary 7.1.7. Let w be a g-valued 1-form on a manifold P, and let g : P — G be a smooth function. If
X; are as above, and w = Y, w; X;, where w; € Q!(P), we denote by Ad gw the g-valued 1- form whose value
at v € Pis ), w;(x)Ad g(z) X;. Then:

d(Adgw) = Ad gdw + [g*w®, Ad g w]

Proof: Again, as before, we may assume w = w; X;, where w; is a R-valued 1-form on P. Then, if we
let o denote the g-valued constant function X; on G, we have g*(Adga) = Ad(g(x))X;, so that Adgw =
w;g*(Adga). Then da = 0, and d(Ad g a) = [wF, Adga]. Thus:

d(Adgw) = dw;g*(Adga)—w; ANd(g*(Adga)
= Adgdw —w; Ag*(d(Adga))
= Adgdw —w; A g*[w Adga]
= Adgdw—w; A Y g"¢;[X;, Ad g X;]
J
= Adgdw+ ) (wi A g é;)[AdgX;, X;]
J
= Adgdw +[Adgw,g*w’]

This proves the lemma. o

Let n be a connection on the principal G- bundle with connection form w. Let ¢ : P — P a gauge
transformation, and let w? denote the connection form of the gauge-transformed connection 7®. We recall
from 6.4.12 and 6.4.15 that:

w? = (Adg)w + g*wl
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Proposition 7.1.8 (Curvature form). In the setting above, we have the identity:
1 1
—dw® + §[w¢,w¢] =Adyg <dw + 2[w,w]> (30)

The g-valued 2-form Q := —dw + [w,w] is called the curvature of the connection 7.

Proof: We have the formula above:
w? = (Adg)w + g*wl
For brevity denote w; = (Ad g)w. Then by the lemmas 7.1.7 and 7.1.5 we have:

dw® = dw; + d(g*w™)
= Adgdw + [¢"w®, W] + g*dw®
1
= Adgdw + [g*w® wi] + i[g*wR,g*wR]
On the other hand we have:
1 1 1 . 1., 1. ., "
St o] = Sl el Sl gt + Sl Wl + g, g
1 1
= ,[Adgw,Adguw] + [g"w™, ] + 5[9*wR7g*wR}
1 1
= iAdg[waw] + [g*vawl} + i[g*vag*wR]
Thus we get:
1 1
This proves the proposition. O

Corollary 7.1.9. Let # : P — M be as above, and let o; : U; — ﬁ’l(Ui) be the local sections defined above
on the trivialising coordinate opens U;. Denote the pullbacks o} (Q) € Q*(U;) ® g as ;. Then:

Q; = Ad g9
That is, ©; patch up to give a global smooth section of A2(T*M) @ P XAqd 8

Proof: Asin the proof of proposition 6.4.18, view the transition functions g;; as defining a gauge transformation
of the principal bundle Py,ny,, and use the proposition 7.1.8 above. O

Remark 7.1.10 (Tensoriality of ). We recall here that if P — M is a principal G-bundle, with transition
functions g;; : U; NU; — G coming from the local trivilisations, then for any associated vector bundle, the
transition functions would be p(g;;. (See the example 6.2.2). In particular the vector bundle £ = P x4 ¢
would have transition functions Ad (g;;) € GL(g). To give a global section of this bundle, we would have to
give a collection of smooth functions s; : U; — g which satisfy s; = Ad (g;;)s; on U; N Uj.

If we want to give a global section s of (T*(M)) ® E, then for every smooth vector field X of M, we would
have s(X) as a smooth section of FE (by pointwise evaluation), so that we would need a collection of maps
$;(X) : U; — g which obeyed (i) s;(X) is linear in X, and its value at = € U; depends only on X (z), and (ii)
$i(X) = Ad (gi;)s;(X). Similarly for sections of A*(T*M) ® E.

The transformation formula for w; in 6.4.18 precludes them from patching up to give a global section of
T*M ® E, or for that matter, any bundle on M. The term g;‘ij show that derivatives of transition functions
occur, and the values of w;, w; at x € U;NU; are not related by an automorphism depending only on the point
T.

By contrast, the forms 2; defined above, by virtue of 7.1.9, patch up to give a global smooth section of
N (T*M) @ E.
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Proposition 7.1.11 (Bianchi Identity). The curvature form 2 obeys the formula:

dQ— [w, Q=0

Proof: Since ) = —dw + 3[w,w], we get on taking d, and using the lemma 7.1.4 above:

1 1

aQ = §[dw,w] - 5[@0, dw]
1 1 1
IR [ 1
= [w,9]

where we have used the exercise 7.1.2 to get [w, [w,w]] = 0, and the skew commutativity [Q, w] = (—=1)?1 1w, Q] =
—[w, Q] from 7.1.1. ]

7.2. Curvature and covariant differentiation. Let p: £ = P x,V — M be an associated smooth vector
bundle to the principal bundle 7 : P — M with a connection 7. In 6.6.2, 6.6.5 we introduced the covariant
differentiation operator:

V:T(UE)— QY U)®T(U,E)
coming from the connection. If U is a coordinate chart, and o : U — 7~ (U) is a smooth local section, we had
the natural associated sections w;(z) = [0(2), &;] of Ejy := p~*(U) (see the discussion immediately preceding
proposition 6.6.3).

If we denote the frame (wy, .., wx) of E|y by w, then the proposition 6.6.3 related the local connection form
o*w by the formula:

Vw; = =Y (p(0"w))jiw;
J

Notation 7.2.1. Since the g-valued curvature form on P is defined as:

1

Q=—dw+ §[w7w]

we will have 0*Q = —do*w + %[a*w, o*w]. Thus, applying p, we have:

1

p(c™Q) = d(—po*w) + 5[—,0'0*w, —po*w]

For the sake of convenience, call this gl(k, R) valued 1-form —po*w on U as w, and the gl(k,R) 2-form po*Q2
as 2. We also noted at the end of notation 29, that for a matrix valued 1-form w, [w,w] = 2w A w, where the
right side is the matrix wedge product.

Then we have the two neater looking equations:

vai = Zw(X)jiwj (31)
J
Q = dw+wAw (32)
The second equation above means that Q(X,Y) = dw(X,Y) + w(X)w(Y) —w(Y)w(X), where the products
on the right hand side denote matrix products.

Proposition 7.2.2. With the notations of 7.2.1 above, we have:

Z QX,Y)jiw; = (VxVy —VyVx — Vix,y]) wi
J
for smooth vector fields X,Y on U.
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Proof: By the formula (32) above, and using the repeated summation convention,
Vyw; = (w(Y));iw;
so that, using Leibniz formula for covariant differentiation,
VxVyw; = Xw(Y))w;+wl);Vxw;
X(w(Y))jiw; + w(Y)jiw(X ) w
(X (w(Y)) + w(X)w(Y)];

Ji W

Thus we will have:

(VxVyw = VyVx)w; [(X(w(Y)) = Y(w(X)) + [(w(X)(@(Y)) = w(Y)w(X)]];; w,
[(dw(X,Y) + w([X,Y]) + [w Aw](X, Y)];; w;
= Q(X,Y)) ji Wy +V[Xy]
which proves the proposition. O

We recall the remark made at the end of definition 6.6.1 that parallel transport P depends on the curve c.
We will presently see how curvature measures this dependency.

Proposition 7.2.3. Let p: E — M be a smooth vector bundle of rank k, with its parallel transport P coming
from a connection (on the underlying principal bundle). Let U be a coordinate patch, and let X = 9,, and
Y = Ox, be two coordinate vector fields, with (z1,22,..,2,)) being some coordinates on U. At any point
z = (a1, ..,ay), we denote the trajectory (a; + t,as,..,a,) of X by a(t), and the corresponding trajectory
(a1,a2 + 8,..,a,) of Y, by b(s). Then for any smooth section o of E on U:

pe, P o — P _P®
QX,Y)o = lim ——* S i
5,t—0 st

Proof: The statement means that we are joining the point = (a1, .., a,) to x+te; +ses = (a1+t,a2+s, .., ay)
by two paths: one being the path a from x to z + te; followed by b from x + te; to x +teq + ses, and the other
path is the one with the roles of a and b reversed.

We recall the definition of covariant differentiation, which implies that:
PP o(x +teg +sex) = o(x+ter)+sVyo(x +ter) + ooz +tey;s)o
= o(x+ter) +sVyo(z+ter) + oa(z;s)0 + ost)
where the symbol o(e) as usual, denotes a quantity which goes to zero faster than € (i.e. lim.oe to(e) — 0).
Now one iterates this and writes a similar “Taylor formula” for P%, P’ 0. Then take the difference with

PP _P%,, and take limits on dividing by st to obtain (VxVy — VyVX)a = Q(X,Y)o, since [X,Y] = 0. We
leave the details as an exercise. a
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Definition 7.2.4. A connection 7 for which Q = 0 is called a flat connection.

7.3. Some curvature computations.

Example 7.3.1 (Curvature of Cartan connection on a Lie group). We recall from the example 6.4.25 that the
connection form for the canonical Cartan connection is just w = miw®, where mo : P = G x G — G is the
second projection, and w’ is the right-invariant Maurer-Cartan 1-form of G. Thus Q = —dw + %[w,w} =
—T5 (dwR — %[wR,wR]) = 0 by the lemma 7.1.5 above. Hence the canonical Cartan connection has no curva-
ture, i.e. is a flat connection.

The above showed that the 2-form © on P is = 0. Alternatively, one could use the formula V 5;}7 = [}7, X 1,
and the proposition 7.2.2 above, together with the Jacobi identity to show that the curvature form ¢*Q is =0
on M =G.

Definition 7.3.2 (Riemannian curvature). Let n be Levi-Civita connection on a Riemannian manifold. The
curvature form  on M, taking values in gl(n,R) satisfies:

ZQ(X, Y)jiwj = (vay — VyVX — V[ny])wi
J
as note in the proposition 7.2.2, where w; is the natural frame in a coordinate chart coming from o, which in
this case is the coordinate frame 0;. Thus, if Z = )", Z;0; is a smooth vector field, we get the equation:

(VxVy = VyVx = Vixy])Z = Z(Z Qi(X,Y) Zy)w;
i
We denote, by standard convention, the vector field on the right hand side as R(X,Y)Z. That is R(X,Y)0; =
225 95i(X,Y)w;. By the remark 7.1.10, it follows that R defines a global smooth section of

N\(T*M) @ F(TM)) @ pq gl(n,R) = A*(T*M) @ hom(T M, TM)

(Convince yourself of the bundle identity F'(TM) ®pq gl(n,R) = hom(TM,TM)) R is called the Riemann
curvature tensor.

In other words, the Riemann curvature tensor is a smooth section R(, ) of A*T*M @ hom(T'M, T M), such
that for tangent vectors X,Y € T, (M) and x € U;, the matrix of the linear transformation R(X,Y) : T, M —
T, M with respect to the frame w; of T'M\y, is Q;(X,Y).

Remark 7.3.3. Many authors (e.g. Milnor, Hicks) directly define R(X,Y)Z = (VxVy —VyVx —Vxy])Z,
for vector fields X, Y, Z. Then, to show that it is actually a tensor, one needs to verify that R(fX,gY)(hZ) =
fgh(R(X,Y)Z) for smooth functions X, Y, Z. This is is a routine verification using the Leibniz formula for V,
definition of commutator, which is left as the exercise below. We don’t need this verification by 7.1.10 and the
Proposition 7.2.2 above.

Exercise 7.3.4. Let f, g, h be smooth functions, and X,Y, Z vector fields on a smooth Riemannian manifold
M. Show that:
R(fX,gY)hZ = fghR(X,Y)Z

One can directly see the significance of the curvature tensor using the above formula R(X,Y)Z = (VxVy —
VyVx =V ny])Z as the definition of the curvature tensor. Firstly, if we first define parallel translation along
a smooth curve with respect to a connection on a principal bundle P — M (as we have done in the foregoing
sections), then the covariant derivative along this curve for sections of smooth associated bundles E — M is
defined as the time derivative of this parallel translation (see Definition 6.6.2). However, if one defines covariant
derivative directly as an R-linear operator on sections obeying Leibnitz’s formula (as we have done in Definition
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6.8.2), and then parallel transport (as we did in Proposition 6.10.7), we can again recover covariant derivative
as a derivative of parallel transport. This is the content of:

Lemma 7.3.5. Let V denote the Levi-Civita connection on a Riemannian manifold, and let ¢ : [0,1] — M
be a smooth curve in M. Let the covariant derivative % along ¢ be defined as in Lemma 6.10.3. Let parallel
transport along ¢ be defined as in Proposition 6.10.7. Then, for a vector field X along ¢, we have:

DX . P X(t)—X(0)

a0 =im i

Note that both vectors P_; X (t) and X (0) reside in T;(g) (M), so the definition makes sense. (Compare Definition
6.6.2).

Proof: We use the repere mobile {e;(t) = Pie;} corresponding to an orthonormal frame {e; = e;(0)} of
Te0)(M), as defined in Corollary 6.10.8. This means that Dediit(t) = 0 for all 4. This, of course means that
e; = €;(0) = P_;e;(t). Hence if X(t) =3, X;i(t)ei(t) € Toy (M), we have

P X(t) = Z X, () P_ye;(t) = Z X;(t)es(0)

Thus : P ox X
lim M — lim
t—0 t — t—0

<Xi(t) t

‘X“)’) i(0) = 32 X/(0)6:(0)

Further, since e;(t) are parallel along ¢, we have by Leibnitz’s rule:
DX ,
T Z:Xi(t)ei(t)

P_,X(£)—X(0)
t

from which it follows that %(O) = lim;_sg and hence the lemma. O

Now we come to the motivation for defining Riemannian curvature. It measures non-commutativity of
parallel transport.

Proposition 7.3.6. Let ¢(s,t) be a parametrised surface in a smooth Riemannian manifold M, with ¢(0,0) =
x € M. Let Z be a smooth vector field in a neighbourhood U of © € M, and let us denote Z(s,t) :=
Z(p(s,1)), Os = ou (%)7 O = ¢. (%) for notational convenience. If we let P_; and P_; denote parallel
transport along the curves ¢(—,t) and ¢(s, —), then we have:
P_ P_,Z(s,t) — P_,P_,Z(s,t)
st

Note both P_,P_;Z(s,t) and P_yP_,Z(s,t) lie in Ty,0)(M) = T (M), so the term on the right side makes
sense. (Compare Proposition 7.2.3.)

R(0,,)2(0,0) = lim (

Proof: By a parametrised surface we mean a smooth embedding ¢ : (—¢,€) x (—=6,6) — M. The last Lemma
7.3.5 implies that:

P_ Z — Z
Vo,V0,2(0,0) = lim( «(VaZ(5,0)) = (Vo, (0’()”)

s—0 S

P [limt 0 P,tZ(s,t)—Z(s,o)] B [hmt o P,tZ(O,t)—Z(0,0)]
= lim - - ! - ‘

s—0 S
P P Z(s,t)— P_sZ(s,0) — P_Z(0,t) + Z(0,

s, st

Similarly, by interchanging the roles of s and t we find:
PP  Z(s,t)— P_Z(0,t) — P_sZ(s,0) + Z(0,0
vasvatz<0’ 0) — hm t (S ) ¢ ( ) (S ) + ( )

s,t—0 st

so that on subtracting the above equation from the equation (33), we have the result asserted. O
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Proposition 7.3.7 (Properties of Riemannian curvature). Let X,Y, Z, W be tangent vectors in T, M, where
M is a Riemannian manifold with Riemannian metric (, ). Then:

Proof: (i) is clear from the formula R(X,Y)Z = VxVyZ - VyVxZ - V(x y|Z.
(ii) is a routine verification using the fact that VxY — Vy X = [X, Y] and the Jacobi identity.

For (iii), we have, for vector fields X,Y, Z, W:
(VxVyZ W) = X (NyZW)—(VyZ VxW)
= XY (Z,W)—(Z,VNyW)) = (VyZ,VxW)
= XY (ZW)—-(VxZ,NVNyW)—(Z,VxVyW) - (VyZ,VxW)
Interchanging X and Y and subtracting, we have:
(VxVyZ, W) = (VyVxZ, W) = [X,Y[(Z,W) = (VxVyW, Z) + (VyVx W, Z)
Now using that [X,Y](Z, W) = <V[X’Y]Z, W> + <Z, V[X)Y]W>, we have (iii).

(iv) is also straightforward using (i), (ii) and (iii), and left as an exercise. a

Example 7.3.8 (Riemannian Curvature of Lie Groups). Suppose G is a Lie-group with a bi-invariant metric
(, ). From Example 6.9.3 we have the formula:

Thus
REX. )7 =

= L2 xY] (34)

Thus the Riemannian curvature of such a Lie group is a left-invariant tensor, as it should be, since the metric
is left invariant. Thus the equation (34) may as well be written as R(X,Y)Z = 1[Z,[X,Y]], where X,Y and
Z € g =T.(G). Tt also shows how curvature measures the degree of non-abelian-ness of G. That is, if all triple
commutators in G vanish (as happens in e.g. abelian groups, or more generally 2-step nilpotent groups), then
the Levi-Civita connection for a bi-invariant metric on G is a flat connection, i.e. has no curvature. Another
useful formula is:

(ROX,Y)Z,W) = (21X, Y], W) = = (X, Y], [2, W) (3)

where the last equality follows from the ad-invariance of (—, —) on g.

Exercise 7.3.9. Using the Example 6.9.3, compute the Riemann curvature tensor of a Lie-Group G with
respect to a left-invariant Riemannian metric on G.

There is an explicit formula relating the curvature tensor R with the Christoffel symbols of (17).
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Proposition 7.3.10 (Curvature in local coordinates). Let U be a coordinate patch, and 0; for i = 1,..,n be
the resulting coordinate vector fields on U. Note that they all commute on U. Writing (with repeated index
summation convention):
R(9;,0;)0 = R}1,01
Then:
R?jk = 81F?k — ;T + F?ﬂék - F;‘llrék

where F; . are the Christoffel symbols of the connection.

Proof: We have the relation (17), by which:

Vo, 0k = T%,0,
so that
Vo, Vo, = 0;(I'5)0 + 1% Vo,0
= (@‘F?k + Fé‘kr?l)ah
Interchanging the roles of ¢ and j, subtracting, and noting that [9;, ;] = 0, we have the result. O

Definition 7.3.11 (Sectional curvature). Let X,Y € T,(X) be two tangent vectors. We define the sectional
curvature in the plane of X and Y as the quantity:

K(X,Y)(z) = 5 = 5

(X, X) (YY) —(X,Y)" (X, X) (YY) (X)Y)

(the denominator represents the square of the area of the parallelogram spanned by X and Y in T,,(X)). Note
that:

(R(aX 4 BY,vX + 6Y)aX + BY,7X +6Y) = (ad — B7)*(R(X,Y)X,Y)
by the skew-symmetry properties (i) and (iii) of proposition 7.3.7. The denominator

(X, X)(Y,Y) — (X,Y)? also changes by the same factor (ad — 3v)? on changing X to aX + Y, and Y to
vX + dY. Hence the quantity K(X,Y) depends only on the plane spanned by X and Y.

Remark 7.3.12. Note that in M is 1-dimensional, its Riemann tensor is zero because R(X, X)X = —R(X, X)X
by (i) of Proposition 7.3.7, so it vanishes identically. For a surface, note that (again by (i) of Proposi-
tion 7.3.7), R(X,X) = R(Y,Y) = 0. So only R(X,Y) can be non-zero for a surface. Again, by (iii) of
7.3.7, (R(X,Y)X,X) = 0, and similarly (R(X,Y)Y,Y) = 0. Thus the only non-zero quantity is possibly
(R(X,Y)X,Y). That is, for a surface, the sectional curvature completely captures the Riemann curvature
tensor, and is a scalar.

Example 7.3.13. If G is a Lie group with a bi-invariant metric, then the sectional curvature (with respect to
the corresponding Levi-Civita connection is given by:

K(va): <[X,Y],[X,Y}>

e~ =

for X, Y € g orthonormal vectors, from (35) above. As a corollary, the Lie algebra g is abelian iff all the
sectional curvatures of G are zero. In particular, if the group is connected, then since G is generated by a
neighbourhood of e, and since Ad exp(tX) = exp(tad X), it will follow that:

Corollary 7.3.14. A connected Lie group with bi-invariant metric is abelian iff all its sectional curvatures are
zero.

This puts a strong geometric condition on the (purely algebraic) group structure of a Lie group. As an
application, we look at, say 52, which is the group of quaternions of unit length and isomorphic as a Lie group
to SU(2), and a non-abelian Lie group. It is interesting to note that:
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Corollary 7.3.15. There does not exist any abelian Lie group structure on S® compatible with its usual
manifold structure.

Proof: If there were such an abelian group structure on S%, we could easily put a bi-invariant metric on
it. Indeed, by its abelian-ness, a left-invariant metric would become automatically bi-invariant. The corollary
above would imply that all sectional curvatures for this bi-invariant Riemannian metric would be = 0. Also, the
compactness of S% would imply that it is geodesically complete (see Proposition 6.11.3). There is a fundamental
theorem of Cartan-Hadamard that a simply connected complete Riemannian manifold of dimension n with all
sectional curvatures < 0 is diffeomorphic to R™. Thus, since S is simply-connected, it would follow that 3
diffeomorphic to R3, a contradiction. O

Example 7.3.16 (Sectional curvatures of S™). We first recall the parametrisation:

h:(0,7) % (0,27) — S?
(6,9) +— (sinfcos¢,sinfsin @, cosb)

of S?, and note that the Riemannian metric on this coordinate patch U := h((0,7) x (0,27)) is given by
d6? + sin® 0d¢?, from (i) of 5.1.8. Thus e; = Jp and ey = (sin ) 19, constitute an orthonormal frame of 7'S?
on U. This means a section o : U — 7~ 1(U) of the (oriented) orthonormal frame bundle of 7'S?, which we
know is 7 : SO(3) — S? by the Exercise 6.1.7. Since g is the space of all 2 x 2 skew-symmetric matrices, we
see that local connection form w on U will be a smooth map:

o 0 w12
(L T
where w3 is a scalar valued 1-form on U. Also, by (32), we have the equations:

V61 = —Wi2€e2

Vez = Wi2€1

In fact, if we wish to arrive at the above directly from the definiton of the Levi-Civita connection, we note
that from the definition of the connection 1-forms (see Remark 6.8.4) we have:

Ver = wiier +warer; Veg = wizer + wazes
and the relation X (e;,e;) =0 (since ey, eg are orthonormal) and compatibility with the metric implies that
0= (Vel,el> = <V€2, 62> = <V61, €2> + (Veg, €1>

which translates into wi1 = wos = wi2 + woe = 0.

Further, we have the torsion free condition:
Ve, 62 — Ve,e1 = wia(er)er + wia(ez)es = [eq, €3]

Now [e1,e2] = [Dp, (sinf)"194] = —cotfes. Thus wiz(e1) = 0 and wiz(ez) = —cot§ which implies wiy =
—cot ey = —(cot Osinf)dp = — cos0d¢p. Thus, by (32)

Q = dvt+wAhw
_ 4 0 —cosfdg + 0 —cosfdgp A 0 —cosfdg
o cos 0 do 0 cosfdg 0 cos 0 do 0
_ 0 sinfdf A d¢
= ( —sinfdf A dé 0 >+0

_ 0 ey Nes
B —el Nesb 0

Thus, since e; is an orthonormal basis,
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K(ep,es) (R(e1,e2)ea,€1)
= (Q(ey,e2)ea,e1)
(ef Ne3)(e1se1)
= 1
Alternatively, directly from the formulas Ve; = —wqses, and Ves = wige; we have:

Ve,e1 =0; Ve,er = cotfleg; Ve,ea =0; Ve,eq = —cot fley
from which we get that:
Ve Ve,ea = Ve, (—cotber) = cosec’feq; Ve, Ve,ea =V, (0) =0
and finally
Vier,es)€2 = — ot OV, e0 = cot? fe;
Thus

R(ei,ea)ea = Ve, Ve,ea —Ve,Veea — Vi, o,1€2
= cosec’fe; — cot? fe; = e,

which implies that K (e1,ez) = (R(e1,e2)ea,e1) = (eg,e1) =1

(One could have also done the above calculation with Christoffel symbols and the local formula for R.) This
shows that the sectional curvature of S? is the constant 1. (This follows from the symmetry of S2, for U could
be rotated to any other location. Or alternatively, since the (scalar) sectional curvature is continuous on S?,
and =1 on U, and U is dense in S?, it is = 1 on S2.

For 8™, we claim that for two unit vectors X,Y in T,,(S™), the quantity R(X,Y)Y lies entirely in the span
of X,Y. To see this, we successively use the isometric reflections about all hyperplanes containing x, X and
Y, (similar to the argument for geodesics on S?), and since this vector R(X,Y)Y is invariant under all such
isometric reflections, it lies in the span of x, X and Y. Now, since it is a tangent vector to S™, it must lie
entirely in the span of X and Y. Then the sectional curvature K(X,Y) is precisely the sectional curvature
of the intersection of the plane containing x, X,Y with S™, which is an S? of radius 1, with its usual metric.
Thus it is = 1 at all points of S™.

Example 7.3.17 (Sectional curvature of H?). We recall the metric:

dz? + dy?
Y2
so that (0;,0;) = y=28;; for 1 < i,j < 2, where 0y := a%, and Oy := a%. Instead of mimicking what we did

for S? above (using an orthonormal frame and connection forms), for variety, we do the calculation with a
coordinate frame and Christoffel symbols.

Recalling from Example 6.9.9 that the Christoffel symbols for H? are:

Fh = F%z = F§1 = F%Q =0
I} = -Th=-T5 =-Tyh=y"'
From these relations it follows:
Vo,01 = —y 01, Vo, 01 =y 10,
so that
Vo, Va,01 — V,V,01 =y~ 205

Thus (R(dy,02)01,02) = y~*. Since (01, 01) (92, 92) = y~* and (91, D)* = 0, we get the sectional curvature of
H? to be —1 at all points.
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Exercise 7.3.18. In the hyperbolic plane H2, let c(t) = (¢,a) for some a > 0, the horizontal line starting at
(0,a). Compute the parallel transport operator P; along c¢. What is the repere mobile {e1(¢), e2(¢)} with initial
value {e1 = a0y, ez = ady}?

Exercise 7.3.19 (Transformation law for Christoffel Symbols). Let (¢, U) with local coordinate functions x;
and (1, V') with local coordinate functions y; be two overlapping charts on a smooth Riemannian manifold M.

If F;k and fg’r denote the Christoffel symbols of the Levi-Civita connection with respect to the charts (¢, U)
and (¢, V') respectively, then show that on U NV we have the transformation formula:

i _ 0w 0%y 0 Oy, Oyr

Ik Oy; Ox;0xy,  Oyp Ox; Oxyp V'

where repeated indices are summed over.

Exercise 7.3.20 (Curvature as an integrability condition). Let (¢, U) be a local chart on M with coordinate
functions z;, as in the previous exercise. However let V' = U, and 9 be a new chart (whose existence we wish

to investigate) where we want all the new Christoffel symbols f{;r =0 for all p,q,r.

(i): Using the last exercise, show that this is equivalent to solving the system of second-order PDEs

%y, oy
=I" for 0< 7,k l<n=dm M
Ov00,  og, O USpmisn=dm

(ii): Take partial derivative of both sides of the above equation with respect to x4, and use the above
equation again to show that we must have

3 ore
Py _ ke Oy
O0x 00Ty, 0z J Ozp

(Since r is a dummy index that is summed over, it is replaced by p to get the first term on the right).

(iii) Interchanging s and j leaves the left side of the last relation unchanged, so it must also leave the right side
unchanged. Hence a necessary condition for the solution of the system of PDE’s in (i) above is that:
p

6ij _ oG,

81'3 61‘]'

Using Proposition 7.3.10, this just the assertion that the components Rfjk = 0 all over U. It turns out (using a

theorem of Frobenius) that this condition is also sufficient. Thus, on a coordinate chart, the Riemann curvature

tensor is exactly the obstruction to finding a new system of coordinates wherein all the Christoffel symbols
vanish, and covariant differentiation becomes ordinary differentiation.

7.4. Surfaces in R3. Let M C R3 be a smooth submanifold of dimension 2. We further assume that the
manifold is orientable. We give M the induced Riemannian metric from the euclidean metric on R? (as we did
for S?). We would like to compute curvatures, covariant derivatives etc. for M, in terms of the parametric
representation of M over trivialising charts h(U), where h = (hq, ha, h3) is a diffeo (local parametrisation) of
M for some open subset U C R? (e.g. the spherical polar coordinates of S? above.)

Because the manifold M is orientable, we can find a system of charts {(h;, U;)} such that U; are opens in
R? and det(h;1 o h;) >0 (on h; ' (hi(U;) N hj(U;)) for all i and j. Thus for each such parametrisation

h = (h1,ha,h3) : U — h(U) C M C R3
the vectors:
0Ol Oho Ohs
0, = Eal + %62 + %83
Ohy Oho Ohs

O 1= G 0t 5 0+ 50
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n(x)

FIGURE 9. Unit normal field on M

where 0; = 6% etc. are the standard coordinate fields on R?, constitute an oriented basis for T, (M) for all
x € h(U). In particular, the cross-product vector

A( )7 auxav
= 0, x 0,

is a unit vector in R®, normal to M (i.e. T,(M)) at all points x = h(u,v) € U. In fact, this vector is globally
well-defined independent of charts, as the reader can readily verify, from the orientability of M and the choice
of the atlas {(h;,U;)} as an oriented atlas. It is called the unit normal field to M.

Definition 7.4.1 (Gauss Map). The smooth map
f: M — S?

is called the Gauss map. This map captures all the curvature properties of M, as we shall see.

Definition 7.4.2 (1st and 2nd fundamental forms). The induced Riemannian metric on M, in terms of the
basis 9,, 0, introduced above, is

g(h(u,v)) = g11du @ du + gr12du ® dv + go1dv @ du + goodv & dv

It is easily seen that

gt = (O, ) = |[(Buhi1, Ouha, Ouh3)|?
g2 = (30, 00) = [[(Quhr, Doha, Byhs)||”
gi2 = g21 = <au78v> = <(auh178uh278uh3)7 (8vh1>avh278vh3)>

where (, ) always denotes the euclidean inner product in this subsection. This 2 x 2 symmetric matrix [g;;] (of
the induced Riemannian metric) is called the 1st fundamental form.

Let us consider the Gauss map n : M — S2. We will drop the hat on n for brevity. Note that for z € M,
Dn(z) : Ty(M) = Tp(1)S?. But Tpy(1)S? = (Rn(z))t = T,(M). Thus Dn(z) : To(M) — T,(M). It is called
the Weingarten map at z, and denoted S,.. For Y, Z € T,,(M), the bilinear form:

S:(Y, Z) = (S:.Y, Z)

is called the second fundamental form. We shall see presently that it is symmetric, and encodes covariant
differentiation on M.
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Lemma 7.4.3. Let M be as above, with the normal vector field n as defined above. For a tangent vector X
to R3, we denote by Vx the covariant differentiation on R? with respect to the (Levi Civita connection) of the
euclidean metric, and for X € T,(M), Dx denotes the covariant derivative with respect to the (Levi-Civita
connection) of the Riemannian metric g induced on M. Note that we can write (, ) without ambiguity. Let
S :TM — TM denote the Weingarten map. Then:

(i): S(X)=Vxnfor X € TM.
(i)): S(X,Y) = = (VxY,n)
(iii): S(X,Y) :=(5(X),Y)=(S(Y),X) =S(Y,X) for all X,Y € TM.

(iv): VxY =DxY — S(X,Y)n for X,Y € TM.

Proof: We first note that (i) has to be interpreted, because n is only a vector field (section of the normal
bundle TM+) defined on M, and not on an open subset of R3. We write n = Z?zl n;0;, where n; are smooth

functions on M, and 0; are the coordinate fields on R3. Then we mean:

3 3
Vaun = Z 8u(m)8l -+ Z nivau&-
i=1 =1

and similarly for V, n, and this makes sense since 9,, is a vector field on M, acting on smooth functions n; on
M, and the field above is well defined at points of M (though we don’t know yet whether it is tangent to M.)
Now, Vg, 0; is a linear combination of V,0;. But V5,0; =3, Ffjé'k = 0 since all the Christoffel symbols for
R3 are 0, by (17)

Hence Vg, n = Zg’:l(%’y )0; = Dn(0,) = S(0,,), and similarly for Vg, n. This proves (i).

To see (ii), note that (Y,n) = 0 for a vector field Y on M. Thus 0 = X (Y,n) = (VxY,n) + (Y,Vxn) =
(VxY,n) + (Y, S(X)). That is, S(X,Y) = (S(X),Y) = — (VxY,n). The assertion (ii) follows.

For (iii), note that (ii) and the torsionlessness of the connection imply that
S(va) - S(KX) - - <VXY5 n> + <VyX, n> - = <[X7Y]7n>
But since X, Y are vector fields on M, [X,Y] is a vector field on M, and thus ([X,Y],n) = 0. This proves
(ii).

To see (iv), define a covariant derivative operator on TM by DxY = VxY +S5(X,Y)n. By (ii) above, DxY
is the component of VxY perpendicular to n, hence lies in T, (M). The Leibniz formula for Dx easily follows
from the Leibniz formula for V. Further

DxY —DyX =VxY+S5(X,Y)n—VyX —S(Y,X)n=[X,Y]
by the fact that V is torsionless, and S is symmetric. Thus D is torsionless. To see compatibility with the
metric, for vector fields X, Y, Z on M,
XY, 2) = (VxY,Z)+({Y,VxZ)
= (DxY -S(X,Y)n,Z)+(Y,DxZ — S(X, Z)n)
= (DxY,Z)+(Y,DxZ)

since n is orthogonal to Y and Z. Thus Dx is the Levi-Civita connection on TM, by the fact that the
Levi-Civita connection is unique (see Proposition 6.9.1). This proves the lemma. O
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Corollary 7.4.4. Let h = (hy,ho,hs) : U — M be the parametric representation (coordinate chart) above.
Then the second fundamental form is given by:

0h

0%h
S(auagv) = S(av7au):_<auavvn>

0%h
S(@U,&,) = _<av2,n>

Proof: In (ii) of the above Proposition 7.4.3, we saw that S(X,Y) = — (VxY,n). Since

X=0,:=h. (ai) = S (0uh0)0,

then by the first para in the proof of (i) above
3
Vo,0u =Y 0u(0uhi)0;
i=1

which proves that S(0y,0y) = — (Va, 0u,n) = — <82h n> The proofs of the other identities are identical. O

ou?>
Example 7.4.5. Consider the example of the sphere, with the parametrisation of (i) in 5.1.8. Thus:
h:(0,7) x (0,2r) — S?

(u,v) +— (sinwcosw,sinusinv,cosu)

Clearly n(z) = n(h(u,v)) = h(u,v).
Then

On = Ouh = (cosucosv,cosusinv, —sinu)

8

Oyh = (—sinusin v, sinwu cos v, 0)

02h = (—sinucosv, —sinusinv, — cosu)
0y0uh = (—cosusinv, cosucosv,0)
9’h = (—sinucosv, —sinusinv,0)

So that the matrix of S with respect to {0y, 0y} is

1 0
0 sinu

That is, the second fundamental form is precisely the metric (=1st fundamental form) which it should be since
the Weingarten map S is the identity map.

Definition 7.4.6 (Principal curvatures). The 2 eigenvalues A1 (), A2(z) of the symmetric linear (Weingarten)
map Sy : T, (M) — T, (M) (= the eigenvalues of the matrix of the second fundamental form [S;(e;, ;)] where
e; are an orthonormal frame of T,(M)) are real numbers at each z, in fact smooth functions of z, and are
called the principal curvatures of M at x. (Ai(z) + A2()) is called the mean curvature at z. The product
A1 (z)A2(z) is called the scalar or Gauss curvature at x.

For example, in the case of the sphere S2? above, the principal curvatures were both =1.

Exercise 7.4.7. Show that the Gauss curvature is %f}(fﬁ] where {f1, fo} is any frame of T,,(M).
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Exercise 7.4.8 (Curvatures of Torus in R3). Consider the chart :
h(u,v) = ((2 + cosu) cosv, (2 + cosu) sin v, sin u)
as described in Exercise 2.1.11. Prove that in this chart :
(i): The first fundamental form (metric) is given by

g = du® + (2 + cosu)?dv?

(ii): The unit normal field is given by :

n(u,v) = —(cosu cos v, cos usin v, sin u)

(iii): Compute the matrix entries S(e;, e;) of the second fundamental form with respect to the orthonormal
basis e; = 9, and ez = (2 + cosu) ', of T,,(M), where p = h(u,v).

(iv): At the point p = h(u,v), use (iii) above to compute the mean and scalar curvatures at p.

Proposition 7.4.9 (Theorema Egregium of Gauss). Let M be an orientable surface in R as above. Then
the Gauss curvature is equal to the sectional curvature of the induced metric on M. In particular, the Gauss

curvature, which is defined in terms of the embeddings h, is an intrinsic isometric invariant of the Riemannian
manifold M.

Proof: By the Remark 7.3.12, we just need to calculate (R(X,Y)Y, X) for a frame X,Y of T,,(M). It is most
convenient to take X and Y to be coordinate fields (e.g. 9y, 9,), so that [X,Y] = 0.

By (i) of Lemma 7.4.3 we have S(X) = Vxn, and using (iii) of the same lemma, we compute:
VyVyY = Vy[DyY —S(Y,Y)n]
= VxDyY — S(Y,Y)Vxn — X(S(Y,Y))n
= DxDyY — S(DyY,X)n— S(Y,Y)S(X) — X(S(Y,Y))n
= DxDyY -SY,Y)S(X) - [X(SY,Y)+ S(DyY,X)|n
Thus, since (n, X) = 0, we have:
(VxVy Y. X) = (Dx Dy ¥, X) — S(Y,Y)S(X, X) (36)

Similarly
VyVxY = Vy[DxY — S(X,Y)n]

= DyDxY — S(DxY,Y)n - Y(S(X,Y))n — S(X,Y)Vyn

= DyDxY — 8(X,Y)S(Y) - [S(DxY,Y) + Y(S(X,Y))]n
Taking inner product with X, and noting (n, X) = 0, we have

(VyVxY, X) = (DyDxY, X) — S(X,Y)? (37)
Subtracting (37) from (36), we get:
(VxVyY — VyVyY, X) = (DxDyY — DyDxY, X) — S(Y,Y)S(X, X) + S(X,Y)?

But since [X,Y] = 0, the left hand side is the sectional curvature of R? in the plane spanned by X,Y, and
hence 0. The right side is (R(X,Y)Y, X) — A, where A is the determinant of the matrix of S with respect
to the basis {X,Y}. Dividing by (X, X) (YY) — (X, Y>2, on both sides and using the Exercise 7.4.7, we are
done. a

Proposition 7.4.10 (Gauss-Mainardi-Codazzi relations). In the setting of the last proposition, we have the
following relations:

(i): DxS(Y)—DyS(X)=S5([X,Y]) (relation between connection D and 2nd fundamental form).
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(ii): R(X,Y)Z=5(,2)S(X)—-S(X,Z2)S(Y) (relation between curvature and 2nd fundamental form)

Proof: We have, from (i) of the Lemma 7.4.3 that S(X) = Vxn. Thus:
st(Y) = Dx(vY’Il) = Vx(Vy’Il) + S(X, Vyn)’fl
= VXVyn+<S(X),Vyn>n=VXVyn+<VXn,Vyn>n

Interchanging X,Y and subtracting, and noting that on R3, flatness implies VxVy — VyVx = Vix,y], we
have that

DxS(Y) ~ DyS(X) = Vix.yn = S([X,Y))

which proves (i).

For (ii), let X,Y, Z be vector fields on M. We recall the proof of (36) in 7.4.9, and show in identical fashion
that

VxVyZ =DxDyZ—-S(Y,Z)S(X) - [X(S(Y,2))+ S(DyZ,X)|n
Interchanging X,Y’, and subtracting, we get by using (iv) of Lemma 7.4.3 and flatness of the connection R3:
D[X’y]Z - S([X, YLZ)TL = V[X’y}Z = vayz - VyVXZ
= DxDyZ—DyDxZ7Z — S(Y, Z)S(X) + S(X, Z)S(Y) —an
where « is some scalar. Taking the tangential component of this equation kills all the terms containing n, and
we get:
Dixy)Z =DxDyZ — DyDx7Z — S(Y,Z2)S(X) + S(X,Z)S(Y)
from which we have (ii). O

7.5. Gauss-Bonnet for surfaces. Before we get on to the Gauss-Bonnet Theorem for surfaces, we need the
following:

Lemma 7.5.1. Let {e1, ez} be an orthonormal frame field in a coordinate chart U of a Riemannian manifold
of dimension 2. Let the matrix of connection forms with respect to this frame be denoted by [w;;]. As we saw
in Example 7.3.16, this matrix is skew-symmetric. Then :

(i):

R(e1, ez)es = [dwiz(er, e2)] e

(ii): If we denote the volume form on U as dA = e} A e}, and the scalar curvature function as k, then

kdA = (R(e1,ez)ez,e1) €] Aes = dwia

Proof: We recall from the computation in Example 7.3.16 that :
Ve; = ware3 = —wizez; Ves = wige
because of the orthonormality of the frame {eq,e2}. Thus
R(e1,e2)ea = Ve, Ve,ea = Ve, Ve ea — Vi, e 162
Ve, (wiz(€e2)e1) — Ve, (wiz(e1)e1) — wia([er, e2])er
= Jer(wiz(e2)] e1 + wia(e2)Ve, e1 — [ea(wiz(er)] e1 — wia(e1)Ve,e1 — wia([er, ez])er
= (e1(wiz(e2) — ea(wiz(e1) — wia([er, e2])) e1 — (wiza(er)wai(e2) — wiz(ea)wai(e1)) ez
= [dw12(€1, 62)]61
where we have used the Exercise 5.6.10 for computing dwio, and the fact that wia = —we;. This proves (i)
From this it follows that the sectional curvature K(ey,e3) = (R(e1,e2)e2, e1) = dwia(er, ez). By the Gauss

Theorema Egregium 7.4.9, this is the scalar curvature k, so that kdA = ke A €5 = dwia(er, ea)ef Aes = dwio
and (ii) follows. O
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FIGURE 10. A Geodesic Triangle

Definition 7.5.2. A geodesic triangle in a Riemannian manifold is a triangle whose edges are geodesics.
Similarly geodesic polygons can be defined. If 1 € M is a vertex of a geodesic triangle Axjzoxs, at which
the geodesic edges o1 and o3 meet, with o3(1) = 01(0) = 1 (see the Figure 10), the ezternal angle o at 1 is
defined as:

ot (010, 05(1)
(i)

The internal angle at z1 is defined as 81 =7 — ay.

Theorem 7.5.3 (Local Gauss-Bonnet). Let M be an oriented Riemannian manifold of dimension 2, and let
Az1z923 be a geodesic triangle in a coordinate chart U which is diffeomorphic to R?, with external angles
a; = — [3; (where (3; are the internal angles) at z; for ¢ = 1,2,3. Let k be the scalar (=sectional) curvature
function of M, and let dA denote the volume (=area) form on M. Then:

3

3
/de:27r—Zai:Zﬂi—7r
A i=1

i=1

where the left side denotes the integral over the region bounded by o;.

Proof: We let 01,02, 03 denote the geodesic segments 212, Tox3, £321 respectively. We let ¢ : S* — M denote
the PS curve which is o; on the segments [0, s1], [s1, $2], [$2, 27] of [0, 27] respectively. For simplicity we assume
o; are parametrised by arc length, so that the arc length of ¢ is 27, and o is of unit length everywhere. We
will denote the velocity vector (which is defined at all s except 0, s1,82) by T

Let e1, e2 be an orthonormal frame field on U. Then, the connection form w on U is a skew-symmetric 2 x 2
matrix with entry we; = —wiz. Thus
VT61 = W21 (T)62 = —W12(T)€2

and hence —w12(T) = (Vreq, e2). If we integrate the left side on the 1-chain ¢ = o1 4 02 + 03, we note that U
being diffeomorphic to R2, the simple closed curve ¢ bounds a bounded region A (Jordan-Brouwer Separation
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Theorem), so we get by Stokes formula, and (ii) of the previous Lemma 7.5.1 that

—/Ade
Z/G (Vreq,ea)

Now we need to understand the last expression. Since o; are geodesics, we have:

0= VTT = VT [<T, €1> e1 + <T, €2> 62]
2

> (T((T,e:))ei + (T e5) Vres)

i=1

so that, on taking inner-product with e, e, and noting that Vres is a multiple of e;, and Vre; is a multiple
of e, we have the two equations:

<VT€2, €1> <T, 62> + T(<T, €1>) =0 (38)
<VT€1, €2> <T, €1> + T(<T7 62>) =0 (39)
Now since (Vrea,e1) = wi2(T) = — (Vrer,ea), we multiply the first of the equations above with (T, es2), the
second with (T, e1) and subtract the first from the second, and use (T, e1)? 4 (T, e2)* = ||T||* = 1, to get:
dT; dT:
(Vrer,e2) = (T, ea) T({T,e1)) — (T, e1) T({T, e2)) = TQcTsl - 1782

where T; := (T,e;). But the right hand side is precisely the pullback T™*(ydx — zdy) = —T*«, where a =
xdy — ydz is the volume form of S, and T : ¢ — S is the piecewise smooth map, taking c(s) to (T1(s), T2(s)).

It is a result of Hopf (called the Hopf Umlaufsatz, see W. Klingenberg, A Course in Differential Geometry,
p. 24) that the integral fc T o =21 — Z?Zl a;. This proves the result. O

Proposition 7.5.4 (Global Gauss-Bonnet). Let M be a compact oriented surface. Then:

/ kdA = 2y (M)
M

where (M) is the Euler characteristic of M.

Proof: It is a theorem (deep) that a surface as above can be triangulated via geodesic triangles. That is,
there is a finite subset V' C M (called vertices), and triangles (homeomorphic to 2-simplices) called faces with
vertices coming from V', such that M is the union of these triangles, and such that a pair of triangles can
meet at either at a single vertex, or along a unique geodesic common edge, or not meet at all. Further, every
geodesic edge is a common edge of exactly two faces. Finally, there exists a geodesic triangulation finer than
any given open covering, in particular a covering by open charts.

Then, if we denote the number of vertices, edges, faces by v, e, f respectively, one definition of the Fuler
characteristic is x(M) = v—e+ f. That it does not depend on the triangulation, and is a topological invariant
follows from homology theory. If we count three edges to each face, then we would get 3f, but in this counting,
each edge would have been counted twice, since it is a common edge to two faces. Thus, 2e = 3f, or e = 37

Denote by F' the set of faces. Then note that at each vertex, the sum of the internal angles §; at x of all
the faces having x as a vertex, is 2. Thus by the previous Theorem 7.5.3, we have Thus:

/de = Y (B+Btfi-m)
M Axixox3€EF
= 27rv—7rf:27r(v—%+f)

= 2r(v—c+ f) = x(M)
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thus proving the assertion. O

Remark 7.5.5. To compute y(M), it is not necessary to have a geodesic triangulation, any triangulation will
do. The result above says that there is a global topological invariant governing the total curvature (integral of
the scalar curvature) of a surface, which is a geometric property. In particular, there is a topological obstruction
to putting a metric of prescribed scalar curvature on a compact oriented manifold.

For example, since x(S?) = 2, one cannot put a Riemannian metric on S? whose scalar curvature is
everywhere < 0. Similarly, on a torus 72, whose Euler characteristic is zero, one cannot put any Riemannian
metric whose scalar curvature is everywhere positive, or everywhere negative. It turns out that the result above
generalises to oriented Riemannian manifolds of all even dimension. Odd dimensional oriented Riemannian
manifolds have Euler characteristic zero.

Exercise 7.5.6. Let M be a compact surface in R?, with Riemannian metric induced from the Euclidean
metric in R3. Prove that there exists a point p € M such that the second fundamental form Sp(—,—) is
positive definite. Consequently, both mean and scalar curvatures at p are strictly positive. As a corollary, no
compact surface of everywhere non-positive curvature embeds isometrically in R3. (Hint: Assume without loss
that 0 ¢ M, and by compactness of M, find a point p € M where the function f(z) = ||z||> on M reaches a
global maximum. Using a chart around p, and the usual necessary conditions for p to be a local maximum for
f, show that S,(X,X) > (X, X) for all X € T,,(M). You may appeal to the Corollary 7.4.4 to prove this).
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8. JAcoBI FIELDS

8.1. Variations of geodesics. Let M be a Riemannian manifold, and € M be a point. Let v : [0,a] — M
be a geodesic (parametrised by arc-length), with v(0) = x. A wvariation of geodesics is a smooth map:

¢:(=6,0) x[0,a] — M

(s,t) = ¢(s,1)
such that ¢(0,t) = v(¢) and for each s, 75 := ¢(s,) is a geodesic. For example, if v(t) = Exp,(tX) for some
tangent vector X € T, (M), and if W € T,(M) is another tangent vector, we can consider the family 7, of
geodesics:
vs(t) = ¢(s,t) := Exp, (tX + sW)

parametrised by s € (—6,0), with 79 =, and 5(0) = Exp,(sW).

Definition 8.1.1 (Jacobi Field of a variation). By the Jacobi field of the variation ¢, we mean the vector field
along ~y defined as:
_ 09(s,t)

0s  |s=0

J(t) :

Proposition 8.1.2. The Jacobi field J(¢) satisfies the following 2nd- order linear differential equation:

D?%J
Z 4+ RJTT =0
dt? +R(J.T)

where T'(t) := 4(t). The Jacobi field J(t) is uniquely determined by the values J(0) and J(a).

Proof: To get the differential equation, note that the vector fields 0s := ¢.(s,t)(9s) and 9y := ¢ (s,t)(Iy),
which are vector fields ”along” (—4,d) x (0,a) (i.e. smooth sections of ¢*T'M) commute (why?). Note also
that the restrictions of 95 and 9; to (0) x (0,a) are precisely J(t) and T'(¢) respectively. In particular, J and
T commute. Thus:

D Do, D Do
R(0s,04)0y = —— — ———
(0:,00)0 ds dt  dt ds
_ DD
N dt ds
But %‘Z’ - Dd‘?s = [0s,0¢] = 0, so that we have, on setting s = 0, the relation:
D?J
R(J,T)T =0
ae T RUT)
which is the required ODE. The uniqueness given the boundary conditions follows from the existence and
uniqueness theorem of linear 2nd-order ODE’s. O

Definition 8.1.3 (Jacobi Field). Let « : [0,a] — M be a geodesic, and let J be a smooth vector field along
~v. Then we say J is a Jacobi field if J satisfies:
D?J
dt?
where T' = 4(t). Clearly, J is uniquely determined by either (i) J(0) and J(a) or (ii) J(0) and 2Z(0).

More generally, we shall say J is a broken Jacobi field if there exists a subdivision 0 =ty < t; <ty < ... <
tr = a of [0, a] such that J|[t;,t:+1) 18 @ smooth Jacobi field for each 7. We do not require J to be even continuous
on [0,a]. If J is a broken Jacobi field along +, it is uniquely determined by J(0), J(a), J(t;+) and J(t;—) for
i=1,.k—1.

4+ R(J,T)T =0
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Remark 8.1.4 (Broken vs smooth Jacobi fields). Let J be a broken Jacobi field along a geodesic ~, and in
the notation of the definition above, assume that for each i, we have (i)J(t;+) = J(t;—), and (i) ZZ(t;+) =
%(ti—). Then the broken Jacobi field J is smooth. This is clear, by the hypothesis above, the 0-th and 1-st
order derivatives from the left and right agree at ¢;, and by the ODE of 8.1.2, all derivatives of J of order > 2
from the left and right also agree at the points ¢;.

Lemma 8.1.5. Let 7 : [0,a] — M be a geodesic, with (0) = z. Then every Jacobi field along -~y is the Jacobi
field of some geodesic variation.

Proof: Let J be a Jacobi field along . We first assume (¢) = Exp,(tX). This is possible if a is small enough,
for example such that v lies entirely in a neighbourhood U of = such that Exp, : Uy — U is a diffeomorphism
for some neighbourhood Uy of 0 in T, M, and aX € U;.

Let p : (=9,0) — M be a path such that p(0) = =z, and p(0) = J(0). Let X(s) be a smooth vector field
along p such that:

X(0) = X
DJ DX
) (40)

(prove that such a vector field exists). Consider the variation:
¢(8a t) = Expp(s) (tX(S))

Note that for a fixed s, ¢(s,—) is a geodesic, so that ¢ is a geodesic variation. Clearly, by (40), ¢(0,t) =
Exp, (tX) = v(t). Also,

99(5,0) _ IExDy()(0)

s 5s  —P) (41)
Now, we also have
o¢
E(S,O) = X (s) = 0¢(s,0)
so that % = D)d(is(s). But since [0s, 3¢] = 0, we have:
DO,(s,0)  D0y(s,0)  DX(s)
dt N ds - ds

Denote the Jacobi field of the variation ¢ by Ji(t) = 95(0,¢). Since % = Dd{l (t), the above calculation
implies 2X() () = DJ(0). But by (40), DX(s)(9) = 27(0), so we have:

ds ds dt
(0) (42)

DJy, . DJ
i V=

Both J and J; satisfy the 2nd order Jacobi ODE of 8.1.2. The equation (41) implies that J;(0) = p(0) = J(0).

Combined with (42), the uniqueness part of the ODE theorem implies that J(t) = J1(¢) for all ¢ € [0, a].

In the general case, we break [0, a] into a partition 0 = ¢y < t; < .. < t; = a such that each segment [t;,#;11]
is a small geodesic segment of the kind considered above. We construct geodesic variations over each segment
[ti, ti+1], and patch them up. The details are left to the reader. O

Lemma 8.1.6 (Second Variation Formula). Let v : [0,a] — M be a continuous curve, and let 0 =ty < t; <
... <ty = a be a partition of [0, a] such that 7;;, +,,,] is a smooth geodesic, for each 0 <7 < k — 1. (That is, v
is a broken geodesic), with velocity field T'(¢) on the intervals of smoothness [t;,t;+1]. Let:
¢:(=6,0) x (—e,e) x [0,a] — M
(r’ S’ t) = ¢(r7 S? t)
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be a two parameter variation which is continuous, and smooth on (—4, §) x (—e¢, €) x [t;, t;41] foreach 0 < i < k—1,

and such that ¢(0,0,t) = v(t). Let Y(¢) and Z(t) denote the (piecewise smooth) vector fields along ~ defined
by g—f(0,0,t) and %(0,0,t) respectively. Denote by:

E(rs) = kzl </ 06 (r, 5, 1), Br(r s t))dt>

the energy functional. Then,

1 1 0°E
SEL(Y,Z) = - 0) =
2 ( ) 2 0rds (0,0)
Proof:
We note that the vector fields ”along” (—d,d) x (—¢, €) X [t;, t;11] defined by 9, := g‘f, 0s = %52, and 9, := 52

are smooth sections of ¢*T'M, and commute, for each 0 < ¢ < k — 1. Differentiating once:

0E(r,s) tist / Do,
5 _221:/“ <6S,at>dt

82E 7' S - i1 Dat Dat i1 D Dat
2 ords </t <83’ 8r>dt+/tl <87“ s’ 8>dt>
1/ DA, DO, tivr /' D DO,
</n oS e [ (oo )
tit Do, tiv1 / D DO,
(0 (6 <a“at> (o)) [ (3 o) )
Now denote the “jumps”:

A (v B0y = (vieen). S ) ) - (Vi) 5 )

BD(?S 72D35
or ot Ot Or

DDy, )\ _d /Do ,\ /Db, Do,
ot or Y/ T at\ or " or = Ot

so that when s =r =0, 9; =T, and since V7T = 0, we have:

k—1

. ; / (r55) - wrevmz)

Now, from the relation (T, R(Y,T)Z) = (T, R(Z,T)Y) = —(Y,R(Z,T)T) (identities (iii) and (iv) of the
proposition 7.3.7), we finally have:
—1
(7o)
- ot

2P0 = (v 2w - (0. 22w -

1=

So that

and use the relation

R(0r, 0)0s

and observe that:

k—1

_ Z/:“ <<Y %—? +R(Z, T)T>>

i=0
and the proposition follows. O



